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Preface 

 
Risk assessments are often focused on a single chemical. People, however, 

are exposed to mixtures of chemicals over their lifetime, and many argue that a 
better way to estimate risk is to assess exposure to mixtures, particularly for 
mixtures of chemicals that have similar mechanisms of toxicity or that produce 
similar effects. Because phthalates make up a chemical class that produce simi-
lar effects and have similar chemical structures, the U.S. Environmental Protec-
tion Agency (EPA) asked the National Research Council (NRC) to evaluate 
their health risks and determine whether a cumulative risk assessment would be 
appropriate and, if so, suggest an approach to such an assessment. 

In this report, the Committee on the Health Risks of Phthalates reviews 
risk-assessment practices and describes their strengths and weaknesses. The 
committee reviews the toxicity of and exposure to phthalates, considers the 
value of conducting a cumulative risk assessment of this chemical class, and 
provides recommendations for conducting the assessment. Data gaps and re-
search needs are also identified, and the applicability of the committee’s rec-
ommendations to other chemical classes is discussed.  

This report has been reviewed in draft form by persons chosen for their 
diverse perspectives and technical expertise in accordance with procedures ap-
proved by the NRC’s Report Review Committee. The purposes of this inde-
pendent review are to provide candid and critical comments that will assist the 
institution in making its published report as sound as possible and to ensure that 
the report meets institutional standards of objectivity, evidence, and responsive-
ness to the study charge. The review comments and draft manuscript remain 
confidential to protect the integrity of the deliberative process. We thank the 
following for their review of this report: Melvin E. Andersen, The Hamner Insti-
tutes for Health Sciences; Kenny S. Crump, ENVIRON; Alan R. Boobis, Impe-
rial College London; Ronald Breslow, Columbia University; Patricia A. Buffler, 
University of California, Berkeley; George P. Daston, Proctor & Gamble Com-
pany; John M. DeSesso, Noblis; Holger Koch, Institut der Ruhr-Universität Bo-
chum; William S. Knowles, Monsanto Company (retired); Rochelle Tyl, RTI 
International; John Wakefield, University of Washington; Paige Williams, Har-
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vard School of Public Health; Lauren A. Zeise, California Environmental Pro-
tection Agency. 

Although the reviewers listed above have provided many constructive 
comments and suggestions, they were not asked to endorse the conclusions or 
recommendations, nor did they see the final draft of the report before its release. 
The review of the report was overseen by the review coordinator, Thomas A. 
Louis, Johns Hopkins Bloomberg School of Public Health, and the review moni-
tor, Donald R. Mattison, National Institutes of Health. Appointed by the NRC, 
they were responsible for making certain that an independent examination of the 
report was carried out in accordance with institutional procedures and that all 
review comments were carefully considered. Responsibility for the final content 
of the report rests entirely with the committee and the institution. 

The committee gratefully acknowledges the following for making presen-
tations to the committee:  Antonia Calafat, Centers for Disease Control and Pre-
vention; Raymond David, BASF; James Donald, California Environmental Pro-
tection Agency; Earl Gray, EPA; Jane Houlihan, Environmental Working 
Group; Leo Posthuma, RIVM (National Institute of Public Health and the Envi-
ronment), the Netherlands; Peter Preuss, EPA; Jennifer Sass, Natural Resources 
Defense Council; Richard Sharpe, Medical Research Council, United Kingdom; 
Michael Shelby, National Toxicology Program; Jamie Strong, EPA; Shanna 
Swan, University of Rochester School of Medicine and Dentistry; Linda 
Teuschler, EPA; and Nigel Walker, National Institute of Environmental Health 
Sciences. 

The committee especially thanks Rebecca Clewell, of the Hamner Insti-
tutes for Health Sciences, who provided information on the toxicokinetics of 
dialkylphthalates that aided the committee in its development of the exposure-
assessment chapter, and Earl Gray, of EPA, who provided individual animal 
data for several toxicity studies that aided the committee in its evaluation of the 
cumulative risk posed by phthalates. 

The committee is also grateful for the assistance of the NRC staff in pre-
paring this report. Staff members who contributed to the effort are Ellen Mantus, 
project director; James Reisa, director of the Board on Environmental Studies 
and Toxicology; Norman Grossblatt, senior editor; Mirsada Karalic-Loncarevic, 
manager, Technical Information Center; Heidi Murray-Smith, research associ-
ate; John Brown, program associate; and Panola Golson, senior program assis-
tant. 

I would especially like to thank all the members of the committee for their 
efforts throughout the development of this report. 
 

Deborah Cory-Slechta, Chair 
Committee on the Health Risks of Phthalates 
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MCPP mono-3-carboxypropyl phthalate 
MECPP mono(2-ethyl-5-carboxypentyl) phthalate 
MEHHP mono(2-ethyl-5-hydroxyhexyl) phthalate 
MEHP mono(2-ethylhexyl) phthalate 
MEOHP mono(2-ethyl-5-oxohexyl) phthalate 
MEP monoethyl phthalate 
MHIDP mono(hydroxyisodecyl) phthalate 
MHINP mono(hydroxyisononyl) phthalate 
MHPHP mono(hydroxypropylheptyl) phthalate 
MIBP monoisobutyl phthalate 
MIDP monoisodecyl phthalate 
MINP monoisononyl phthalate 
MIS Mullerian inhibiting substance 
MMP monomethyl phthalate 
MOIDP mono(oxoisodecyl) phthalate 
MOINP mono(oxoisononyl) phthalate 
MOP mono-n-octyl phthalate 
MOPHP mono(oxopropylheptyl) phthalate 
MPHP monopropylheptyl phthalate 
MRL minimal risk level 
NATA National Air Toxics Assessment 
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Abbreviations 

NHANES National Health and Nutrition Examination Survey 
NOAEL no-observed-adverse-effect level 
NOEL no-observed-effect level 
NR nipple retention 
NRC National Research Council 
NTP National Toxicology Program 
p,p′-DDE p,p′-dichlorodiphenyl dichloroethylene 
PAH polycyclic aromatic hydrocarbon 
PBDE polybrominated diphenyl ethers 
PBPK physiologically based pharmacokinetic 
PCB polychlorinated biphenyls 
PCDD polychlorinated dibenzo-p-dioxins 
PCDF polychlorinated dibenzo-p-furans 
POD point of departure 
PPARα peroxisome-proliferator-activated receptor-α 
PPRTV provisional peer reviewed toxicity value 
RAGS Risk Assessment Guidance for Superfund 
RfC reference concentration 
RfD reference dose 
RME reasonable maximum exposure 
S.V. seminal vesicles 
STSC Superfund Health Risk Technical Support Center 
TCDD tetrachlorodibenzo-p-dioxin 
TCP/TAL Contract Laboratory Program Target Compound and Target 

Analyte List 
TDS testicular dysgenesis syndrome 
TEF toxicity equivalence factor 
TEQ  toxic equivalence 
UR unit risk 
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Summary 

 
People are exposed to a great variety of chemicals throughout their daily 

lives in the foods they eat, in the air they breathe, and in the water they drink. 
Some exposures, such as to natural components of foods, are clearly intentional, 
and others are inadvertent. Over the last few decades, the U.S. Environmental 
Protection Agency (EPA) has been developing guidance to evaluate the cumula-
tive risk posed by multiple chemical exposures and other stressors that can mod-
ify the effects of specific chemical exposures. Recent guidance has tended to 
focus on chemicals that are structurally related, such as organophosphate pesti-
cides, on the assumption that such chemicals have a common mechanism of 
action.  

Phthalate esters constitute a chemical class about which concern has 
emerged. Phthalates are used in a wide variety of consumer products, including 
cosmetics, personal-care products, pharmaceuticals, medical devices, children’s 
toys, food packaging, and cleaning and building materials. Recent studies show 
widespread human exposure to multiple phthalates and indicate that effects on 
the development of the reproductive system of laboratory animals occur at much 
lower doses than were predicted in earlier studies. The European Union and the 
United States have passed legislation that restricts the concentrations of several 
phthalates in children’s toys, and the European Union has banned several phthal-
ates from cosmetics. In this context, EPA asked the National Research Council 
to review independently the health effects of phthalates, determine whether cu-
mulative risk assessment of this chemical class should be conducted, and, if so, 
indicate approaches that could be used for the assessment. The applicability of 
such approaches to other chemical classes and to cumulative risk assessment 
generally was also to be considered. In response to EPA’s request, the National 
Research Council convened the Committee on the Health Risks of Phthalates, 
which prepared this report. 

To address its task, the committee reviewed scientific literature on phthal-
ates and the effects of chemical mixtures, reviewed guidance and other docu-
ments on cumulative risk assessment, and heard presentations by experts in the 
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fields of phthalate toxicity and cumulative risk. The committee found that the 
definition of cumulative risk assessment has evolved over the years but agreed 
with recent publications that define cumulative risk broadly to mean the risk 
posed by multiple chemicals and other stressors that cause varied health effects 
and to which people are exposed by multiple pathways and exposure routes and 
for varied durations.  

This report is not a comprehensive toxicologic profile or risk assessment 
of any particular phthalate or of the chemical class as a whole. Rather, it answers 
two questions: Should cumulative risk assessment of phthalates be conducted? If 
so, how should the assessment be conducted? The committee considered primar-
ily the most sensitive health outcomes resulting from exposure to phthalates 
(effects on the development of the male reproductive system) as an illustrative 
example for cumulative risk assessment. The committee’s suggestions should 
not be interpreted to imply that other health effects are not important or that 
nonchemical stressors should be ignored. 
 

MODE OF ACTION, MECHANISM OF ACTION, AND 
COMMON ADVERSE OUTCOMES 

 
Mode of action and mechanism of action are terms that are commonly 

used in risk assessment and often used interchangeably. Both refer to the bio-
logic pathway to some final health outcome; the difference between the terms is 
the level of detail used to describe the pathway. Typically, mechanism of action 
is used to describe the pathway at the molecular level, and mode of action is 
used to describe the key events along the pathway. Although the committee rec-
ognizes the distinction and does not want to contribute to greater confusion con-
cerning the use of the terms, mechanism of action is used in this report to de-
scribe the biologic pathway.   

In recent years, the focus in cumulative risk assessment has been on 
chemicals that have common mechanisms of action. As described below and in 
greater detail in this report, the committee finds that the focus in cumulative risk 
assessment should be on the health outcomes and not on the pathways that lead 
to them, whether defined as mechanisms of action or as modes of action. Multi-
ple pathways can lead to a common outcome, and a focus on only a specific 
pathway can lead to too narrow an approach in conducting a cumulative risk 
assessment. Accordingly, the chemicals that should be considered for cumula-
tive risk assessment should be ones that cause the same health outcomes or the 
same types of health outcomes, such as a specific set of effects on male repro-
ductive development, not ones that cause the health outcomes only by a specific 
pathway. The committee refers to the health outcomes of interest as common 
adverse outcomes. 
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WHY A CUMULATIVE RISK ASSESSMENT? 
 

Answering two basic questions helps to determine whether a cumulative 
risk assessment of phthalates is warranted. First, are there exposures to multiple 
phthalates? Second, do the exposures contribute to common adverse outcomes? 
There is clearly potential for exposures because phthalates occur in a wide vari-
ety of consumer products, including toys, cosmetics, pharmaceuticals, and build-
ing and construction materials. Furthermore, the National Health and Nutrition 
Examination Survey (NHANES) conducted by the Centers for Disease Control 
and Prevention has documented simultaneous exposure to multiple phthalates in 
the general population, including children and adults. Other studies support 
those findings. An important finding of the surveys is that concentrations of 
phthalate metabolites in urine are generally higher in children than adults; the 
differences may result from differences in exposure or from possible differences 
in metabolism between children and adults. The metabolic differences are im-
portant because they may alter the risk posed by exposure; that is, they may 
make one person more or less susceptible than another to the effects of phthal-
ates. Other studies have shown that phthalates cross the placenta, and multiple 
phthalates have been measured in animal and human amniotic fluid. On the ba-
sis of the exposure surveys and studies, the first question—whether there is ex-
posure to multiple phthalates—has been answered affirmatively. Not only con-
current exposure, but concurrent exposure at all life stages, has been demon-
strated. 

The second question concerns whether exposures to multiple phthalates 
contribute to common adverse outcomes. Few human data on the health effects 
of phthalate exposure are available. Most data are from laboratory studies of 
rats, which have been shown to be the most phthalate-sensitive of the species 
tested. Early studies indicated that hepatic cancer and teratogenic effects could 
be induced if high doses were administered long enough or during a specific 
time. However, the protocol of the early teratology studies required dosing 
pregnant animals from gestation day 6 to 15 (the major period of organogene-
sis). In the late 1990s, it became evident that chemicals could affect sexual dif-
ferentiation, which occurs during gestation days 12-21 in rats. Thus, the early 
protocol did not expose animals throughout the critical developmental window. 
The time when the animals were evaluated also posed a problem. The standard 
teratology protocol requires that fetuses be examined just before term; however, 
the malformations characteristic of phthalate exposure would be difficult or im-
possible to diagnose without a detailed histopathologic examination, which is 
not required by current guidelines. If the protocol is modified to include expo-
sure during the critical window and the animals are examined postnatally, a va-
riety of effects on the development of the reproductive system can be observed 
in males at much lower doses than previously observed after exposure to various 
phthalates. That group of effects observed in male animals is known as the 
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phthalate syndrome and includes infertility, decreased sperm count, crypt-
orchidism (undescended testes), hypospadias (malformation of the penis in 
which the urethra does not open at the tip of the organ), and other reproductive 
tract malformations. Those effects are characteristic more generally of distur-
bance of androgen1 action. Furthermore, the phthalate syndrome has many simi-
larities to the hypothesized testicular dysgenesis syndrome in humans, although 
there are no human data that directly link the hypothesized syndrome with 
phthalate exposure.  

Figure S-1 shows the relationship between the various syndromes and il-
lustrates the range of common effects on the development of the male reproduc-
tive system. The committee concludes that the second question—about common 
adverse outcomes of phthalates—has been answered affirmatively. However, the 
committee emphasizes that not all phthalates are equivalent in the severity of 
their effects. The phthalates that are most potent in causing effects on the devel-
opment of the male reproductive system are generally those with ester chains of 
four to six carbon atoms; phthalates with shorter or longer chains typically ex-
hibit less severe or no effects. Furthermore, the age of the animals at the time of  
 
 

 

 
FIGURE S-1 Relationship of phthalate syndrome in rats to effects associated with agents 
that perturb androgen action and produce androgen insufficiency and to the hypothesized 
testicular dysgenesis syndrome in humans. Outcomes in brackets are restricted to findings 
in experimental animals. AGD, anogenital distance; insl3, insulin-like factor 3; LC, Ley-
dig cell; ↑, increase; and ↓, decrease.  
                                                           

1Androgen is a generic term for male sex hormone. The primary androgen is testoster-
one. 
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exposure is critical with respect to the severity of the effects; the fetus is the 
most sensitive life stage. 

Studies indicate that some phthalates reduce testosterone concentrations; 
this androgen insufficiency causes the variety of effects observed if it occurs at 
times that are critical for male reproductive development. That point is impor-
tant in considering cumulative risk assessment because a number of other agents 
(often referred to as antiandrogens) can produce similar effects through pertur-
bations in androgen concentrations or in androgen-receptor signaling. In repro-
ductive tissues that require androgen for normal development, it is unlikely that 
one can differentiate between a decreased concentration of androgen and an-
tagonism of androgen-receptor signaling; the responses would be similar. Thus, 
any agent that can produce androgen insufficiency or block androgen-receptor 
signaling in the developing male fetus would have effects that are included in 
the array of malformations known to be caused by phthalates.  

On the basis of the findings summarized above, the committee recom-
mends that a cumulative risk assessment be conducted for phthalates and that the 
assessment include other antiandrogens, as described further in the next section. 
 

CONSIDERATIONS FOR CONDUCTING 
CUMULATIVE RISK ASSESSMENT 

 
One approach to cumulative risk assessment of a mixture is to consider the 

mixture as a single agent and develop toxicity data on the mixture. That ap-
proach has been used for some industrial products, such as commercial mixtures 
of polychlorinated biphenyls, and industrial waste streams, such as coke-oven 
emissions. However, such an approach assumes that the composition of the mix-
ture does not change and that the components always occur together. Because 
the components and concentrations of phthalate mixtures are likely to vary, the 
whole-mixture approach is not appropriate for phthalates. 

Another approach is to explain the effects of a mixture in terms of the in-
dividual components (that is, a component-based approach). When chemicals in 
a mixture act together to produce an effect and do not enhance or diminish each 
other’s actions, the outcome of exposure to the mixture is considered additive. 
Two distinct concepts—dose addition and independent action2—have been used 
as models to describe and estimate ideal additive mixture effects, although other 
approaches have been introduced, and the literature can be confusing and may 
often appear contradictory. Dose addition arises if the “dilution” principle ap-
plies, so that one chemical can be replaced with a fraction of an equally effective 
concentration of another chemical without changing the overall combined effect. 
Independent action is based on the idea of, and may arise from, statistically in-
dependent action of each component. Mixtures may demonstrate effects larger 
than expected (synergism) or smaller than expected (antagonism), although the 

                                                           
2Independent action is also referred to as response addition. 
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determination of synergism or antagonism may depend on the model chosen for 
comparison. 

There are marked differences between the chemical-by-chemical approach 
to risk assessment and evaluations that take mixture effects into account. Where 
single-chemical risk assessments might yield the verdict “absence of risk,” dose 
addition might yield the opposite conclusion. Specifically, there is an expecta-
tion with dose addition that every component at any dose contributes, in propor-
tion to its prevalence, to the overall mixture toxicity. Whether the individual 
doses of mixture components are effective on their own does not matter. For 
example, let a dose of 4 × 10-2 arbitrary dose units produce an effect of measur-
able magnitude (see Figure S-2). The same effect will be obtained when the 
chemical is administered in 10 simultaneous portions of 4 × 10-3 dose units, even 
though the response to each one of those dose fractions is not measurable. If 
dose addition applies, the same holds when 10 portions of 10 chemicals with 
identical response curves are used. Thus, combined effects should also result 
from chemicals at doses associated with no measurable effect or “zero” effect, 
provided that sufficiently large numbers of components sum to a suitably high 
effect dose. The situation described here for dose addition may not be the case 
with independent action because responses are viewed “independently” of each 
other, and summing “zero” effects of the individual components would lead to a  
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FIGURE S-2  Illustration of a hypothetical mixture experiment with chemicals that all 
exhibit the same dose-response curve. At the low dose to the left (arrow 1, 4 × 10-3 dose 
units), the effect is hardly observable. A combination of 10 agents at that dose (arrow 2, 
total dose, 4 × 10-2 dose units) produces a significant combined effect consistent with 
expectations based on dose addition.  
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prediction of a “zero” mixture effect. However, that proposition forces clear 
distinctions between “zero” effects and small effects that are beyond the resolv-
ing power of experimental studies. Particularly in the case of mixtures of large 
numbers of components, small, albeit statistically insignificant responses may 
sum to considerable mixture effects, even when independent action applies. 

Various EPA programs and offices have developed cumulative-risk-
assessment definitions and approaches that are specific to their regulatory or 
statutory needs, although early guidance focused on dose-addition methods as a 
default, at least for chemicals that affect a given organ system. Recent EPA 
guidance has asserted that if dose-addition methods are to be used, the chemicals 
for consideration should exhibit the same mechanism of action. However, it can 
be difficult to define criteria for determining similar mechanisms of action. 
Some might say that chemicals that produce similar responses have the same 
mechanism of action, and others might require that data show that chemicals act 
through identical molecular pathways and thus produce exactly the same inter-
mediates at each step in the pathway. The latter requirement would result in con-
sideration of few chemicals for any cumulative risk assessment. EPA also stipu-
lates in recent guidance documents that dose-response curves of the chemicals 
should be parallel if dose-addition methods are to be used. 

The committee concluded that EPA’s more recent stipulations on when 
dose-addition methods should be used are too restrictive. Phthalates may not all 
act by the same mechanisms, and they do not have parallel dose-response 
curves. However, those facts do not negate the appropriateness of using general 
dose-addition methods in a cumulative risk assessment. The committee empha-
sizes that parallel dose-response curves are not required for dose-addition meth-
ods generally, although they may be required for some specific applications, 
such as some relative-potency approaches. 

The stipulations that EPA has placed on using dose-addition methods raise 
a greater issue.  The stipulations have affected how EPA evaluates chemicals for 
cumulative risk assessment, for example, grouping structurally related chemicals 
on the assumption that they act by the same mechanisms. For cumulative risk 
assessment, the committee strongly recommends that EPA group chemicals that 
cause common adverse outcomes and not focus exclusively on structural simi-
larity or on similar mechanisms of action. Accordingly, phthalates and other 
agents that cause androgen insufficiency or block androgen-receptor signaling, 
and are thus capable of inducing effects that characterize components of the 
phthalate syndrome, should be considered in a cumulative risk assessment. A 
focus solely on phthalates to the exclusion of other antiandrogens would be arti-
ficial and could seriously underestimate cumulative risk. 

The question then becomes whether dose addition, independent action, or 
some other method is the most appropriate for estimating risk associated with 
phthalates and other antiandrogens. The committee concludes that the answer 
should be based on empirical data that directly test any proposed method. Mix-
ture studies in laboratory animals have been conducted with phthalates, with 
other antiandrogens, and with phthalates and other antiandrogens; the results all 
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indicate that the mixture effects in each case are predicted well with dose-
addition methods. Although a variety of mechanisms clearly are involved, dose 
addition proved adequately predictive when the committee evaluated the avail-
able data. More important, when the model predictions differed significantly, no 
case could be found in which independent action predicted mixture effects better 
than dose addition. Thus, the evidence supports the use of dose addition as an 
approximation in estimating cumulative risk posed by phthalates and other 
antiandrogens. The use of a dose-addition model is also supported by data that 
show cumulative effects at doses at which individual mixture components did 
not induce observable effects. 

There are several approaches for conducting cumulative risk assessment 
with the dose-addition approach. This report outlines a few possible options, 
ranging from the relatively straightforward, focusing on one particular outcome, 
to the more complex, involving the development of a composite score for a vari-
ety of outcomes. Each option will have advantages and disadvantages, and EPA 
should evaluate each option and determine which is most appropriate. The 
committee emphasizes that the conceptual approach taken for phthalates should 
be applicable to other agents. 
 

FUTURE DIRECTIONS 
 

The current practice of restricting cumulative risk assessment to structur-
ally or mechanistically related chemicals ignores the important fact that different 
chemical exposures may result in the same common adverse outcomes. Focus-
ing primarily on physiologic consequences rather than structural or mechanistic 
similarity is a critical and achievable next step in cumulative risk assessment and 
is more directly relevant to relating chemical exposures to human diseases and 
disorders. Accordingly, the cumulative risk assessment of phthalates should 
consider any chemical that leads to disturbance of androgen action and is thus 
capable of inducing any of the effects on the development of the male reproduc-
tive system that are characteristic of phthalate exposure (see Figure S-3). Which 
chemicals to include in the cumulative risk assessment will depend on whether 
there is a potential for exposure in which the chemicals would exhibit common 
adverse outcomes. The committee emphasizes that its recommendation to focus 
on common adverse outcomes in cumulative risk assessment does not mean that 
information on mechanism of action is not desirable. That information is useful 
for defining critical pathways and system-level physiology, for determining the 
relevance of effects observed in animals to humans, and for reducing uncertainty 
in determining risk. 

On the basis of its review, the committee concludes that sufficient data are 
available to proceed with the cumulative risk assessment of phthalates and other 
antiandrogens. However, addressing current data gaps would lead to greater 
refinement of a cumulative risk assessment and reduce uncertainty associated  
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FIGURE S-3  Multiple exposures leading to common adverse outcomes. 
 
 
with any risk estimates. Because issues surrounding fetal exposure are particu-
larly important in phthalate risk assessment, research to determine prenatal ex-
posure to phthalates at multiple relevant times during pregnancy is critical. It is 
especially important to determine whether metabolite concentrations in the fetal 
compartment vary during pregnancy; if they do, it would indicate possible meta-
bolic differences at different gestational ages. More generally, the full spectrum 
of phthalate metabolites needs to be characterized, the most appropriate metabo-
lites to use as biomarkers of human exposure need to be determined, and the 
most important sources of phthalate exposure in the general population need to 
be identified. Because differences in susceptibility clearly depend on age, spe-
cies, and exposure route, research to understand why the differences occur is 
important. Finally, research is needed to investigate possible deviations from the 
dose-addition concept—that is, identification of cases of synergism or antago-
nism relative to dose addition. 

The committee recognizes that its recommendation to move beyond the 
constraints of structural or mechanistic similarity for cumulative risk assessment 
may appear challenging. One might ask, “With so many chemicals, where do we 
begin?” However, the committee concludes that it is plausible and warranted to 
extend cumulative risk assessment to include chemicals associated with com-
mon adverse outcomes as exemplified in this report by inclusion of other antian-
drogenic chemicals with phthalates. To cite another example, EPA could evalu-
ate combined exposures to lead, methylmercury, and polychlorinated biphenyls 
because all contribute to cumulative risk of cognitive deficits consistent with IQ 
reduction in children, although the deficits are produced by different mecha-
nisms of action. Cumulative risk assessment based on common adverse out-
comes is a feasible and physiologically relevant approach to the evaluation of 
the multiplicity of human exposures and directly reflects EPA’s mission to pro-
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tect human health. Such a shift in approach would entail substantial efforts by 
EPA, such as those required to define and set priorities among the most impor-
tant adverse health outcomes. However, a focus on common adverse outcomes 
actually facilitates the process by defining the groups of agents that should be 
included for a given outcome. 
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Introduction 

 
Humans are exposed to a variety of chemicals at any one time, and the ex-

posures change over time. Recognition of the dynamic and varied nature of 
chemical exposures has prompted a growing emphasis on assessing risks in a 
cumulative manner. In 1986, the U.S. Environmental Protection Agency (EPA) 
published Guidelines for the Health Risk Assessment of Chemical Mixtures, and 
over the years, the progression toward a cumulative risk paradigm has prompted 
the publication of several frameworks and guidance documents for conducting 
cumulative risk assessment (ILSI 1999; EPA 1997, 2000, 2002, 2003, 2006, 
2007). Some methods have focused on structurally related chemicals on the as-
sumption that they act through a common mechanism of action. Examples in-
clude the development of toxic equivalency factors for dioxins (EPA 1987, 
1989; Van den Berg et al. 2006) and polychlorinated biphenyls (Van den Berg et 
al. 2006) and the development of relative potency factors for polycyclic aro-
matic hydrocarbons (EPA 1993) and cholinesterase-inhibiting organophosphate 
pesticides (EPA 2002).  

Phthalates are a group of chemicals with similar chemical structure that 
have been associated with effects on the development of the reproductive system 
of male laboratory animals. Few epidemiologic studies of phthalates and devel-
opmental effects on the male reproductive system are available; however, stud-
ies show widespread human exposures to phthalates. Those and other factors 
prompted EPA to ask that the National Research Council (NRC) assess the ap-
propriateness of conducting a cumulative risk assessment of this chemical class 
and provide guidance for such an assessment as related not only to phthalates 
but to cumulative risk assessment generally. This report provides the conclu-
sions and recommendations of the Committee on the Health Risks of Phthalates 
established by the NRC in response to EPA’s request. 

 
PHTHALATES 

 
Phthalates are diesters of benzenedicarboxylic acid. The committee re-

stricted its assessment to the most biologically active phthalates, diesters of 1,2-
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benzenedicarboxylic acid, or o-phthalates, which have the general chemical 
structure shown in Figure 1-1. Throughout this report, the term phthalates refers 
to the o-phthalates unless otherwise indicated.  

The ester side chains can vary in length and structure. For example,  
they can be identical as in the case of di-n-butyl phthalate (R and R′ are both  
–CH2 CH2CH2CH3), or they can differ as in the case of butyl benzyl phthalate 
(R is –CH2CH2CH2CH3, and R′ is –CH2C6H5). The structural differences in the 
ester side chains give the phthalates their individual chemical and physical 
properties and alter their biologic activity. Table 1-1 lists common phthalates 
and selected metabolites. The abbreviations provided in Table 1-1 are used 
throughout this report. 

Phthalates are used to impart flexibility to plastics and for their solvent 
properties. They are used in a wide variety of consumer products, including 
cosmetics, personal-care products, pharmaceuticals, medical devices, children’s 
toys, food packaging, and cleaning and building materials (Schettler 2006). The 
widespread use of phthalates has raised concerns regarding potential human 
exposure. As part of the 1999-2000 National Health and Nutrition Examination 
Survey (NHANES), the Centers for Disease Control and Prevention (CDC) 
measured several phthalate monoesters (metabolites of the diesters) in urine 
(Silva et al. 2004). Later surveys have provided additional data on phthalate 
exposure (CDC 2007a,b). Those and other surveys indicate widespread human 
exposure to various phthalates (Hauser and Calafat 2005).  

Phthalate exposures can produce a variety of effects in laboratory animals; 
however, their adverse effects on the development of the reproductive system of 
male animals have led to particular concern. The effects of fetal exposure of 
male laboratory animals include infertility, decreased sperm count, crypt-
orchidism (undescended testes), hypospadias (malformation of the penis in 
which the urethra does not open at the tip of the organ), and other reproductive 
tract malformations and are similar to those that characterize the hypothesized 
testicular dysgenesis syndrome in humans (Skakkebæk et al. 2001). Currently, 
epidemiologic evidence of adverse human health effects of phthalate exposure is 
inadequate or limited (Hauser and Calafat 2005). Recently, the European Union  
 
 

 
FIGURE 1-1  General chemical structure of an o-phthalate. 
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Introduction 

(EU 2005a) and the United States1 have passed legislation that restricts the con-
centration of selected phthalates in children’s toys, and the European Union has 
banned several phthalates from cosmetics (EU 2004, 2005b). 
 

THE COMMITTEE’S TASK AND APPROACH 
 

The widespread human exposure to phthalates coupled with the ability of 
this chemical class to induce male reproductive toxicity in laboratory animals 
prompted EPA’s request to the NRC to conduct an independent scientific 
evaluation of phthalates in the context of cumulative risk assessment. Specifi-
cally, the committee was asked to review critical scientific data and address 
questions related to the human relevance of experimental data, modes of action, 
exposure information, dose-response relationships, and the potential for cumula-
tive effects.  The committee was further asked to consider the strengths and 
weaknesses of cumulative-assessment approaches, to provide recommendations 
to EPA on conducting a cumulative risk assessment of phthalate chemicals, and 
to identify additional research needs. Finally, the committee was asked to con-
sider the applicability of its recommendations to cumulative risk assessment of 
other chemical classes.  See Appendix A for a verbatim statement of task. Given 
the statement of task, the committee members were selected for their expertise 
in biostatistics, epidemiology, exposure assessment, toxicology, pediatrics, risk 
assessment, cumulative risk assessment, and risk management. See Appendix B 
for biographic information on the committee. 

To accomplish its task, the committee held five meetings from December 
2007 to June 2008. In public sessions during the first two meetings, the commit-
tee heard presentations from the sponsor and invited speakers from government 
agencies, academe, industry, and environmental groups. The committee re-
viewed numerous scientific publications on cumulative risk assessment, phthal-
ate exposure, and phthalate toxicity. The committee first focused on the central 
question of whether a cumulative risk assessment is appropriate for the phthalate 
esters. Given the committee’s agreement that a cumulative risk assessment was 
warranted, it focused on approaches to such an assessment. Particular weight 
was given to approaches that would help the process to evolve and would be 
applicable to the real-world context in which humans are exposed to a variety of 
structurally and nonstructurally related chemicals. Accordingly, this report is not 
a comprehensive toxicologic profile, nor is it a cumulative risk assessment, of 
phthalates. Furthermore, although the committee clearly recognized that cumula-
tive risk assessment must encompass the assessment of multiple agents and 
other stressors to which people are exposed by multiple pathways and routes and 
for varied durations and that cause varied health effects, it restricted its examina-
tion to the most sensitive outcomes (that is, effects on the development of the 
male reproductive system) exhibited in laboratory animals as a result of phthal-

                                                           
1Consumer Product Safety Improvement Act of 2008, Title II §108 (a)(b) (H.R. 4040). 
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ate exposure. As a final consideration, the committee evaluated the applicability 
of the proposed approaches to other chemical classes and more broadly to 
chemicals that produce common adverse outcomes. 
 

ORGANIZATION OF THE REPORT 
 

The committee’s report is organized into six chapters and four appendixes. 
Chapter 2 summarizes sources and routes of phthalate exposure, reviews avail-
able exposure data, and discusses phthalate metabolism. Chapter 3 reviews tox-
icity, particularly developmental toxicity in the male reproductive system, that 
results from phthalate exposure. Chapter 4 provides a synopsis of current risk-
assessment practices and identifies their strengths and weaknesses. Chapter 5 
addresses whether a cumulative risk assessment is appropriate for phthalates, 
recommends approaches for such an assessment, and discusses the applicability 
of the approaches to other chemicals. Chapter 6 identifies needed data and re-
search that could help to refine a cumulative risk assessment of phthalates and 
reduce the associated uncertainty. Appendix A is the verbatim statement of task, 
Appendix B provides biographic information on the committee, Appendix C 
provides the committee’s reanalysis of some phthalate-mixture data, and Ap-
pendix D is a case study that illustrates one risk-assessment approach suggested 
by the committee. 
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Phthalate Exposure Assessment  
in Humans 

 
As mentioned in Chapter 1, phthalates1 are chemicals used as plasticizers 

in polymers to impart flexibility and durability to a multitude of everyday prod-
ucts and for their solvent properties in other products. Phthalates may be classi-
fied into two groups based on molecular weight. Accordingly, low-molecular-
weight phthalates (ester side-chain lengths, one to four carbons) include DMP, 
DEP, DBP, and DIBP, and high-molecular-weight phthalates (ester side-chain 
lengths, five or more carbons) include DEHP, DOP, and DINP. 

This chapter briefly describes what is known about phthalate exposures in 
humans and includes an overview of important sources and routes of exposures; 
some human exposure levels, including those of susceptible or highly exposed 
populations; and metabolism and pharmacokinetics. Many questions remain 
unanswered about cumulative exposures to phthalates throughout the life span, 
relative contributions of various sources of exposure to the phthalate body bur-
den over time, and mixed exposures that may include phthalates or other chemi-
cals that may elicit common adverse outcomes. Despite those limitations, the 
existing information on human exposure to phthalates can be used to help de-
termine whether cumulative risk assessment should be conducted for phthalates. 
This chapter provides the context for the discussion of cumulative risk assess-
ment and is not meant to be a quantitative exposure assessment of any particular 
phthalate or the chemical class as a whole. 
 

PHTHALATE SOURCES AND ROUTES OF EXPOSURE 
 

Phthalates used as plasticizers in polymers are not chemically bound to the 
polymers and therefore readily leach, migrate, or off-gas from the polymers, 
particularly when phthalate-containing products are exposed to high tempera-

                                                 
1As stated in Chapter 1, the term phthalates used in this report refers to diesters of 1,2-

benzenedicarboxylic acid, the o-phthalates.  
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tures. Low-molecular-weight phthalates—including DMP, DEP, and DBP—are 
used in a variety of personal-hygiene and cosmetic products, such as nail polish 
to minimize chipping and fragrances as scent stabilizers (ATSDR 1995, 2001; 
NICNAC 2008). High-molecular-weight phthalates—including DEHP, DINP, 
and DOP—are used in plastic tubing, food packaging and processing materials, 
containers, vinyl toys, vinyl floor coverings, and building products (ATSDR 
1997, 2002; ECB 2003; Kueseng et al. 2007). Medical supplies and devices may 
contain phthalates, as may some medications (for example, medications with 
enteric coatings) (Hauser et al. 2004). Table 2-1 lists some common phthalates 
and examples of their uses. 

Phthalate exposures may occur through ingestion, inhalation, dermal ab-
sorption, and parenteral administration. The relative contributions of the expo-
sures to the total body burden at various ages are not known. 
 

BIOMARKERS OF EXPOSURE 
 

Both animal and human studies demonstrate that exposure may occur 
throughout the life span, from the developing fetus through early infancy, child-
hood, and beyond. Phthalates can cross the placenta (Saillenfait et al. 1998; 
Fennell et al. 2004), have been measured in amniotic fluid in human studies 
(Silva et al. 2004), are present in breast milk (Parmar et al. 1985; Dostal et al. 
1987), and can be measured in urine at all ages (CDC 2003, 2005; Sathyanara-
yana et al. 2008). 

Human exposure to phthalates is assessed most frequently by measuring 
urinary polar metabolites. Urinary excretion of polar molecules is efficient, and 
their urinary concentration is generally 5-20 times that in lipid-rich body com-
partments. For example, the urinary concentrations of MEHP, MIBP, MEP, and 
MBP were 20-100 times those in blood or milk (Högberg et al. 2008). Recent 
advances in urinary phthalate biomarkers have led to the measurement of the 
oxidized metabolites; measuring these metabolites eliminates the potential prob-
lems of contamination inherent in measuring the parent compounds and their 
monoesters. The utility of other biologic matrices—such as blood, breast milk, 
and seminal plasma—for assessing human exposure remains largely unknown 
because there are few data. The incorporation of those novel matrices into hu-
man studies necessitates the measurement of oxidized metabolites to avoid prob-
lems with contamination by the ubiquitous parent diesters. 

Exposure of the U.S. and German population to at least 10 phthalates has 
been demonstrated by measurement of their urinary metabolites as shown in 
Table 2-2. Other reports generally have found exposures similar to or consistent 
with those in Table 2-2 with respect to age, sex, and racial or ethnic variations. 
Except for MEP, urinary metabolites in U.S. children, males, Hispanics, and 
blacks are generally somewhat higher than those in adults shown in Table 2-2 
(CDC 2005).  
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TABLE 2-1  Common Phthalates and Examples of Uses 
Phthalate  Uses 
DMP Insect repellent, plastic 
DEP Shampoo, scents, soap, lotion, cosmetics, industrial solvent, medica-

tions 
DBP Adhesives, caulk, cosmetics, industrial solvent, medications 
DIBP Adhesives, caulk, cosmetics, industrial solvent 
BBP Vinyl flooring, adhesives, sealants, industrial solvent 
DCHP Stabilizer in rubber, polymers 
DEHP Soft plastic, including tubing, toys, home products, food containers, 

food packaging 
DOP Soft plastic 
DINP Soft plastics, replacement for DEHP 
 
 

In Germany, concentrations of MBP and of DEHP metabolites decreased 
over the period 1988-2003 (Wittassek et al. 2007). In the United States, MBP 
concentrations also decreased over the period 1999-2002; however, no decline 
was noted for MEHP (CDC 2003, 2005). Data released by the National Health 
and Nutrition Examination Survey (NHANES) demonstrate exposure to multiple 
phthalates in most people (CDC 2003, 2005). Data from Wittassek et al. (2007) 
and Sathyanarayana et al. (2008) also indicate exposure to multiple phthalates. 
 

Infant and Childhood Exposure 
 

NHANES data show that concentrations of urinary phthalate metabolites 
in children 6-11 years old were higher than those in adolescents and adults 
(CDC 2005). Several studies support the Centers for Disease Control and Pre-
vention’s findings that children have higher urinary concentrations than adults of 
DBP, BBP, and DEHP (Brock et al. 2002; Koch et al. 2004, 2005a). Differences 
between children and adults in the amount of urine produced per unit body 
weight and in body surface area may contribute to differences in urinary concen-
trations of specific metabolites. Whether the observed differences in urinary 
concentrations between children and adults result from differences in exposure 
or metabolism or both is unclear. In a recent study (Sathyanarayana et al. 2008), 
urine samples from infants were found to have detectable concentrations of mul-
tiple urinary phthalate metabolites, which suggested that exposure to multiple 
phthalates is common even early in life. Studies of urine samples of pregnant 
women (Adibi et al. 2008; Wolff et al. 2008) have suggested that fetuses may 
also be exposed to multiple phthalates. 
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Several factors are unique to infants and children and may affect exposure 
to multiple phthalates. Differences in urinary concentrations of phthalates 
among infants, children, and adults may reflect different sources and routes of 
intake. Ingestion is thought to be a primary pathway of exposure to some phthal-
ates, especially those in food packaging (Shea et al. 2003; Kueseng et al. 2007). 
Infants and young children consume more calories per kilogram of body weight 
and consume relatively more dairy and other fatty foods, such as milk and infant 
formulas, which have been found to contain phthalates (Sorensen 2006). Infants 
and toddlers also demonstrate age-appropriate mouthing behaviors that poten-
tially increase their exposures to phthalates in children’s toys and other products 
made with plasticized polymers.  

Indoor air is another source of exposure to phthalates from a variety of 
sources, including aerosols generated from polyvinyl chloride household prod-
ucts, such as vinyl flooring and shower curtains, and indoor deodorants (Adibi et 
al. 2003; Rudel et al. 2003). Infants and young children have higher specific 
respiratory rates than adults (Etzel and Balk 2003; EPA 2006) and thus have 
potentially higher specific exposures via inhalation.  

In summary, infants’ and children’s physiology, developmental stages, 
and age-appropriate behaviors all may increase exposure to phthalates. Conse-
quently, they may be especially vulnerable to phthalate exposures during critical 
stages of growth and development. 
 

Highly Exposed Populations 
 

Highly exposed people have urinary metabolite concentrations that often 
exceed those at the 95th percentile of the general population (Table 2-3). Widely 
recognized as potentially highly exposed are neonates receiving medical treat-
ments, such as transfusions (Shea et al. 2003; Green et al. 2005). Neonates in the 
intensive care unit experience high exposures because many medical devices are 
made of polyvinyl chloride plastics that may contain phthalates (Sjoberg et al. 
1985; Green et al. 2005); thus, for neonates and others using parenteral devices, 
this is another important route to consider. Some medications contain phthalates 
in their coatings or delivery systems (Hauser et al. 2005) and may contribute to 
high exposures of children, pregnant women, and others taking these medica-
tions.  
 

METABOLISM, PHARMACOKINETICS, AND IMPLICATIONS  
FOR POSSIBLE SUSCEPTIBILITY 

 
Mammalian absorption and metabolism of phthalates (see Figure 2-1) are 

rapid; initial de-esterification of one alkyl linkage occurs in the saliva or the gut 
after oral intake. The resulting monoesters have one carboxylic acid and one  
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P450s
(side-chain 
oxidation)

Phthalate 
Diester

Monoester 
Oxidized 

Metabolites
Phthalate 
Monoester

Lipase, 
Esterase

Free Metabolites, Metabolite 
Glucuronides, Metabolite Sulfates

UDP-GT, 
Sulfotransferase
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Diester
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Glucuronides, Metabolite Sulfates
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FIGURE 2-1 Phthalate metabolism. UDP-GT, uridine 5′-diphosphate-glucu-
ronosyltransferase. 
 
 
ester substituent with a side chain of one or more carbons. Monoesters are the 
main detected metabolites of the low-molecular-weight phthalates, such as DEP 
and DBP (Silva et al. 2007b; Wittassek and Angerer 2008). However, phthalate 
monoesters with five or more carbons in the ester side chain (for example, 
MEHP, MOP, and MNP) are efficiently transformed further to oxidized metabo-
lites arising mainly from ω-oxidation at the terminal or penultimate carbon of 
the alkyl ester side chain (for example, MECCP and MEOHP for DEHP; see 
Figure 2-2). For esters with side chains of five or more carbons, the oxidized 
metabolites are the primary metabolites found in urine. The proportions of nu-
merous oxidized metabolites vary among parent phthalates (see Table 1-1). The 
first-round ω-oxidation products dominate for MEHP, but MOP and MNP can 
lose additional two-carbon units sequentially via ß-oxidation at the ester termi-
nal side chain. Thus, the longer the alkyl side chain, the greater variety of oxi-
dized metabolites (Wittassek and Angerer 2008). As a result, little monoester 
from the high-molecular-weight phthalates is detected, typically less than 10% 
of the absorbed dose (Barr et al. 2003; Koch et al. 2003).  

Monoesters and oxidized metabolites are excreted free or conjugated as 
glucuronides—and to a small extent sulfates—and mainly in urine (Silva et al. 
2003; Kato et al. 2004; CDC 2005; Calafat et al. 2006; Silva et al. 2007a). How-
ever, the low-molecular-weight phthalate metabolites, such as MEP and MBP, 
are eliminated quickly, yielding a large proportion of the free nonpolar mono-
esters, whereas the more polar oxidized metabolites have a greater proportion of 
conjugated monoesters (Silva et al. 2006). For most phthalates, urinary mono-
ester concentrations may not constitute a major fraction of absorbed dose. For 
example, the primary metabolite of DBP is MBP (about 90%), whereas less than 
10% of metabolites of long-chain phthalates are monoesters. Specifically, 
MECPP is the primary metabolite of DEHP (greater than 25%), MHINP is the 
primary DINP metabolite (greater than 20%), and MHPHP is the primary DPHP 
metabolite (greater than 15%) (Wittassek and Angerer 2008). Therefore, human 
exposure to the low-molecular-weight phthalates can be adequately assessed 
with urinary monoesters, but exposure to the high-molecular-weight phthalates, 
such as DEHP and DINP, have been underestimated by measuring only mono-
esters and failing to account for other metabolites. 
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Oxidized metabolites have several important advantages as biomarkers of 
exposure. First, phthalates are ubiquitous in the environment. They often con-
taminate biospecimens, becoming precursors of monoesters that can be formed 
by endogenous esterases (as in serum in a vacutainer) or by chemical hydrolysis 
or photolysis during the course of sample collection, storage, and analysis. In 
contrast, the oxidized metabolites can be formed in vivo only from the mono-
ester and only via hepatic metabolism; therefore, they do not arise from external 
contamination. A second advantage is that they have longer half-lives than the 
monoesters, which are either rapidly excreted or quickly oxidized. Accordingly, 
the oxidized metabolites may be more reflective of average exposure than the 
rapidly excreted monoesters, at least in the case of phthalates with ester side 
chains of five or more carbons.  

The complex pharmacokinetics of various phthalates may have implica-
tions for toxicity in that some metabolites have more potent biologic activity 
than others. For example, the monoesters are thought to be those most relevant 
to androgen insufficiency (Shono et al. 2000; Kai et al. 2005). Therefore, expo-
sure-assessment strategies aimed at risk assessment may need to choose whether 
to focus on specific metabolites or on the total body burden as reflecting expo-
sure to the parent phthalates.  

There are as yet unexplained interindividual differences in metabolic ca-
pacity at each step of phthalate metabolism, which may account for some of the 
differences seen in urinary metabolites by age, sex, race, and other demographic 
factors. Such differences may explain the observation that the urinary concentra-
tions of oxidized metabolites are more prevalent in children than in adults (Koch 
et al. 2004; CDC 2005; Koch et al. 2005a). Neonates show a striking difference, 
with urinary MECPP concentrations being higher proportionally than in older 
subjects (Koch et al. 2006). Conversely, the lack of oxidized metabolites in am-
niotic fluid might be explained by immature expression of some enzymes, such 
as esterases, and oxidation, glucuronidation, and sulfation enzymes by fetuses. 
At this time, however, it is not known which specific enzymes are involved in 
phthalate metabolism in humans (McCarver and Hines 2002; Shea et al. 2003; 
Blake et al. 2005). Differences in metabolism may have potential implications 
for risk. Therefore, improved knowledge concerning the biologic basis of vari-
ability in exposure related to age, race, sex, and other factors may provide a bet-
ter understanding of differences in susceptibility to phthalate toxicity.  
 

PHARMACOKINETIC MODELS OF PHTHALATES 
 

The phthalates on which pharmacokinetic data are most extensive are DBP 
and DEHP. Human absorption of phthalates is efficient after oral exposure and 
can occur after dermal exposure (Koch et al. 2006; Janjua et al. 2007). Evidence 
is sparser with respect to respiratory intake. Adibi et al. (2008) reported positive 
correlations between air measurements of BBP, DIBP, and DEP and urinary 
concentrations of MBZP, MIBP, and MEP, respectively, but Becker et al. (2004) 
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did not find a correlation between DEHP in house dust and urinary concentra-
tions of DEHP metabolites. Phthalate metabolism is qualitatively similar among 
species, beginning with formation of the monoester, which can be excreted un-
changed, glucuronidated, sulfated, or further oxidized (Albro et al. 1984; Pollack 
et al. 1985a,b; Koch et al. 2006; Clewell et al. 2008). However, the rates of me-
tabolism and proportions of the various metabolites vary by species and by 
diester structure, especially the length and saturation of the alkyl side chain of 
the diester as described above.  

Physiologically based pharmacokinetic (PBPK) models have been devel-
oped for the two better studied phthalates, DBP and DEHP. Keys et al. (1999, 
2000) first developed PBPK models to evaluate the role of various transport 
processes in the clearance of MBP and MEHP in the adult male rat. The models 
accurately describe plasma MBP and MEHP kinetics after administration of the 
phthalates. More recently, a PBPK model was developed for disposition of DBP 
in the adult, pregnant, and fetal rat (Clewell et al. 2008). This model describes 
the time course of urinary, plasma, bile, and fecal clearance of DBP, MBP (the 
biologically active metabolite), and the glucuronide and oxidized metabolites 
after single (oral or intravenous) or repeated (oral) DBP exposures at 1-500 
mg/kg. With the model, it is possible to estimate fetal MBP exposure from other 
exposure metrics, including external dose, maternal plasma and urine, and am-
niotic fluid. Thus, the model provides a means of extrapolating rat fetal dose 
from different phthalate exposure biomarkers in various compartments or bio-
logic matrices. The DBP model has also been extrapolated for use in the human 
by adjusting the physiologic parameters and scaling chemical-specific parame-
ters allometrically. Preliminary results reported in an abstract (Campbell et al. 
2007) indicated that the model was able to predict MBP concentrations in the 
urine of human adults given controlled doses of DBP without changing chemi-
cal-specific parameters; this suggested that the metabolism of DBP to MBP and 
of MBP to MBP-glucuronide is similar in the rat and human at human-relevant 
doses. In particular, the kinetics of free MBP and MBP-glucuronide are well 
described by the allometric scaling. 

The DBP gestation model has also been applied to DEHP, a phthalate with 
different kinetics from DBP (Clewell et al., 2007). In vitro data and in vivo ob-
servations were used to adjust the chemical-specific model parameters, and data 
on plasma, tissue, and excreta MEHP concentrations in the adult, pregnant, and 
fetal rat after DEHP administration (Kessler et al. 2004) were used to test the 
model.  

The predictive models can be evaluated by using cross-sectional data on 
rats and humans, which allow a crude comparison of phthalate exposure bio-
markers in amniotic fluid, urine, and maternal and fetal serum. The data suggest 
that concentrations in maternal and fetal serum are similar to those in amniotic 
fluid, and all three compartments have lower concentrations than those in urine 
(Silva et al. 2004; Calafat et al. 2006; Silva et al. 2007b). The estimates are simi-
lar to those in reports of other polar environmental biomarkers in amniotic fluid, 
urine, and blood (Engel et al. 2006; Foster et al. 2002; CDC 2005)  
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The findings on DBP and DEHP from experimental pharmacokinetic 
models in various life stages and species based on known physiologic differ-
ences, although relying on few data, suggest that the approach may also be use-
ful for describing the disposition of other phthalates in the rat and human. Such 
information on disposition is needed for both quantitative and qualitative evalua-
tion of the array of human phthalate exposures. Future goals should include de-
velopment of models that can provide reasonable estimates of the concentrations 
of “active phthalates” in the fetus or mother after mixed exposures.  
 

AMNIOTIC FLUID:  THE FETAL COMPARTMENT 
 

Amniotic fluid can be used to estimate fetal exposure and consists largely 
of fetal urine, especially late in gestation (Gabbe et al. 2007). There is only one 
published study on phthalate metabolites in human amniotic fluid, which is 
based on 54 anonymously collected samples. Amniotic fluid concentrations of 
MEP, MBP, and MEHP exceeded the limit of detection in 93%, 39%, and 24% 
of samples, respectively (Silva et al. 2004). MBZP was detected in only one 
sample. The oxidized DEHP metabolites MEHHP and MEOHP, which are usu-
ally found in higher concentrations than MEHP in maternal urine (Barr et al. 
2003), were not detected in amniotic fluid. Similarly, in rats, free MEHP and 
MBP were the predominant metabolites in amniotic fluid (Calafat et al. 2006), 
but oxidized metabolites were not measured.  

Paired urine samples from the women providing amniotic fluid samples 
were not available. Nevertheless, the concentrations of MEP, MBP, and MEHP 
in amniotic fluid were generally lower than median urinary concentrations from 
NHANES 1999-2000 (NCHS 2008). Because uridine diphosphate glucuronosyl-
transferase isoenzymes are not fully expressed until after birth (Coughtrie et al. 
1988; de Wildt et al. 1999), the fetus may be unable to glucuronidate the phthal-
ate monoesters; in turn, clearance from the fetal compartment may be slower. 

The lack of detectable DEHP oxidized metabolites in the human amniotic 
fluid samples (no measurements were made in the rat study) raises several in-
triguing issues. It may indicate that the fetus is unable to oxidatively metabolize 
MEHP because of immature P450 enzymes. Alternatively, the presence of 
MEHP without the oxidized metabolites may indicate contamination of the am-
niotic fluid with DEHP during collection or storage and then hydrolysis to 
MEHP in the amniotic fluid. Alternatively, it is possible that passive transfer of 
maternal oxidized metabolites across the placental barrier is not efficient or that 
they are excreted so rapidly that the resulting low serum concentrations lead to 
little transfer. Indeed, rat studies suggest that maternal DEHP dose is correlated 
with urinary and amniotic fluid concentrations of MEHP and MEHHP but that 
relationships are not linear (Calafat et al. 2006). Because it is difficult—and not 
generally possible—to obtain amniotic fluid, apart from clinical procedures or at 
delivery, there is a need for human studies to determine metabolite concentra-
tions and understand the relationship between metabolite concentrations in am-
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niotic fluid and maternal urine samples. Two recent reports (Adibi et al. 2008; 
Wolff et al. 2008) indicate that the urinary concentrations of phthalates in preg-
nant women are consistent with the previously published NHANES data on 
women of reproductive age. 
 

CONCLUSIONS 
 

Our understanding of important sources of, routes of exposure to, and me-
tabolism of phthalates in humans has increased over the last decade. Recent data 
have shown widespread human exposure to multiple phthalates from a multitude 
of sources. Studies have also identified high-exposure groups that may be more 
vulnerable to the effects of phthalates and their metabolites. Those groups poten-
tially include the fetus and child, whose exposure and metabolism may differ 
from those of the adult and impart differences in risk. Despite our increased un-
derstanding, important unresolved issues remain; research needs are described in 
Chapter 6 of this report. 
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The toxicity of some phthalates1 in animals has been known for decades, 

although few data are available on the toxicity of these chemicals in humans. 
Several human studies have reported associations of exposure of some phthal-
ates with adverse reproductive outcomes and developmental effects similar to 
those in the rat. However, for the purposes of this chapter, reliance will be 
placed on the data obtained from animal studies. Species differences (mainly 
quantitative) in response will be referred to in the text with citation of human 
data when available. As noted in Chapter 1, the outcomes chosen for emphasis 
in this report are effects on the development of the male reproductive system. 
The reproductive developmental processes in rats are analogous to those in hu-
mans, and disruption of those processes in rats should be representative of what 
would occur in humans if the same processes are disrupted (reviewed in Foster 
2005). 

This chapter first discusses male sexual differentiation in mammals. That 
information serves merely to provide context for the discussion that follows; 
references to several reviews are provided for readers who would like further 
information. The results of early teratology studies are mentioned, and the re-
productive effects of phthalates are then discussed. Aspects of the phthalate syn-
drome—its relationship to the hypothesized human testicular dysgenesis syn-
drome, structure-activity relationships, and mechanisms of action—are 
described next. Agents that produce effects on reproductive development similar 
to those of phthalates are noted. Although cancer is not the focus of this report, 
carcinogenic effects were the focus of much research on phthalates in past years, 
so the committee felt that the chapter would not be complete without a brief 
discussion of them. This chapter provides the context for the discussion on cu-
mulative risk assessment and is not meant to be a comprehensive toxicity as-
sessment or an exhaustive review of phthalate toxicity. 

                                                 
1As stated in Chapter 1, the term phthalates used in this report refers to diesters of 1,2-

benzenedicarboxylic acid, the o-phthalates. 
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MALE SEXUAL DIFFERENTIATION IN MAMMALS 
 

Sexual differentiation in males follows complex interconnected pathways 
during embryo and fetal development that have been reviewed extensively else-
where (see, for example, Capel 2000; Hughes 2001; Tilmann and Capel 2002; 
Brennan and Capel 2004). 

Critical to the development of male mammals is the development of the 
testis in embryonic life from a bipotential gonad (a tissue that could develop into 
a testis or an ovary). The “selection” is genetically controlled in most mammals 
by a gene on the Y chromosome. The sex-determining gene (sry in mice and 
SRY in humans) acts as a switch to control multiple downstream pathways that 
lead to the male phenotype. Male differentiation after gonad determination is 
exclusively hormone-dependent and requires the presence at the correct time and 
tissue location of specific concentrations of fetal testis hormones—Mullerian 
inhibiting substance (MIS), insulin-like factors, and androgens. Although a fe-
male phenotype is produced independently of the presence of an ovary, the male 
phenotype depends greatly on development of the testis. Under the influence of 
hormones and cell products from the early testis, the Mullerian duct regresses, 
and the mesonephric duct (or Wolffian duct) gives rise to the epididymis and vas 
deferens. In the absence of MIS and testosterone, the Mullerian ductal system 
develops further into the oviduct, uterus, and upper vagina, and the Wolffian 
duct system regresses. Those early events occur before the establishment of a 
hypothalamic-pituitary-gonadal axis and depend on local control and production 
of hormones (that is, the process is gonadotropin-independent). Normal devel-
opment and differentiation of the prostate from the urogenital sinus and of the 
external genitalia from the genital tubercle are also under androgen control. 
More recent studies of conditional knockout mice that have alterations of the 
luteinizing-hormone receptor have shown normal differentiation of the genitalia, 
although they are significantly smaller.  

Testis descent (see Figure 3-1) appears to require androgens and the hor-
mone insulin-like factor 3 (insl3; Adham et al. 2000) to proceed normally. The 
testis in early fetal life is near the kidney and attached to the abdominal wall by 
the cranial suspensory ligament (CSL) and gubernaculum. The gubernaculum 
contracts, thickens, and develops a bulbous outgrowth; this results in the loca-
tion of the testis in the lower abdomen (transabdominal descent). The CSL re-
gresses through an androgen-dependent process. In the female, the CSL is re-
tained with a thin gubernaculum to maintain ovarian position. Descent of the 
testes through the inguinal ring into the scrotum (inguinoscrotal descent) is un-
der androgen control.  

Because the majority of studies discussed below were conducted in rats, it 
is helpful to compare the rat and human developmental periods for male sexual 
differentiation (see Figure 3-2). Production of fetal testosterone occurs over a 
broader window in humans (gestation weeks 8-37) than in rats (gestation days 
[GD] 15-21). The critical period for sexual differentiation in humans is late in  
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FIGURE 3-1  Stages of testicular descent. Testicular descent in scrotal mammals (such 
as humans and rats) can be conveniently divided into two phases. The first is the transab-
dominal phase in which the cranial suspensory ligament (CSL) disappears, and the tes-
tes—located near the kidneys—move into the lower abdomen. The first phase is under 
the control of the hormone, insulin-like factor 3. The second phase is the inguinoscrotal 
phase in which the gubernaculum (Gub) develops further, and the testes move through 
the body wall (inguinal ring) into the developing scrotum. The second phase is under the 
control of androgen. Source: Klonisch et al. 2004. Reprinted with permission; copyright 
2004, Developmental Biology. 
 
 
the first trimester of pregnancy, and differentiation is essentially complete by 16 
weeks (Hiort and Holterhus 2000). The critical period in rats occurs in later ges-
tation, as indicated by the production of testosterone in the latter part of the ges-
tational period, and some sexual development occurs postnatally in rats. For 
example, descent of the testis into the scrotum occurs in gestation weeks 27-35 
in humans and in the third postnatal week in rats. Generally, the early postnatal 
period in rats corresponds to the third trimester in humans. 

Given the above discussion, it is clear that normal differentiation of the 
male phenotype has specific requirements for fetal testicular hormones, includ-
ing androgens, and therefore can be particularly sensitive to the action of envi-
ronmental agents that can alter the endocrine milieu of the fetal testis during 
critical periods of development. 
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FIGURE 3-2  Comparison of periods of male reproductive development in rat and hu-
man. The shaded area under the curve indicates the changing testosterone concentrations 
in the fetal testis. Gestational weeks (humans) were measured from time of last menstrual 
period, so birth occurs at 40 weeks in this diagram. S.V., seminal vesicles. Source: Welsh 
et al. 2008. Reprinted with permission; copyright 2008, Clinical Investigation. 
 
 

EARLY TERATOLOGY FINDINGS 
 

The early studies that examined the potential for phthalate exposure to 
cause adverse effects on fetal development were standard teratology studies, in 
which pregnant animals were exposed during GD 6-15, and the offspring were 
examined just before birth, when the reproductive tract is immature. Generally, 
the concentration of a phthalate required to cause developmental toxicity in 
those studies was relatively high, and maternal toxicity was typically observed 
(NTP 2000, 2003a,b,c,d,e,f, 2006). Typical malformations observed included 
neural-tube defects, cleft palate, and skeletal abnormalities. On the basis of the 
early data, the National Toxicology Program (NTP) and its Center for the 
Evaluation of Risks to Human Reproduction (CERHR) (NTP 2000, 
2003a,b,c,d,e,f, 2006) concluded that there was clear evidence of adverse devel-
opmental effects in animals for BBP, DBP, DEHP, and DIDP and some evi-
dence for DINP but only limited evidence for DHP and DOP. However, as dis-
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cussed further below, the design of the standard teratology study was shown to 
be inadequate for detecting the spectrum of male reproductive effects that have 
now been reported because of their failure to include exposure during critical 
gestational windows.  
 

REPRODUCTIVE EFFECTS 
 

The testis was identified as a target organ in some of the first toxicity stud-
ies undertaken with phthalates (see, for example, Gray et al. 1977). Although the 
effects in young adult animals were seen only at high doses in rat studies, it was 
obvious that testicular lesions could be produced with relatively short-term dos-
ing models. Those lesions were the most severe manifestations of testicular tox-
icity in that there was complete tubular atrophy. Initial experiments also indi-
cated that there was an age sensitivity: pubertal animals had effects at doses 
lower than those in the corresponding studies in adult animals.  

Investigations of structure-activity relationships in the pubertal-rat model 
showed that the ester side-chain length of linear-chain phthalates needed to be 
four to six carbon atoms to produce testicular toxicity (Foster et al. 1980). Di-n-
pentyl phthalate was the most potent in producing testicular toxicity. Phthalates 
of one to three carbons (methyl, ethyl, and n-propyl) did not produce testicular 
toxicity when given at a dose equimolar with DBP at 2 g/kg-d. Similarly, linear-
chain phthalates of seven or eight carbons did not produce adverse effects. 
DEHP, which has eight carbons and a branched structure, had activity more 
similar to that of di-n-hexyl phthalate than to its linear isomer di-n-octyl phthal-
ate. Investigation of the isomers of DBP indicated that the esters needed to be in 
the ortho configuration in that equimolar doses of the n-butyl esters in the meta- 
and para- positions were without effect in the pubertal-rat model (Foster et al. 
1981a). Other studies with butyl phthalates indicated that the iso and sec esters 
were equivalent to the n-butyl but that the tert ester was without effect at equi-
molar doses (Foster et al. 1981b). 

Detailed morphologic examination of the phthalate-induced testicular le-
sions in pubertal rats (Foster et al. 1982; Creasy et al. 1983) and adult rats 
(Creasy et al. 1987) indicated that the Sertoli cell was the initial testicular target 
and that loss of support of the germ cells resulted in their rapid sloughing into 
the seminiferous tubular lumen, which resulted in a spermatogenic stage-specific 
lesion in adult animals. The effects of the various n-alkyl phthalates could be 
modeled with in vitro systems of mixed Sertoli and germ cell cultures (Gray and 
Beamand 1984), which demonstrated the same structure-activity relationships as 
that described for in vivo testicular toxicity. The in vitro Sertoli cell culture sys-
tems also provided some insight into a potential mechanism of action for the 
pubertal model; effects on responsiveness of follicle-stimulating hormone were 
noted (Lloyd and Foster 1988; Heindel and Chapin 1989). Other in vitro studies 
of developing Sertoli cells and gonocytes taken from neonatal animals indicated  
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that these cells showed an even greater sensitivity to phthalates than did the cells 
derived from pubertal animals; the increased sensitivity could be reproduced in 
neonatal rat pups (Li et al. 1998, 2000; Li and Kim 2003). 

The number of known environmental agents that produce adverse testicu-
lar responses in male humans is not large, and although there may be differences 
in sensitivity based on dose, all of them have been shown to induce effects in 
rodents, especially the rat. Accordingly, most of the studies of effects of phthal-
ates on male reproduction have been conducted in rodents, primarily rats. Gray 
et al. (1982) evaluated species differences in the induction of testicular toxicity 
of DBP and DEHP in the rat, mouse, guinea pig, and hamster. They found that 
the rat was the most sensitive, the guinea pig was broadly equivalent, the mouse 
was much less sensitive, and the hamster was resistant. The differences in tes-
ticular toxicity were suggested to be due largely to pharmacokinetic differences. 
The results for the guinea pig were in stark contrast with the species differences 
observed in effects on the induction of hepatic growth and peroxisome prolifera-
tion. The lower male reproductive toxicity observed for the mouse was consis-
tent with the results of other studies of reproductive toxicants. For example, a 
number of the classic human testicular toxicants, such as 1,2-dibromo-3-
chloropropane (Oakberg and Cummings 1984) and gossypol (Hahn et al. 1981; 
Kalla et al. 1990), do not seem to produce infertility or testicular toxicity in the 
mouse, so the rat is more commonly used as a model for male reproductive-
toxicity studies. Although that does not imply that all agents known to produce 
injury in the rat would cause toxicity in humans, it does suggest that the rat is 
generally a good model of human male reproductive toxicity.   

The ability of specific phthalates to alter reproductive development in 
utero was first demonstrated by a multigeneration study of DBP in the rat by 
NTP (NTP 1991; Wine et al. 1997), although the critical nature of the effects 
was not immediately recognized. In that study (see Table 3-1), the highest dose 
of DBP (1% in the diet) produced few functional effects on the parental genera-
tion; all the exposed males were able to sire litters, but decreases in litter size 
were noted. However, only one of 20 F1 males produced a litter at the same 1% 
dietary dose, and this indicated the importance of exposure during early life 
(gestation and lactation and up to puberty) as a contributing factor. The number 
of underdeveloped epididymides in F1 males and the presence of other rare re-
productive tract malformations recorded at low incidence were also noteworthy. 
The adverse effects on the development of the reproductive system were not 
reported in the standard prenatal developmental toxicity studies. It was later 
discovered that the exposure period in the standard studies (from implantation to 
the closure of the hard palate, GD 6-15 in the rat) does not cover the critical de-
velopmental window, now known to be GD 15-17 for phthalates (Carruthers and 
Foster 2005; see Figure 3-3). The U.S. Environmental Protection Agency (EPA 
1998) has since extended the dosing period in its guidelines for prenatal devel-
opmental toxicity testing to GD 6-20 (in the rat) to avoid some of the pitfalls 
inherent when agents that might affect the development of the reproductive  
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TABLE 3-1  Reproductive and Developmental Effects of DBP in the  
National Toxicology Program Reproductive Assessment by Continuous 
Breeding Study (1991) 
Effect Noted F0 Generation F1 Generation 
Decrease in fertility – + 
Decrease in litter size (of fertile animals) + + 
Decrease in testes weight (and 
histopathology) 

– + 

Decrease in pup weight + + 
Decrease in sperm count – + 
Cryptorchidism Not applicable + 
Male reproductive tract malformations 
(epididymide, external genitalia) 

Not applicable + 

Female reproductive tract weight (and 
histopathology) 

– – 

Estrus cyclicity – – 
Note:  +, positive response; –, negative response. 
 
 
system are evaluated. However, there has been no change in the time of exami-
nation of fetuses (usually just before term—around GD 21 in rats), so diagnosis 
of reproductive tract malformations remains problematic. It was only when the 
DBP multigeneration study was followed up with a more defined exposure pe-
riod (Mylchreest et al. 1998, 1999) that the increased sensitivity of the fetus to 
DBP was described (Mylchreest et al. 2000).  
 

THE PHTHALATE SYNDROME OF EFFECTS ON 
MALE REPRODUCTIVE DEVELOPMENT 

 
Since the recognition of the critical importance of exposure during GD 15-

17, many studies have been conducted to determine the full spectrum of effects 
that can result from exposure to phthalates in utero. Studies have shown that 
male rats exposed to biologically active phthalates in utero during the period of 
sexual differentiation exhibit a number of reproductive tract abnormalities, 
which may include underdeveloped or absent reproductive organs, malformed 
external genitalia (hypospadias), undescended testes (cryptorchidism), decreased 
anogenital distance, retained nipples, and decreased sperm production (Myl-
chreest et al. 1998, 1999; Gray et al. 2000). Studies evaluating DBP found that 
the fetal testes of phthalate-exposed males are characterized by seminiferous 
cords that contain multinucleated gonocytes (Barlow and Foster 2003; Hutchi-
son et al. 2008). Phthalate exposure also results in regions of Leydig cell hyper-
plasia. Barlow et al. (2004) showed that a small percentage of male offspring   
 



Copyright © National Academy of Sciences. All rights reserved.

Phthalates and Cumulative Risk Assessment The Task Ahead
http://www.nap.edu/catalog/12528.html

46                  
 

Phthalates and Cumulative Risk Assessment:  The Tasks Ahead 

Dose of DBP (mg/kg-d)
0 250 500 750

A
ni

m
al

s 
w

ith
 M

al
fo

rm
at

io
n 

(%
)

0

20

40

60

80

100
Cryptorchid 
Testis
Epididymis
Hypospadias 
Cleft prepuce 
Phthalate syndrome 

2 2 1

7

8

11

1
4

7

10

6

10

6

5

9

10

5

10

*

*

*

*

*

*

*

*

*

*

*

*

*

*

* P < 0.05 (Fisher's exact)
 

FIGURE 3-3 Effect of DBP given over 3 days on reproductive tract malformations. 
Pregnant Sprague-Dawley rats were given DBP on GD 15-17, critical window for induc-
tion of phthalate syndrome, at 0, 250, 500, or 750 mg/kg-d by gavage in corn oil (5 
mL/kg-d). Reproductive tract malformations were assessed in male offspring at postnatal 
day 100. Litters (10-12) were evaluated in each dose group; numbers of litters responding 
are indicated above bars. Control animals exhibited only cryptorchidism. Only when 
exposure occurred over GD 15-17 was the full suite of reproductive tract malformations 
that make up the phthalate syndrome observed. Other short-term (2-d) dosing regimens 
over GD 15-20 will produce specific reproductive malformations but not the full suite of 
malformations (Carruthers and Foster 2005). 
 
 
exposed to DBP in utero also develop Leydig cell adenomas as early as the age 
of 3 months. As discussed above, younger rodents are more sensitive to the ad-
verse testicular effects of phthalates than older rodents. Pubertal and prepubertal 
rodents are more sensitive to the adverse effects of phthalates on the testes than 
adults (Foster et al. 1980; Sjoberg et al. 1986, 1988), and the fetal testes respond 
to phthalate concentrations that would be without effect in pubertal or adult 
animals (Gray et al. 2000; Mylchreest et al. 2000; Lehmann et al. 2004). Thus, 
the pubertal and prepubertal rat is sensitive, but the prenatal period is the most 
sensitive time for the testicular effects of phthalates.  
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Testicular Dysgenesis Syndrome 
 

Human males exhibit a high incidence of reproductive disorders. Crypt-
orchidism and hypospadias are the most common male birth defects. In the 
United States, cryptorchidism affects 2-4% of male newborns (Barthold and 
Gonzalez 2003), and hypospadias occur in about one of 250 male newborns 
(Paulozzi et al. 1997).2 The incidence of male germ-cell cancers is thought to be 
on the rise (Skakkebæk et al. 2001), and studies suggest that semen quality has 
been decreasing (Carlsen et al. 1992; Swan et al. 2000). Testicular germ-cell 
cancers arise from abnormal fetal germ cells (Rajpert-De Meyts et al. 1998; 
Rorth et al. 2000), and disorders of sperm production may also arise during ges-
tation (Sharpe and Franks 2002). The above disorders are risk factors for each 
other and share other pregnancy-related risk factors (Skakkebæk et al. 2001). On 
the basis of those observations, it has been hypothesized that they comprise a 
“testicular dysgenesis syndrome,” which arises in fetal life during reproductive 
system development because of disruption of critical gene programming in the 
fetal testis by either genetic or environmental factors (Skakkebæk et al. 2001; 
Sharpe and Skakkebæk 2008). The actions of phthalates on the developing re-
productive tract of male rats exhibit excellent concordance with the end points 
of concern in the human male population that make up the testicular dysgenesis 
syndrome (see Table 3-2). However, there are no human data that directly link 
phthalate exposure with the hypothesized syndrome. 
 
 
TABLE 3-2  Comparison of Human Male Reproductive Effects of Concern 
with Effects of in Utero Phthalate Exposure in Rats 
Human Reproductive Effects with a  
Possible in Utero Origin 

Effects of in Utero Phthalate  
Exposure in Rats 

Infertility √ 
Decreased sperm count √ 
Cryptorchidism √ 
Reproductive tract malformations √ 
Hypospadias √ 
Testicular tumorsa √a 
aTesticular tumors in rats are Leydig-cell-derived, not germ-cell-derived as in humans. 

                                                 
2There is some uncertainty in the rates reported, which depend on diagnostic criteria 

and on the time at which evaluation is conducted. Some subtle changes are not always 
noted, and newborns have a different incidence of cryptorchidism from infants at 6 
months. Moreover, prospective studies with defined diagnostic criteria tend to provide 
better information than studies using registry data. 
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Structure-Activity Relationships 
 

As discussed above, high-dose acute oral exposure to various n-alkyl 
phthalates induced testicular toxicity in pubertal rats and revealed differences in 
activity based on chemical structure (Foster et al. 1980). The studies indicated 
that only phthalates with chain lengths of four to six carbon atoms were capable 
of inducing testicular damage; di-n-pentyl phthalate yielded the most severe 
response. DEHP had toxicity that more closely resembled that induced by n-
hexyl phthalate rather than that induced by its isomer di-n-octyl phthalate, which 
was without testicular toxicity. That observation indicated that branching of the 
ester side chain was also important. A similar structure-activity relationship has 
been demonstrated after in utero exposure (Gray et al. 2000). Phthalates with 
chain lengths of four to six carbons (dibutyl, butylbenzyl, dipentyl, and diethyl-
hexyl) reduced fetal testicular testosterone and impaired male reproductive de-
velopment, whereas phthalates with shorter or longer side chains (dimethyl, di-
ethyl, and dioctyl) did not have an effect on male reproductive development (see 
Table 3-3).3 The developmentally toxic phthalates are indistinguishable in their 
effects on global gene expression in the fetal testis (Liu et al. 2005). The com-
mon targeting of specific fetal testis genes by a select group of phthalates indi-
cates common molecular mechanisms of action. 
 

Mechanism of Action 
 

The primary target of phthalates after in utero exposure is the fetal testis. 
One of the earliest phthalate-related fetal effects observed in rats was distur-
bance of fetal testicular Leydig cell function or development (Parks et al. 2000; 
Shultz et al. 2001; Mylchreest et al. 2002; Fisher et al. 2003). That disturbance 
results in large aggregates of fetal Leydig cells (at GD 21) in the developing 
testis. The morphologic changes were preceded by a decrease in fetal testicular 
production of the androgen testosterone, which reached only 10% of control 
concentrations in some animals (Shultz et al. 2001; Lehmann et al. 2004; How-
deshell et al. 2008). Androgen insufficiency at critical times in male reproduc-
tive system development results in the failure of the Wolffian duct system to 
develop normally into the vas deferens, epididymis, and seminal vesicles (Bar-
low and Foster 2003). Lower testosterone concentrations also affect the dihydro-
testosterone (DHT)-induced development of the prostate and external genitalia 
(testosterone is converted to DHT by 5α-reductase). DHT is also responsible for 
the normal apoptosis of nipple anlagen4 in males, which results in the lack of  
 

                                                 
3Although DIBP is strictly considered a phthalate with a chain length of three carbons, 

it produced toxicity similar to that of DBP. 
4Anlagen is defined as a precursor tissue. 
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TABLE 3-3  Effect of in Utero Phthalate Exposure on Male Rat Reproductive 
Outcomes 

Phthalate  
Phthalate 
Syndrome 

Doses  
(mg/kg-d) 

Lowest 
Observed-
Effect Level 
(mg/kg-d) 

Effect  
Observed Reference 

DMP – 750  – Gray et al. 2000 

DEP – 750  – Gray et al. 2000 

DBP + 0.1, 1.0, 10, 
30, 50, 100, 
500 

50 Reduced 
testosterone 

Lehmann et al. 
2004 

DIBP + 100, 300, 
600, 900 

300 Reduced 
testosterone 

Howdeshell et 
al. 2008 

BBP + 50, 250, 750 250 Reduced 
anogenital 
distance 

Tyl et al. 2004 

Di-n-
pentyl 

+ 25, 50, 100, 
200, 300, 
600, 900 

100 Reduced 
testosterone 

Howdeshell et 
al. 2008 

DEHP + 0.09-0.12, 
0.47-0.78, 
1.4-2.4, 4.8-
7.9, 14-23, 
46-77, 392-
592, 543-
775 

14-23 Reduced 
reproductive 
organ weight 

NTP 2004 

DCHP + 18, 90, 457 90 Reduced 
anogenital 
distance 

Hoshino et al. 
2005 

DINP + 750 750 Nipple  
retention 

Gray et al. 2000 

 
 
nipple development, and for the growth of the perineum to produce the normal 
male anogenital distance (AGD), about twice that of the female (Imperato-
McGinley et al. 1985, 1986). Thus, the observed changes in androgen-dependent 
developmental landmarks are consistent with the lowered fetal concentrations of 
testosterone.  

Separately from effects on testosterone synthesis, in utero phthalate expo-
sure disrupts seminiferous cord formation and germ-cell development and leads 
to the appearance of large multinucleated germ cells in late gestation (Myl-
chreest et al. 2002; Barlow and Foster 2003; Kleymenova et al. 2005). The mul-
tinucleated germ cells disappear postnatally. Germ-cell maturation is delayed in 
phthalate-exposed fetal testes. Postnatally, there is a delay in the resumption of 
germ-cell mitosis, and germ-cell number and presumably sperm count are re-
duced (Sharpe 2008).  
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As discussed above (see Figure 3-1), testicular descent into the scrotum 
requires normal androgen concentrations and insl3 (Adham et al. 2000), and a 
failure of descent results in cryptorchidism (George 1989; Imperato-McGinley 
et al. 1992). After DEHP, DBP, or BBP exposure in utero, a decrease in expres-
sion of insl3 gene was noted in rat fetal testes (Lehmann et al. 2004; Wilson et 
al. 2004). The decrease may be related to the increased incidence of crypt-
orchidism after fetal exposure to phthalates. Knockouts of the insl3 gene in mice 
show complete cryptorchidism (Nef and Parada 1999; Nef et al. 2000). Al-
though human polymorphisms of insl3 have not been reported, polymorphisms 
of the insl3 receptor (LGR8), which has recently been shown to be related to 
cryptorchidism in humans, have been noted (Ivell and Hartung 2003).  
 

The Phthalate Syndrome in Other Species 
 

Although the actions of phthalates on male reproductive development 
have been studied primarily in the rat, aspects of the phthalate syndrome have 
also been demonstrated in other species. Adverse testicular effects have been 
noted in rabbits (Higuchi et al. 2003) and ferrets (Lake et al. 1976). A recent 
study of the effect of in utero exposure to phthalates in the mouse showed that 
phthalates do not suppress testosterone synthesis or insl3 production in the fetal 
testis. Despite an overall lack of an effect on testicular testosterone steroido-
genesis, DBP exposure impaired seminiferous cord formation and induced 
gonocyte multinucleation in the mouse (Gaido et al. 2007). As discussed above, 
the rat is generally considered a more relevant model than the mouse for the 
study of reproductive and developmental toxicity.  

Most studies of nonhuman primates have failed to show effects on adult 
testicular function (reviewed in Matsumoto et al. 2008); this finding is not sur-
prising, given that adult rats are also much less sensitive than their fetal or pu-
bertal counterparts. There has, however, been one report of effects on develop-
ing testicular Leydig cells and decreased testosterone concentrations in the 
neonatal marmoset (Hallmark et al. 2007) that are similar to the changes in rats, 
although concerns have been raised about the relevance of the marmoset model 
(Li et al. 2005).  

There have been reports of an association between phthalate exposure and 
reduction in semen quality in humans (Duty et al. 2003; Hauser et al. 2006). 
Like the animal studies, the human studies found associations between urinary 
concentrations of MBP and reduced semen quality. However, the human studies 
did not find associations between MEHP and reduced semen quality, and this is 
inconsistent with the animal data. 

A few small studies of humans have linked maternal exposure to specific 
phthalate metabolites, found in either urine or breast milk, with adverse out-
comes in the children, including shortened AGD (Swan et al. 2005; Marsee et al. 
2006; Swan 2006) and decreased free testosterone concentrations in infant boys 
(Main et al. 2006). The associations are similar to the findings noted above in 
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rats with, for example, DBP (AGD is one of the most sensitive rat end points). 
However, the associations reported in human and animal studies are not always 
analogous. For example, positive correlations between DEP exposure and ef-
fects have been noted in human studies, but DEP exposure does not cause the 
phthalate syndrome in animals. The positive findings on DEP in humans on 
which animal data have been negative, may reflect its coexposure with other 
phthalates (see Chapter 2), differences between rodent and human toxicity, or 
other biologic factors. The results obtained thus far are intriguing, but additional 
research is needed to confirm them.  
 

Effects of Phthalate Exposure in Females 
 

Effects of phthalates on female reproductive function have received far 
less attention than effects in the male primarily because of the high doses re-
quired to induce functional effects. A series of studies probed the effects of vari-
ous phthalates on ovarian granulosa-cell function, particularly steroid production 
(Davis et al. 1994a,b; Lovekamp and Davis 2001; Lovekamp-Swan and Davis 
2003) in the ovary that led to anovulation at high doses of DEHP. A recent study 
(Gray et al. 2006), however, indicated that long-term exposure to DBP at 500 
mg/kg-d may result in a failure of the pregnant dam to maintain pregnancy be-
cause of a decrease in ovarian progesterone production; that dose is far below 
the DEHP dosage of 2 g/kg-d required to induce anovulation. Few adverse ef-
fects on the female reproductive system have been reported in nonrodents. A 
few human case studies are available but have not been replicated, such as one 
that noted the relationship of phthalate exposure to the presence of endometrio-
sis (Reddy et al. 2006). 
 

AGENTS THAT PRODUCE SIMILAR EFFECTS ON  
REPRODUCTIVE DEVELOPMENT 

 
Although the spectrum of effects of some phthalates on male reproductive 

development in utero in rats is specific (the phthalate syndrome), a number of 
other types of agents can produce similar outcomes through a perturbation in 
androgen concentrations or androgen-receptor (AR) signaling. Indeed, in many 
of the reproductive tissues that require androgen for their normal development, it 
is unlikely that one can differentiate between a decreased concentration of the 
ligand (testosterone or DHT) and a blockade of the AR; the response or conse-
quences would be identical, producing common adverse outcomes (see Figure 3-
4).  

Although inhibition of insl3 appears unique to the effects of phthalates, 
some phthalates can reduce fetal testicular testosterone production. That prop-
erty is shared by an array of agents that can produce “androgen insufficiency” in 
the developing fetus, which in turn can yield effects on male reproductive devel- 
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FIGURE 3-4  Fetal androgen insufficiency and common adverse outcomes. 
 
 
opment that would include many of the same malformations caused by phthal-
ates. The processes that would be affected would include the development of the 
Wolffian duct into the epididymis, vas deferens, and seminal vesicle (predomi-
nantly under the control of testosterone) and the development of the urogenital 
sinus into the prostate and the genital tubercle, which develops into the penis (all 
of which are predominantly under DHT control). Effects on the length of the 
perineum (AGD) and apoptosis of the nipple anlagen in rats are also under DHT 
control. Indeed, the syndrome of androgen insufficiency could be considered a 
subset of the phthalate syndrome, with only the effects on insl3 and germ-cell 
development being different. Figure 3-5 shows the relationship between the 
phthalate syndrome and the androgen-insufficiency effects and compares the 
phthalate syndrome noted in rats with the hypothesized human testicular  
dysgenesis syndrome. There is a remarkable overlap in response between the 
phthalate syndrome and the hypothesized human testicular dysgenesis syn-
drome, except for responses for which rats are sexually dimorphic (retention of 
nipples) or that rodents do not exhibit (for example, rats do not develop  
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FIGURE 3-5 Relationship of phthalate syndrome in rats to that noted for agents that 
perturb androgen action to produce androgen insufficiency and to the hypothesized tes-
ticular dysgenesis syndrome in humans. End points in brackets are restricted to findings 
in experimental animals. 
 
 
testicular germ-cell cancer—the most common cancer in young men—but rather 
Leydig cell tumors of the testis, which are commonly noted both spontaneously 
and after exposure to biologically active phthalates). However, there are no hu-
man data that directly link the hypothesized human syndrome with phthalate 
exposure. 

The agents that can produce androgen insufficiency can be loosely 
grouped into three main classes: AR antagonist, mixed-function inhibitors, and 
5α-reductase inhibitors. The spectrum of induced malformations is similar to 
that of phthalates, but the precise tissue sensitivity and therefore the most com-
mon malformations observed after in utero exposure to each group are different.  
 

Androgen-Receptor Antagonists 
 

AR antagonists constitute the true pharmacologic antiandrogens and cover 
a broad array of structures from pharmaceuticals, such as flutamide, to agricul-
tural fungicides, such as vinclozolin and procymidone. They can bind competi-
tively to the AR and can produce a suite of malformations, particularly at low 
doses on tissues under DHT control, including some of the changes in AGD and 
nipple retention noted for phthalates. The most common malformations ob-
served in rats after administration of flutamide are prostatic malformations and 
hypospadias (see, for example, McIntyre et al. 2001), and similar changes are 
noted after exposure to vinclozolin (Gray et al. 1999a; Gray et al. 1993) or pro-
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cymidone (Gray et al. 1999b; Ostby et al. 1999). p,p′-Dichlorodiphenyl di-
chloroethylene (p,p′-DDE), the major metabolite of the insecticide DDT, was 
the first environmental antiandrogen reported (Kelce et al. 1995), although it has 
activity in vivo as an AR antagonist (Kelce et al. 1997), the phenotype observed 
is typically weaker than that of the other AR antagonists mentioned above. 
 

Mixed-Function Inhibitors 
 

A number of environmental agents have been shown to have multiple mo-
lecular mechanisms by which they induce androgen insufficiency after exposure 
of rats in utero. Collectively, the agents can both reduce fetal testicular testoster-
one production (as phthalates can) and be AR antagonists. The tissue selectivity 
will depend on the relative potency for each of those activities. Although the 
herbicide linuron is a competitive AR antagonist (McIntyre et al. 2000), the pre-
dominant malformation is of the epididymis (McIntyre et al. 2000, 2002a,b; 
Turner et al. 2003)—a phenotype much more similar to that noted after fetal 
testicular testosterone inhibition by phthalates (the epididymis being the site of 
the most prevalent malformation). Hotchkiss et al. (2004) showed that linuron 
could indeed reduce fetal testicular testosterone production. In contrast, the fun-
gicide prochloraz produces effects on male reproductive development and is an 
AR antagonist (Noriega et al. 2005; Vinggaard et al. 2005), but the predominant 
malformations that it causes more closely resemble those seen with vinclozolin 
(in the production of hypospadias) than those associated with phthalates. Pro-
chloraz does inhibit CYP 17 to produce a reduction in fetal testicular testoster-
one (Blystone et al. 2007) and also antagonizes aromatase (CYP 19) activity 
(Sanderson et al. 2002; Vinggaard et al. 2005). 
 

5α-Reductase Inhibitors 
 

A number of drugs can specifically inhibit the conversion of testosterone 
to DHT. If administration occurs in utero in rats, such inhibition leads to the 
production of specific malformations of the male reproductive tract that would 
require DHT for their normal development. They tend to involve tissues more 
remote from the testes and more typical of the malformations noted with AR 
antagonists. Finasteride is a classic example of a drug in this class; when admin-
istered in utero to dams during the period of male sexual differentiation, it can 
produce a wide array of male reproductive tract malformations (see, for exam-
ple, Bowman et al. 2003), the most predominant being hypospadias. Not surpris-
ingly, permanent reductions in AGD and retention of nipples (processes that 
normally require DHT to establish the male phenotype) were noted at even 
lower doses than those that produced malformations. Because testosterone con-
centrations were unaltered, none of the typical epididymal effects of phthalates 
and of some mixed-function inhibitors was observed with this 5α-reductase in-
hibitor.  
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Comparison of Agents 
 

Table 3-4 indicates the variety of predominant malformations associated 
with the different molecular mechanisms. The overall spectrum of induced mal-
formations resulting from disturbances in androgen concentration is very similar 
to that resulting from disturbances in signaling. Although there might be quanti-
tative differences in the individual malformations produced, depending on pre-
cise mechanisms or doses, the similarity in response of the androgen-dependent 
organs indicates that few independent pathways of response exist in relation to 
androgen disturbances. Thus, a developing prostate seems to respond in the 
same manner irrespective of the agent that lowers the concentration of a ligand, 
whether testosterone or DHT, or that blocks or alters signaling of the AR in the 
target tissue. Accordingly, the prostatic malformations induced by phthalates 
(which lower fetal testicular testosterone production), AR antagonists (such as 
flutamide and vinclozolin), mixed acting agents (such as prochloraz), and the 
5α-reductase inhibitor finasteride are identical. 
 
 
TABLE 3-4  Effects of Agents That Can Produce Androgen Insufficiency by 
Different Pharmacologic Activities or Mechanisms and the Most Common 
Resulting Malformation after in Utero Exposure of Pregnant Rats during  
Sexual Differentiation 

Agent 

↓Androgen-
Receptor 
Activity 

↓Insl3 
Activity 

↓Testosterone or 
Dihydrotestosterone 
Concentrations 

Most Commonly 
Observed 
Malformations 

Vinclozolin, 
Procymidone, 
Flutamide 

+ – – Hypospadias 

Linuron + – + Epididymal and 
testicular 
abnormalities 
No gubernacular 
agenesis 

Prochloraz + – + Hypospadias 

Finasteride – – + Hypospadias 

DBP, DIBP, 
BBP, DPP, 
DEHP, DIHP, 
DINP, DCHP  

– + + Epididymal and 
testicular 
abnormalities 
Gubernacular 
agenesis 

DEP, DMP – – – No malformations 
noted 

+, known pharmacologic activity; –, no activity. 
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CANCER 
 

This chapter has primarily addressed male reproductive effects of phthal-
ates. However, much research on phthalate toxicity has focused on the carcino-
genic effects observed in animal models. One of the best described carcinogenic 
effects of phthalates is hepatic cancer, although hepatic neoplasms are not ob-
served in response to long-term exposure of all phthalates. Evidence from multi-
ple reports (reviewed in NTP 2000) demonstrates that DEHP and DINP cause 
hepatic tumors in rats and mice (Table 3-5). Some phthalate monoesters—
including MEHP, MINP, MBP, MBZP, MOP, and MIDP—can activate perox-
isome-proliferator-activated receptor-α (PPARα), as demonstrated by Bility et 
al. (2004), who used an in vitro reporter assay. The ability of phthalate mono-
esters to activate PPARα increases with increasing chain length. Generally, the 
mouse PPARα can be activated by lower concentrations of the phthalate mono-
esters than can the human PPARα, and the response of the mouse PPARα is 
much greater than that of the human PPARα (Bility et al. 2004). Accordingly, 
DEHP and DINP are thought to cause hepatocarcinogenesis through their mono-
ester metabolites at relatively high exposure because of ligand activation of 
PPARα, which is known to mediate hepatocarcinogenic effects in rodents  
(Peters et al. 1997; Hays et al. 2005). 
 
 
TABLE 3-5  Summary of Hepatocarcinogenic Effects of Phthalates 
Species Sex NOEL  

(mg/kg-d) 
LOEL  
(mg/kg-d) 

Reference 

DINP 

Rat Male 359 700 Lington et al. 1997 

Mouse Male 275 742 Moore 1998 

Mouse Female 112 336 Moore 1998 

DEHP 

Rat Male 95 300 Voss et al. 2005 

Mouse Male 674 – Kluwe 1986 

Mouse Female 394 774 Kluwe 1986 

Rat Male – 672 Kluwe 1986 

Rat Female – 799 Kluwe 1986 

Mouse Male 19 99 David et al. 1999 

Mouse Female 117 354 David et al. 1999 

Rat Male 29 147 David et al. 1999 

Rat Female 183 939 David et al. 1999 
NOTE: LOEL, lowest observed-effect level; NOEL, no-observed-effect level. 
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A recent study in mice, however, suggests that DEHP-induced hepatocar-
cinogenesis occurs in the absence of PPARα expression. Ito et al. (2007) ex-
posed wild-type and PPARα-null-type mice to 0.01% and 0.05% DEHP in the 
diet. The wild-type mice showed no statistically significant differences in hepa-
tocarcinogenesis. However, a significant trend for an increase in total hepatic 
tumors was observed at 0.05% DEHP in PPARα-null-type mice compared with 
control PPARα-null-type mice. Although PPARα-null-type mice exhibit a high 
background incidence of hepatocarcinogenesis (Howroyd et al. 2004), statistical 
comparisons were made within the same groups; therefore, that fact should not 
have affected the reported results. Thus, the results suggest that DEHP might 
cause hepatic cancer in rodents through a mechanism that is independent of 
PPARα, as has been suggested by others (see, for example, Takashima et al. 
2008). 

There is a known difference between rodents and humans in the ability of 
PPARα ligands to cause changes in the liver, including increases in cell growth 
and peroxisome proliferation (Peters et al. 2005), and it has been suggested that 
the hepatocarcinogenic effects of DEHP and DINP are unlikely to occur in hu-
mans (Klaunig et al. 2003). More recent evidence supports that idea:  mice that 
express human PPARα in the absence of mouse PPARα are refractory to the 
hepatocarcinogenic effects of PPARα ligands (Morimura et al. 2006). The lack 
of a hepatocarcinogenic effect of PPARα ligands in the “humanized” mouse 
model appears to be due to a species-specific differential regulation of a  
microRNA that regulates c-myc, an oncogene that is thought to be involved in 
cell proliferation (Shah et al. 2007). The differential regulation of this mi-
croRNA might also explain the lack of changes in hepatic markers of cell prolif-
eration observed in nonhuman primates exposed to DEHP or DINP (Rhodes et 
al. 1986; Pugh et al. 2000). However, whether exposure to PPARα ligands, such 
as phthalates, causes hepatic cancer in humans is unclear; further research is 
needed to answer this question definitively (Peters et al. 2005). 

In addition to hepatic cancer, some phthalates can cause tumors in other 
cell types. For example, a “tumor triad”—liver tumors, testicular Leydig cell 
tumors, and pancreatic acinar-cell tumors—has been described for some PPARα 
ligands, such as DEHP (Klaunig et al. 2003). BBP causes hepatic cancer and 
pancreatic acinar-cell tumors but not Leydig cell tumors (NTP 1997). It has been 
postulated that pancreatic acinar-cell tumors and Leydig cell tumors may also be 
mediated by PPARα (Klaunig et al. 2003). There are known species differences 
in response to PPARα ligands in the liver that appear to be mediated by differen-
tial changes in gene expression that lead to differences in c-myc expression, and 
similar differences in PPARα-mediated events suggest that humans might not be 
susceptible to the nonhepatic tumors. However, further work is necessary to 
establish those putative PPARα-dependent mechanisms in the testicular Leydig 
cell tumors and the pancreatic acinar-cell tumors because the current evidence 
supporting those mechanisms is not strong (Klaunig et al. 2003). Thus, the non-
hepatic tumors reported to occur after phthalate exposure in animal models may 
be mediated through mechanisms that are independent of PPARα. 
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CONCLUSIONS 
 

In undertaking an examination of agents that produce a syndrome of de-
velopmental response, such as the phthalate syndrome, it is normal to observe an 
increase in the appearance, severity, or frequency of the different malformations 
as the dose administered to the pregnant animal or fetus increases. Not all the 
animals would exhibit the full suite of malformations even at high doses, and at 
low doses only some of the specific effects may be manifested. It is the change 
in severity and frequency with respect to dose that is used to include specific 
agents in the characterization of specific developmental syndromes, such as the 
two syndromes described here (the phthalate and androgen-insufficiency syn-
dromes). Other agents may, for example, interfere with AR action by the seques-
tration of cofactors after binding to other nuclear receptors, such as the aryl hy-
drocarbon receptor (AhR). However, none of the AhR ligands has been shown 
to elicit the full suite of adverse outcomes that have been described in connec-
tion with more classical antiandrogens, and such agents have therefore not been 
included in the committee’s description of androgen insufficiency (see also 
Chapter 5). 

As noted previously and illustrated in Figure 3-5, the phthalate syndrome 
observed in rats has parallels with the hypothesized human testicular dysgenesis 
syndrome (Sharpe 2001; Fisher et al. 2003; Joensen et al. 2008; Schumacher et 
al. 2008; Sharpe and Skakkebæk 2008) and shows similarities to other known 
human genetic syndromes involving impaired androgen responsiveness in the 
sexual differentiation of the reproductive tract (for a review, see Hughes 2001). 
Humans, in common with all mammals, have a specific requirement for andro-
gen for the normal differentiation of the male reproductive tract during fetal life. 
Androgen insufficiency is well described in humans with a focus on 5α-
reductase deficiencies or alteration in AR structure and function (see reviews 
Brinkmann 2001; Sultan et al. 2002), and disorders of androgen action are the 
main cause of male pseudohermaphroditism and can result in a wide spectrum of 
under virilization in male offspring ranging from complete external feminization 
to male infertility. Thus, the pathways for the critical action of androgens during 
fetal life are highly conserved and operate in humans as they do in experimental 
animals. It is biologically plausible that adverse reproductive outcomes could 
occur if specific phthalates or mixtures of phthalates reach the developing hu-
man fetus at the appropriate concentration and in the appropriate developmental 
window. 
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4 
 

Current Practice in Risk Assessment 
and Cumulative Risk Assessment 

 
Chapter 2 summarizes the evidence on human exposure to phthalates and 

demonstrates that there is ample evidence of simultaneous exposure of most of 
or all the U.S. population to multiple phthalates. Chapter 3 examines the toxic-
ity, as seen primarily in laboratory animal models, of individual phthalates and 
of other agents that produce effects similar to those seen on exposure to individ-
ual phthalates. The exposure and toxicity information clearly indicates that some 
sort of cumulative risk assessment is required in examining phthalate exposure. 
To place the discussions of Chapter 5 in context, it is useful to observe what is 
currently done when risks posed by multiple chemical exposures are evaluated 
with standard techniques according to guidance of the U.S. Environmental Pro-
tection Agency (EPA) and to examine how the guidance has evolved. 
 

CURRENT RISK-ASSESSMENT APPROACHES AND PRACTICES 
 

The most extensive and detailed guidance on typical risk assessments is in 
the Risk Assessment Guidance for Superfund (RAGS), particularly Volume I, 
Human Health Evaluation Manual (Part A) (EPA 1989a) and later published 
guidance supporting RAGS. This chapter features a description of how risk as-
sessment is performed with RAGS because it (as intended according to its 
statement of purpose) tends to inform risk-assessment practice in other EPA 
programs and under other regulatory authorities. Additional guidance documents 
are cited where needed. EPA guidance on cumulative exposure and risk has 
evolved over the last couple of decades, and the relevant developments are dis-
cussed near the conclusion of this chapter in the section “The Evolution of 
Guidance on Cumulative Risk Assessment.” The chapter concludes with a 
summary of recent cumulative exposure and risk evaluations. 

The reason for considering RAGS and the actual procedures that are used 
in the field is to emphasize that what is done in site-specific risk assessments 
(for example, at Superfund sites) is distinct from the approaches and procedures 
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used in setting standards or guidelines for individual chemicals. Although both 
draw heavily on toxicity assessments—for example, as appear on or are used by 
EPA’s Integrated Risk Information System (IRIS) web site—the application of 
the toxicity assessments typically differs considerably between the two. Site-
specific risk assessments are often concerned with simultaneous evaluation of 
multiple chemicals, multiple pathways of exposure, multiple routes of exposure, 
and multiple receptors. Standard-setting or guideline-setting generally evaluates 
at one time single chemicals, single routes of exposure, and single receptors, 
although there are exceptions, such as disinfection byproducts in drinking water. 

The committee’s task of evaluating the potential for a cumulative risk as-
sessment of phthalates has to take into account that such cumulative assessments 
are commonly performed already, and any recommendations of the committee 
should be compared with the current EPA approach as described in RAGS and 
related guidance. Accordingly, the following sections discuss what is typically 
required in the exposure-assessment, toxicity-assessment, and risk-
characterization parts of a risk assessment. The approaches are evaluated for 
what they imply about cumulative assessment of phthalates in various EPA pro-
grams, such as those involving Superfund, air toxics, and drinking water. 
 

Exposure Assessment 
 

The exposure-assessment component of a risk assessment of hazardous 
chemicals according to RAGS (EPA 1989a) requires evaluation of exposure of 
all the relevant, although not personally identified, people (“receptors”) to all the 
relevant chemicals through all the relevant pathways by all the relevant routes of 
exposure for all relevant periods. The products of exposure assessment are esti-
mates of exposure of defined receptors to each chemical disaggregated by peri-
ods and exposure pathways. This section provides an idealized general descrip-
tion, not a critical review, of the current practice of exposure assessment. 
 
Persons Whose Exposure Is Quantified 
 

The relevant receptors to evaluate are typically intended to be persons who 
experience the “reasonable maximum exposure” (RME) and persons who ex-
perience “central-tendency” (CT) exposures. The RME is the highest exposure 
that is expected to occur (EPA 1989a, 1992), and EPA (2001) advises that risk 
managers using probabilistic risk assessment should select the RME from the 
upper end of the range of risk estimates, “generally between the 90th and 99.9th 
percentiles” (EPA 2001). Later discussion focuses on persons who experience 
the RME because their exposure usually forms the basis of EPA decision-
making (CT estimates may be needed for some pathways of the RME, as de-
scribed below). 
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Chemicals Warranting Quantitative Dose Estimation 
 

The relevant chemicals to evaluate in an exposure assessment are those 
which pass an initial screening evaluation that is used to eliminate chemicals 
that are clearly of no concern. The evaluation will typically first examine any 
available observations for frequency of occurrence and concentrations of chemi-
cals in whatever physical media have been examined; this eliminates chemicals 
that occur very rarely and at concentrations much lower than risk-based screen-
ing values—precalculated values that, if they were carried through a risk as-
sessment, would result in risk estimates small enough to be ignored. Where the 
only concern is increments of exposure above background, chemicals whose 
concentrations are similar to background may also be eliminated from further 
consideration. Further screening may be performed to demonstrate that even 
worst-case exposures (based on upper-bound estimates of exposure) present no 
hazard. 

An exposure assessment is typically applied for many chemicals, although 
usually the nature of the expected major contamination is known to some de-
gree. For example, the initial list of chemicals to be evaluated in a typical site 
risk assessment is usually the Contract Laboratory Program Target Compound 
and Target Analyte List (TCP/TAL, see EPA 2008a), combined with any site-
specific chemicals known to be present and to have potential toxicity. The 
TCP/TAL (as of May 2008) includes 52 volatile chemicals, 30 pesticides and 
Aroclors, 23 metals, cyanide, and 67 semivolatile chemicals. The semivolatile 
chemicals include six phthalates: DMP, DEP, DBP, BBP, DEHP, and DOP. 

For an exposure assessment performed for a risk assessment at a contami-
nated site—for example, a Superfund site or a site evaluated under similar state 
programs—environmental samples will often be tested for all chemicals on the 
TCP/TAL or similar lists, augmented where necessary. An initial screening for 
the full list of chemicals may be performed on a small number of samples cho-
sen from areas thought to be most contaminated (for example, because of visual 
observation of soil staining, according to known locations of potentially con-
taminating processes, or on the basis of on-site screening with vapor detectors or 
conductivity measurements), and chemicals that are not detected may be 
dropped from the analytic sample suite. Later samples may be analyzed for a 
smaller list of chemicals. As discussed above, not all the chemicals analyzed 
will be evaluated through all parts of the exposure and risk assessment; applica-
tion of screening approaches may allow chemicals to be dropped from some 
exposure pathways or for some receptors. For some sites or situations, there will 
be evaluation of special compounds not included in the lists described or special 
analyses of the compounds listed. For example, where contamination by poly-
chlorinated dibenzo-p-dioxins (PCDDs) or polychlorinated dibenzo-p-furans 
(PCDFs) is suspected or found in an initial screening, analyses of various PCDD 
or PCDF congeners may be conducted.  
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Exposure Pathways and Periods Evaluated 
 

Exposure assessment should take account of all the exposure pathways 
that can occur for any person. The relevant pathways included are all those by 
which some chemical may travel and cause exposure to the chosen receptors 
(that is, complete pathways). The relevant routes of exposure (ingestion, inhala-
tion, and dermal contact) are all that may occur at the end of any particular 
pathway; in special circumstances, other routes, such as injection or transmuco-
sal absorption, might have to be considered. The relevant periods depend on the 
toxic characteristics of the chemicals evaluated and on the timing and pattern of 
exposure but typically are handled by estimating exposure averaged over fixed 
periods for various locations and characteristics of receptors—such as age, sus-
ceptibility, and habits. Typically, assessments will evaluate acute exposure 
(from instantaneous to a few days long), subchronic exposure (from a few days 
to about 7 years), and chronic exposure (extending to a lifetime). 
 
Total Doses Estimated for Each Receptor 
 

For each pathway, the exposures of the receptor who experiences the RME 
are obtained by using procedures that result in estimates at the upper end of 
likely exposures, but the extent of any underestimation or overestimation is not 
generally known. More complex procedures, such as probabilistic methods, may 
be used to obtain better estimates of explicit percentiles of the exposure distribu-
tion. If it is determined that combined exposure (from multiple pathways) can 
occur, receptors who experience the RME are defined for combinations, and 
upper-end estimates of combined exposures are obtained by summing suitable 
combinations of estimates for each pathway. Such combinations may involve 
upper-end estimates for one or more pathways and average estimates for others. 
The aim is to obtain exposure estimates that are at the upper end of the actual or 
potential exposure. The result is a total dose estimate for each receptor, disag-
gregated by chemical, route of exposure, and period.  
 

Toxicity Assessment 
 

As in the preceding section, this section provides an idealized general de-
scription, not a critical review, of the current practice of toxicity assessment. 
 
General Approach 
 

The practical and most commonly adopted approach to toxicity assess-
ment in EPA risk assessments is to obtain toxicity values from the EPA IRIS 
database for chronic oral reference doses (RfDs), chronic inhalation reference 
concentrations (RfCs), cancer classification, ingestion and inhalation cancer 
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slope factors (CSFs for lifetime exposure), and inhalation and ingestion unit 
risks (URs for lifetime exposure). (See Box 4-1 for how those quantities are 
defined by EPA on its IRIS web site.1) In some cases, such as that of vinyl chlo-
ride, IRIS provides modifications of the values, for example, separate estimates 
of oral CSF or UR for continuous lifetime exposure during adulthood and for 
continuous lifetime exposure from birth. 
 
 

BOX 4-1  EPA Definitions for Toxicity Values 
 
Cancer Evaluations 
 

Cancer slope factor (CSF): An upper bound, approximating a 95% 
confidence limit, on the increased cancer risk from a lifetime exposure to an 
agent. This estimate, usually expressed in units of proportion (of a 
population) affected per mg/kg-day, is generally reserved for use in the low-
dose region of the dose-response relationship, that is, for exposures 
corresponding to risks less than 1 in 100.  

Unit risk (UR): The upper-bound excess lifetime cancer risk estimated 
to result from continuous exposure to an agent at a concentration of 1 µg/L 
in water, or 1 µg/m3 in air. The interpretation of unit risk would be as follows: 
if unit risk = 2 x 10-6 per µg/L, 2 excess cancer cases (upper bound 
estimate) are expected to develop per 1,000,000 people if exposed daily for 
a lifetime to 1 µg of the chemical in 1 liter of drinking water.  
 
Noncancer Evaluations 
 

Reference concentration (RfC): An estimate (with uncertainty 
spanning perhaps an order of magnitude) of a continuous inhalation 
exposure to the human population (including sensitive subgroups) that is 
likely to be without an appreciable risk of deleterious effects during a 
lifetime. It can be derived from a NOAEL [no-observed-adverse-effect level], 
LOAEL [lowest observed-adverse-effect level], or benchmark concentration, 
with uncertainty factors generally applied to reflect limitations of the data 
used.  

Reference dose (RfD): An estimate (with uncertainty spanning 
perhaps an order of magnitude) of a daily oral exposure to the human 
population (including sensitive subgroups) that is likely to be without an 
appreciable risk of deleterious effects during a lifetime. It can be derived 
from a NOAEL, LOAEL, or benchmark dose, with uncertainty factors 
generally applied to reflect limitations of the data used.  
 
Source:  EPA 2008b. 

                                                 
1The committee has not examined whether the values used by EPA meet the defini-

tions. 
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IRIS is at the top of EPA’s recommended three-tier hierarchy of sources 
for toxicity values for use at Superfund sites (EPA 1993a, 2003a); more broadly, 
IRIS values support EPA policy-making activities (EPA 2008c). When IRIS 
does not provide toxicity values or when toxicity values are needed for circum-
stances not typically provided for in IRIS (for example, for evaluation of sub-
chronic or acute exposures2), the recommended hierarchy of sources is searched 
sequentially for suitable values. However, EPA recognizes that the hierarchy 
does not address situations where new toxicity information is brought to its at-
tention. Therefore, although in practice risk assessments typically incorporate 
previously developed toxicity values, especially IRIS values, new information 
could result in the development and application of toxicity values other than 
those in EPA’s hierarchy. 

The derivation of toxicity values for non-EPA risk assessments, such as 
those performed for or by state agencies, typically follows the same patterns as 
for EPA’s risk assessments for Superfund sites. Toxicity values are typically 
predefined by a state agency with jurisdiction, usually by reference to a hierar-
chy of sources of toxicity values prepared by other suitably authoritative 
sources, although the hierarchy may differ from EPA’s and from state to state. 
 
The Environmental Protection Agency’s IRIS Process 
 

The output of the IRIS process is a set of toxicity values that can be used 
in site-specific risk assessment, such as for Superfund sites; product-specific risk 
assessments, such as those for consumer products; media-specific risk 
assessments, such as for drinking-water standards; and other applications of risk 
assessment. Those conducting the risk assessments must confirm the relevance 
of IRIS values for the chemical species, exposure pathway, exposure timeframe 
(nearly all toxicity values on IRIS apply to the evaluation of chronic exposures), 
and population under evaluation (for example, in case the population might have 
increased susceptibility with respect to life stage, disease status, or genetic 
predisposition that is not already accounted for in development of the toxicity 
value). The IRIS database on a chemical contains the toxicity values and brief 
summaries of toxicity data and other information that support them. Since 1997, 
the database summaries have been supplemented by detailed toxicologic reviews 
that undergo an independent expert peer review, including the opportunity for 
public review and comment. Toxicologic reviews summarize a chemical’s 
properties, toxicokinetics, pharmacokinetic modeling where available, hazard 
identification based on epidemiologic studies, animal studies, in vivo and in 
vitro assays, and mechanism-of-action and dose-response data and culminate in 
quantitative recommendations for toxicity values when sufficient data are 

                                                 
2A recent exceptional case that provides values for subchronic and acute exposures is 

that of 1,1,1-trichloroethane (see EPA 2007a). 
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available to support them. In conducting toxicologic reviews, EPA uses relevant 
guidance that includes evaluation of the array of possible health outcomes, such 
as cancer, neurotoxicity, developmental toxicity, and reproductive toxicity. 
 
Toxicity Values Currently Available for Phthalates 
 

Table 4-1 summarizes toxicity values currently available for phthalates in 
the EPA hierarchy of sources.3 IRIS provides a limited set of toxicity values for 
five phthalates. As discussed earlier, IRIS values make up the highest tier in 
EPA’s hierarchy of toxicity values (EPA 2003a), and EPA generally favors their 
use, when available, over lower-tier toxicity values. Provisional peer-reviewed 
toxicity values (PPRTVs) make up the second tier of toxicity values and are 
developed by the Superfund Health Risk Technical Support Center (STSC). The 
STSC has assigned a PPRTV to BBP and a “screening value” to DMP, which 
are available with supporting documentation internally to EPA and on request to 
registered users. The third tier of EPA’s hierarchy of toxicity values, which is a 
catch-all for “other toxicity values,” includes California Environmental 
Protection Agency Maximum Allowable Dose Levels (MADLs) and Agency for 
Toxic Substances and Disease Registry (ATSDR) minimal risk levels (MRLs). 
California has established MADLs for two phthalates, DEHP and DBP; 
however, the value for DBP is not in the database identified in the EPA 
procedure (EPA 2003a) for locating other toxicity values, so it has not been 
included in Table 4-1. ATSDR has established MRLs based on noncancer end 
points for four phthalates: DEHP (reproduction end point), DBP (developmental 
end point), DOP (hepatic end point), and DEP (reproductive and hepatic end 
points). Only the MRL for DEHP applies to the evaluation of chronic exposures, 
defined by ATSDR as lasting over 365 days. The other MRLs apply to acute 
exposure (1-7 days) and intermediate exposure (7-364 days). 

Only three of the seven phthalates known to cause phthalate syndrome in 
rats (see Table 3-3) have toxicity values in this hierarchy. Furthermore, the val-
ues are based on nonreproductive toxicities with the exception of the ATSDR 
MRL and the California MADLs for DEHP, and two others (DMP and DEP) are 
listed that have not been associated with phthalate syndrome. The screening 
value for DMP developed by EPA’s STSC is based on a lowest observed-
adverse-effect level associated with increased absolute and relative liver weight 
and decreased serum and testicular testosterone in weanling male rats. Despite 
noting the observed lack of adverse effects of DMP on reproductive outcomes or 
fetal development, the authors of the screening value concluded that “exposure  
 

                                                 
3The committee notes that it was not charged with reviewing the basis or adequacy of 

the values reported in Table 4-1; the committee is simply reporting the current toxicity 
values for phthalates. 
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to multiple phthalate esters in the environment should be taken into considera-
tion when conducting a risk assessment for DMP,” justifying the statement with 
the observation that “several phthalate esters may have a common endpoint of 
toxicity related to developmental and reproductive effects” (EPA 2007b, p. 15). 

The hierarchy’s entries clearly are largely out of date; any specialized risk 
assessment of phthalates would presumably consult the recent literature and take 
account of reproductive toxicity. However, at, for example, a Superfund site, 
multiple phthalates might be evaluated with the values in Table 4-1. 
 
Special Cases 
 

For some chemicals or chemical classes—such as anticholinesterase-
acting pesticides, PCDDs and PCDFs, polychlorinated biphenyls (PCBs), and 
polycyclic aromatic hydrocarbons—EPA has adopted special approaches that 
incorporate cumulative risk assessment. Those chemicals are discussed in the 
section “Current Environmental Protection Agency Cumulative Risk Assess-
ment Examples and Case Studies” below. 

When chemicals or exposure circumstances are not suitably matched by 
any toxicity values in the defined hierarchy of sources discussed above, those 
performing risk assessments for EPA, such as for Superfund sites, may call on 
EPA’s National Center for Environmental Assessment for assistance (this would 
presumably occur for phthalates not included in Table 4-1). For others doing 
risk assessments, evaluation of toxicity values for use in risk assessments is a 
matter of individual choice. Some toxicity values may be derived by a risk as-
sessor, for example, for assessments appearing in the peer-reviewed literature. In 
general, the context of the risk assessment dictates the method used to determine 
the toxicity values. 
 
Risk Characterization of Mixtures: Dose Addition and Independent Action 
 

As pointed out above, many risk assessments performed by using current 
EPA guidance evaluate simultaneous exposure to multiple chemicals (mixtures), 
multiple pathways of exposure, multiple routes of exposure, and multiple time-
frames of exposure. Before discussing the standard approach to characterizing 
the risks posed by such exposures, it is helpful to discuss some general concepts 
of mixture evaluation. 

Many terms have been introduced into the literature to describe the com-
bined effect on a particular end point of two or more agents acting simultane-
ously in comparison with the effect of each agent acting alone. However, the 
terms have often been used confusingly, contradictorily, inconsistently, or incor-
rectly (Berenbaum 1989). Some of the confusion and inconsistency in nomen-
clature stems from attempts to evaluate the combined effects of multiple agents 
in terms of postulated mechanisms of action rather than in terms of the observed 
dose-response curves for a given effect. It is unnecessary (although not forbid-
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den) to take account of mechanisms of action in comparing joint effects of mul-
tiple exposures with effects of exposures to single agents (Berenbaum 1989); all 
that is strictly necessary is information on the dose-response relationships for the 
individual components and information on the dose-response relationships for 
combinations of those components. That is the position adopted here and in the 
rest of this report. 

When agents in a mixture act together to produce an effect but do not en-
hance or diminish each other’s actions, the resulting mixture is defined to be 
noninteractive or dose-additive (or concentration-additive when the appropriate 
exposure measure is concentration). The prototypical noninteractive mixture is a 
combination of one agent with itself, and the general association between the 
dose-response relationship of a noninteractive mixture and the dose-response 
relationships of the individual components has been proved by using this proto-
type (Berenbaum 1985). The committee notes that the literature can be confus-
ing because of the (implicit or explicit) use of different definitions of noninterac-
tion. However, it is also possible for a particular mixture to be noninteractive 
according to more than one definition. For example, a mixture could be dose-
additive and follow the principle of independent action (see next section), which 
has also on occasion been used to define noninteraction in the literature. 

To define dose addition precisely in the general case, consider a mixture 
with doses dA of component A, dB of component B, dC of component C, and so 
on; this mixture produces level E of some specific effect. Suppose that the doses 
of the individual components that each acting alone produce level E of the same 
specific effect are DA, DB, DC..., where these values are set to infinity if that 
component does not produce the specific effect at any dose (the case of non-
monotonic dose-response relationships is not considered here but does not pre-
sent any great difficulties). The mixture is noninteractive, or is dose-additive, if 
and only if 
 

1,+ + + ="CA B

A B C

dd d
D D D

                                                        (1) 

 
where the sum extends over all components of the mixture. Each combination of 
doses defines a particular mixture, and the set of all such combinations of doses 
that provide the same level E of effect is called the isobole for that level of ef-
fect.4 Figure 4-1 gives an example of an isobole for a fixed effect of a two-
component mixture and shows synergy, dose addition, and antagonism at differ-
ent mixture ratios. 

                                                 
4Geometrically, the isobole is a locally connected hypersurface in the space spanned 

by dose axes, and the noninteractive mixtures lie on the intersection of this hypersurface 
with the hyperplane defined by Equation 1. 
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FIGURE 4-1 Isobole for a defined electroencephalographic threshold in anesthesia for 
mixtures of flurazepam and hexobarbital. Any dose-additive mixture lies on the straight 
line; the intersection of the line and the isobole indicates the one mixture that is dose-
additive for the defined threshold. The solid curve representing the isobole is an ad hoc 
interpolation between the measured points. Source: Norberg and Wahlström 1988, Table 
1. Reprinted with permission; copyright 1988, Archives Internationales De Pharmacody-
namie. 
 
 

The statement defining dose addition says nothing about the shapes of the 
dose-response curves for the individual components, and nothing can be ad-
duced about the dose additivity or non-dose additivity of a mixture from the 
shapes of the dose-response curves of its components (undocumented statements 
to the contrary in EPA 2000, Section 4.2.2 and Table B-1, notwithstanding). 
Several observations about the definition of dose addition are of particular inter-
est.  
 

● First, the dose additivity of a particular mixture does not imply the dose 
additivity of other mixtures of the same components. Mixtures of the same com-
ponents may be non-dose additive for different component doses—indeed, may 
be synergistic (producing an effect larger than expected for dose addition, with 
the sum of the left side of Equation 1 smaller than unity) at some combinations 
of component doses, and antagonistic (producing an effect smaller than expected 
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for dose addition, with the sum of the left side of Equation 1 larger than unity) at 
others. Figure 4-1 provides a striking example of such a situation for a two-
component mixture. 

● Second, conclusions about dose addition, synergism, or antagonism or 
more generally about the shape of an isobole may not be the same for different 
levels of effect even for similar mixture ratios—geometrically, isoboles are not 
necessarily parallel.  

● Third, the doses DA, DB, DC., ... vary with the effect level; indeed, they 
are just the inverses of the individual dose-response curves of the components. 
Box 4-2 shows how to derive the dose-additive multiple-dose-response curve for 
the mixture from the individual dose-response curves of the components.  

● Fourth, with the definition of dose addition stipulated by Equation 1, 
the evaluation of dose-additivity or nonadditivity is a matter entirely for obser-
vation using measured dose-response curves; no consideration of mechanism of 
action is required. 

● Fifth, it is not necessary to determine any dose-response curve fully to 
evaluate additivity or nonadditivity of a mixture at a specific level of effect E. 
What is required are the doses of the individual components that, acting alone, 
would give a response level E and the component doses of the mixture that 
would give a response level E. Then if Equation 1 holds, that mixture is dose-
additive at response level E. 
 
Independent Action or Response Addition 
 

An alternative approach to the comparison of the effect of a multicompo-
nent mixture with the effects of individual components is what is often called 
independent action (also referred to as response addition or Bliss addition). The 
approach is based on analysis of mechanisms that depend on probabilistically 
independent events. If P(A) and P(B) are the probabilities for independent 
events A and B, respectively, to occur, and Q(A) = 1 − P(A) and Q(B) = 1 − 
P(B) are the corresponding probabilities for events A and B to not occur, then 
the probability of occurrence of event A or B (that is, occurrence of event A, or 
event B, or both events) is given by Equation 2, and the probability of nonoccur-
rence of events A and B is given by Equation 3. 
 

( ) ( ) ( ) ( ) ( )A B A B A B .∪ = + −P P P P P                                 (2) 
 

( ) ( ) ( )A B A B .∪ =Q Q Q                                                               (3) 
 

Making the “conceptual leap of substituting fractional effect E” of an 
agent “for probability of occurrence of an event, and the fractional lack of effect  
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BOX 4-2  Derivation of the Dose-Additive Multiple- 
Dose-Response Relationship 

 
If the individual dose-response curves for the specific effect consid-

ered are fA(d), fB(d), fC(d), ... , respectively, then 
 

( ) ( ) ( )
( ) ( ) ( )1 1 1or

A A B B C C

A A B B C C

f D E f D E f D E

D f E D f E D f E− − −

= = =

= = =

…

…
 

 
at effect level E (the second line uses the notation f −1 for the inverse func-
tion), and there is no requirement for these doses to have the same relative 
values at different effect levels. Thus Equation 1 may be rewritten as 
 

( ) ( ) ( )1 1 1
1.CA B

A B C

dd d
f E f E f E− − −

+ + + =…  

 
This equation is an implicit dose-additive multiple-dose-response rela-

tionship for the mixture in terms of effect level E, the individual doses (dA, 
dB, dC, ...) of the components, and the individual dose-response relation-
ships (fA, fB, fC, …) of the components. 

 
 
(i.e. fractional survival S) for probability of non-occurrence” (Berenbaum 1989) 
leads to the hypothesis of additivity of effect, or multiplication for survival in 
the form 
 

and 

( )

( )

, ( ) ( ) ( ) ( )

, ( ) ( ),

= + −

=

ab a b a a b b a a b b

ab a b a a b b

E d d E d E d E d E d

S d d S d S d
(4) 

 
where Ea(da) now represents the fractional effect of agent a at dose da and simi-
larly for agent b, and Eab and Sab are the fractional effect and its complement for 
the mixture of agents a and b at doses da and db. Some authors use the term ef-
fect addition when the negative term in the first of Equations 4 is omitted; this is 
clearly inadequate theoretically for large effects (because it may lead to frac-
tional effects larger than unity), but it is quite adequate for its typical use of 
combining small effects where the product term is negligible. 

Equations 4 and their generalizations to multiple agents define independ-
ent action in the same way that Equation 1 defines dose addition. There is no 
necessary contradiction between the relationships as defined; one, both, or nei-
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ther may apply to any particular mixture of agents. Contradictions do occur, 
however, if (as has occurred in the literature; see Berenbaum, 1989 for an exten-
sive review) independent action and noninteraction are assumed to be equiva-
lent, or when synergism and antagonism are defined by deviations from one and 
inappropriately compared with identical terms defined by deviations from the 
other. 
 
Empirical Observation vs Mechanistic Inference 
 

With the assumption of dose addition or independent action, the dose-
response relationship of a mixture of components may be calculated on the basis 
of dose-response relationships observed for mixture components. Quite often, 
the predictions are similar; in other cases, they differ substantially. Where dif-
ferences arise, they arise from the differences in the mathematical structure of 
the two models. Neither prediction is guaranteed to correspond to observations. 
Figure 4-2 provides a hypothetical example in which observations would fall 
between the predictions of dose addition and independent action; the mixture 
exhibits synergism with respect to independent action but antagonism with re-
spect to dose addition. Box 4-3 provides the details associated with the hypo-
thetical example represented in Figure 4-2. 
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FIGURE 4-2  Hypothetical example of two-component mixture dose-response curve (see 
Box 4-3). The components are assumed to have the same pharmacokinetics and mecha-
nism of action but different Michaelis-Menten elimination constants and mass-action 
binding affinity to the same receptor. The fraction of normal response is assumed to be an 
exponential function of minus the square of the bound fraction of receptors. 
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BOX 4-3  Hypothetical Example Represented in Figure 4-2 
 

Consider a chemical applied at dose rate d to an organism that has 
an elimination rate for that chemical that is of Michaelis-Menten form. The 
concentration C in some target tissue at steady state will then satisfy an 
equation of the form 
 

,=
+
Cd

k C
λ

 

 
where λ is the maximum elimination rate (so consider dose rates less than 
λ), and k is the concentration at which the elimination rate is half the maxi-
mum. Now suppose that the chemical binds to a receptor according to the 
law of mass action, so that the fraction of bound receptors is 
 

=
+
Cf

C Z
 

 
for some concentration Z, and the binding to the receptor induces a devia-
tion of some response from normal with magnitude depending on the 
square of the bound fraction (f), so that the response size is of the form 
(where the normal response is R = 1) 
 

( )2exp= −R hf  

for some constant h. 
Now consider two such chemicals with the constants λ, k, Z, and h 

given by 
 

Parameter Chemical 1 Chemical 2 
λ 1.1 1.4 
k 2 0.05 
Z 1 0.5 
h 75 75 

 
The curves of Figure 4-2 are obtained from a 1:7 mixture of chemical 

1 and chemical 2 where chemical 2 and chemical 1 are exact alternative 
receptor ligands with an effect in a mixture given by 
 

1 2

1 2

2 .
1 2

+
=

+ +
C Cf

C C
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The committee emphasizes that dose addition does not imply toxicologic 
similarity (as defined by EPA 2000), nor does toxicologic similarity imply dose 
addition, as claimed by EPA (2000); Figure 4-2 is a hypothetical counterexam-
ple of the last proposition that shows that dose addition need not apply even to 
mixtures of components with identical mechanisms of action. Similarly, inde-
pendent action does not imply, nor is it implied by, different mechanisms for the 
mixture components. Nor are dose addition and independent action mutually 
exclusive (see Berenbaum 1989 for counterexamples of these propositions). 
 
Practical Applications, Relative Potencies, and Toxicity  
Equivalence Factors 
 

Evaluation of any particular mixture of agents requires an empirical de-
termination of how they combine to produce any particular effect. It is generally 
convenient in performing such evaluations to compare observations against dose 
addition or independent action, and if the deviations are small enough to be sta-
tistically insignificant the mixtures may be considered to exhibit dose addition 
or independent action for that particular effect at that effect level (many exam-
ples of both kinds are known; see Berenbaum 1989 for an extensive review). As 
pointed out above, dose addition may apply at particular levels of effect (and the 
same is true of independent action), so a complete evaluation requires examina-
tion of all effect levels or at least over the range of effect levels that are of prac-
tical importance (effects that might be expected, given the levels of exposure 
under evaluation). It must be emphasized that any particular finding applies 
strictly only to the particular effect evaluated; for example, there is nothing to 
prevent one end point from exhibiting dose addition and another from departing 
substantially from it at the same dose. 

For particular types of mixtures, some plausible assumptions are generally 
made. Some groups of chemicals may have similar chemical structures and act 
and be acted on in similar ways in the body. For example, all may be absorbed 
in the same way (although with quantitative differences in the rate and extent of 
absorption), and all may be detoxified in the same organ by the same enzyme 
systems (although with differing Vmax and km for the rate of detoxification). In 
such circumstances, it is possible and may be plausible to propose—subject to 
experimental confirmation—that each acts as the same dilution of the other at all 
doses and in all mixtures. Then, dose addition would apply, and each could be 
compared directly with some reference agent in the group by using a relative 
potency that specifies the effective dilution; however, the assumptions, such as 
similar absorption or detoxification, are not necessarily correct, nor is it neces-
sary that they be satisfied for dose addition to apply. A dose of one agent is then 
equivalent to a multiple of the dose of another, with the multiple being the same 
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for every dose, so such agents would necessarily have parallel dose-response 
curves.5 

Relative potency may, however, differ for different end points. Relative-
potency estimates of this nature are used (or are proposed for use) for cancer 
potency estimates for some chemicals and for noncancer end points for some 
chemicals, for example, for anticholinesterase agents (see the section “Current 
EPA Cumulative Risk Assessment Examples and Case Studies” below). Al-
though parallel dose-response curves are necessary for a relative-potency ap-
proach to be correctly used, they are not sufficient, because the parallelism of 
dose-response curves gives no information on the effect of a mixture. 

An even more restrictive application of dose addition may be proposed 
and used in practice, as it has been for the 2,3,7,8-chlorinated dibenzo-p-dioxins 
and -furans and for “dioxin-like” PCB congeners (Van den Berg et al. 2006). 
For those congeners, a potency estimate, the toxicity equivalence factor (TEF), 
has been estimated relative to the prototype of the 2,3,7,8-tetrachlorodibenzo-p-
dioxin group, but this potency is supposed to apply to every end point affected 
via the aryl hydrocarbon receptor (at least for “dioxin-like” effects in the case of 
the PCB congeners). By contrast, the less-restrictive relative potencies discussed 
above may in principle differ for different end points. 
 

Risk Characterization 
 
Practical Risk Characterization for Cancer End Points 
 

For cancer end points, the exposure estimates required to be obtained as 
described above under “Exposure Assessment” for each receptor evaluated are 
lifetime average dose rates (expressed in units of milligrams per kilogram per 
day) or lifetime average exposures (expressed as air or water concentrations). 
For all pathways of exposure, routes of exposure, and chemicals, individual-
chemical risk estimates are obtained by multiplying lifetime average dose rates 
by the relevant route-specific CSF or multiplying lifetime average exposure by 
the relevant route-specific unit risks. For brevity, “threshold” carcinogens, for 
which reference doses and reference concentrations are used in the same manner 
as noncancer end points, are not addressed here (see EPA 2005a for further 
guidance). In special circumstances, such as for exposures primarily of young 
children (EPA 2005b), the standard CSFs may be modified to take account of 
increased susceptibility of the exposed population. 

                                                 
5To be consistent with EPA nomenclature, parallel dose-response curves mean that 

“for equal effects, the dose of one component is a constant [positive] multiple of the dose 
of a second component” (EPA 2000). The committee added the term positive for preci-
sion because dose-response curves that are related by a negative multiplier are not con-
sidered parallel. 
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A total cancer risk estimate is then obtained by summing the individual-
chemical risk estimates obtained across pathways, routes of exposure, and 
chemicals. The first two summations, of pathways and routes, are for a single 
chemical and thus involve no assumptions about interactions between chemicals. 
The last summation, of chemicals, explicitly incorporates an assumption of in-
dependent action (strictly, effect addition). For the end point of interest, lifetime 
probability of cancer, all carcinogens are treated as having exactly additive ef-
fects. For carcinogens at low doses (that is, at lifetime average dose rates low 
enough for the predicted probability of cancer to be substantially smaller than 
0.1—and in practice almost always smaller than 0.001), it is also assumed that 
the dose-response curve is linear with no threshold. Thus, the effect-addition 
assumption is in this case also a dose-additive assumption. Because estimated 
responses are generally sufficiently small for the negative product terms to be 
negligible in the generalization of Equation 4 to multiple chemicals, independent 
action and effect addition are equivalent to the accuracies required. Cases in 
which estimated dose rates are high enough for this not to be true would be 
treated as obvious emergencies for which any alternative treatment would be 
unnecessary. 
 
Practical Risk Characterization for Noncancer End Points 
 

For noncancer end points, the exposure estimates required to be obtained 
as discussed in the section “Exposure Assessment” for each receptor evaluated 
are average dose rates (expressed in units of milligrams per kilogram per day) or 
exposures (expressed as air or water concentrations) over a lifetime and over 
various shorter periods (at any age, but particularly in childhood).  

For each chemical, each pathway, and each averaging period, a hazard 
quotient (HQ) is calculated as 
 

routes

Average dose rate Average concentrationHQ or  ,
RfD RfC

= ∑         (5) 

 
where the summation is over all routes of exposure, and the RfD or RfC used is 
appropriate to the averaging period and route or has been adjusted from an alter-
native averaging period or route to be appropriate. If shorter-term RfD or RfC 
values (or equivalents from the hierarchic selection of toxicity values) are not 
available, RfD and RfC values from longer-term exposures may be used for 
shorter-term exposures, and the resulting HQs are considered likely to be con-
servative (overestimates). 

For each averaging period, an overall summary hazard index (HI) is then 
calculated as the sum of HQs for each pathway and each chemical, so 
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pathways chemicals
HI HQ.= ∑ ∑                                                                     (6) 

 
The summation over chemicals here is explicitly chosen to be a special 

case of the summation used in the definition of dose addition (compare Equation 
1), in which the RfC or RfD used in Equation 5 (and hence in Equation 6) corre-
sponds to a dose rate that has the same effect (namely, no effect) for each 
chemical. Thus, under the hypothesis of dose addition, if the HI is less than or 
equal to unity, no effect can be expected from the mixture of chemicals incorpo-
rated in the summation. However, the RfC or RfD is not necessarily the largest 
dose rate or concentration that would result in no effect, so HIs larger than unity 
cannot necessarily be taken to indicate a larger than zero effect of the mixture 
under the dose-addition hypothesis, although they are treated as indicators that 
there is potentially such a nonzero effect. 

Thus, if the summary HI is less than or equal to unity, there is unlikely to 
be an appreciable risk of deleterious effects, and the analysis is usually com-
plete. If the summary HI is larger than unity, further analysis may be performed 
that takes account of “effect” and “mechanism of action” in an attempt to deter-
mine whether application of dose addition to all the chemicals simultaneously is 
justifiable or to determine whether the RfD or RfC used in evaluating the sum-
mation is appropriate for any particular common effect or mechanism (see the 
section “Empirical Observation vs Mechanistic Inference” above). 

EPA guidance on segregation of chemicals by effect is shown in Box 4-4. 
The guidance states further that “if one of the effect-specific hazard indices ex-
ceeds unity, consideration of the mechanism of action might be warranted. A 
strong case is required, however, to indicate that two compounds which produce 
adverse effects on the same organ system (e.g., liver), although by different 
mechanisms, should not be treated as dose additive. Any such determination 
should be reviewed by ECAO [Environmental Criteria and Assessment Office in 
EPA’s Office of Health and Environmental Assessment]” (EPA 1989a, p. 8-14). 

It is further pointed out that obtaining the information required to segre-
gate chemicals by effect or mechanism of action is difficult to locate (see Box 4-
5 below). 

Furthermore, “if there are specific data germane to the assumption of 
dose-additivity (e.g., if two compounds are present at the same site and it is 
known that the combination is five times more toxic than the sum of toxicities 
for the two compounds), then modify the development of the hazard index ac-
cordingly. Refer to the EPA (1986) mixtures guidelines for discussion of a haz-
ard index equation that incorporates quantitative interaction data. If data on 
chemical interactions are available, but are not adequate to support a quantitative 
assessment, note the information in the ‘assumptions’ being documented for the 
site risk assessment” (EPA 1989a, pp. 8-14). 
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BOX 4-4  Procedure for Segregation of Hazard Indexes by Effect 
 

Segregation of hazard indices requires identification of the major ef-
fects of each chemical, including those seen at higher doses than the criti-
cal effect (e.g., the chemical may cause liver damage at a dose of 100 
mg/kg-day and neurotoxicity at a dose of 250 mg/kg-day). Major effect 
categories include neurotoxicity, developmental toxicity, reproductive toxic-
ity, immunotoxicity, and adverse effects by target organ (i.e., hepatic, renal, 
respiratory, cardiovascular, gastrointestinal, hematological, musculoskele-
tal, and dermal/ocular effects). Although higher exposure levels may be 
required to produce adverse health effects other than the critical effect, the 
RfD can be used as the toxicity value for each effect category as a conser-
vative and simplifying step. 
 
Source:  EPA 1989a. 

 
 

BOX 4-5  Information Sources for Segregation of Hazard Indexes 
 

Of the available information sources, the ATSDR Toxicological Pro-
files are well suited in format and content to allow a rapid determination of 
additional health effects that may occur at exposure levels higher than 
those that produce the critical effect. Readers should be aware that the 
ATSDR definitions of exposure durations are somewhat different than 
EPA’s and are independent of species; acute—up to 14 days; intermedi-
ate—more than 14 days to 1 year; chronic—greater than 1 year. IRIS con-
tains only limited information on health effects beyond the critical effect, and 
EPA criteria documents and HEAs, HEEPs, and HEEDs may not systemati-
cally cover all health effects observed at doses higher [than] those associ-
ated with the most sensitive effects. 
 
Source:  EPA 1989a. 

 
 
Special Considerations in Practical Risk Characterizations 
 

As pointed out above, some groups of chemicals are treated specially by 
using relative-potency or TEF approaches; these are discussed further in the 
section “Current EPA Cumulative Risk Assessment Examples and Case Stud-
ies” below. Some mixtures, such as Aroclors (PCB mixtures), may be treated as 
individual chemicals in toxicity assessments because they have been tested in 
toxicity studies. However, it is unlikely that the precise mixtures tested (and 
there may be some doubt as to their characterization in any case) will ever be 
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what receptors are exposed to after transport through the environment, so actual 
exposures are likely to be to mixtures with congener or other component profiles 
differing from those tested. There are also situations in which the risk assess-
ments required do not correspond completely to the “typical” assessment de-
scribed here, such as nationwide evaluations of cumulative and aggregate expo-
sures to pesticides (cumulative refers to the multiple-chemical nature of the 
assessment and aggregate to the multiple pathways of exposure).  
 

Summary of Current Risk-Assessment Approaches 
 

In summary, the usual approach to EPA-style risk assessments for non-
cancer end points is initially “dose-additive” for all chemicals, partly to ensure 
an initial conservative assessment. Later, if such a conservative approach does 
not suffice, the dose-addition approach is applied independently to subsets of 
chemicals with the same end point or mechanism, where mechanism is not well 
defined. For cancer end points, the usual approach of summing risk estimates for 
all chemicals is both response-additive and dose-additive because the two are 
equivalent when the standard low-dose linear hypothesis is used.6 In every case, 
direct information on any particular mixture that contradicts the hypothesis of 
dose addition will override the default approach. 
 

THE EVOLUTION OF GUIDANCE ON CUMULATIVE  
RISK ASSESSMENT 

 
Table 4-2 summarizes the evolution of EPA guidance (or, for the Interna-

tional Life Sciences Institute document, in cooperation with EPA) on cumulative 
risk assessment. Undoubtedly, other documents have influenced the practice of 
cumulative risk assessment, but the committee believes that those cited here 
have been the primary sources for EPA consideration of cumulative risk assess-
ment. Table 4-2 summarizes the stated purpose of the guidance, the definitions 
of cumulative adopted in the guidance document, and the default approach taken 
for evaluation of cumulative risks posed by mixtures of chemicals and other 
stressors when there is no direct information on the particular (or sufficiently 
similar) mixtures (so that the effect of the mixture has to be estimated from 
measured effects of individual components). As far as possible, the committee 
has quoted the documents or relevant memoranda accompanying the documents 
on their release for the summaries. At times, that proved difficult because there 
may be more than one statement or definition, and the default approach may not 
have been explicitly stated. The “Default approach” column of the table high-
lights some statements made in the guidance about the conditions required for 
dose addition or independent action. 

                                                 
6For brevity, “threshold” carcinogens were not addressed here. 
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Current Practice in Risk Assessment and Cumulative Risk Assessment 

CURRENT ENVIROMENTAL PROTECTION AGENCY EXAMPLES 
AND CASE STUDIES OF CUMULATIVE RISK ASSESSMENT 

 
Cumulative risk assessment is not new, although development and appli-

cation of relevant EPA guidance continues to evolve (see, for example, EPA 
2007g). EPA’s IRIS database includes toxicity values for chemical mixtures, 
such as coke-oven emissions, diesel-engine exhaust, PCBs, xylene isomers, a 
2,4- and 2,6-dinitrotoluene mixture, and a 2,4- and 2,6-toluene diisocyanate 
mixture. In addition, Table 4-3 highlights recent applications of cumulative risk 
assessment to evaluate human exposure to chemicals. The following sections 
provide more detailed descriptions of two EPA programs that involve cumula-
tive evaluations of pesticides and air toxics. 
 

Aggregate and Cumulative Assessments of Pesticides 
 

EPA’s Office of Pesticide Programs implements a two-stage assessment 
process for groups of pesticides that have a common mechanism of toxicity. 
First, an aggregate assessment that considers all pathways and routes of expo-
sure of each member of the group is completed (EPA 2008d,e); depending on 
the results, risk-reduction actions may be taken. Then a cumulative assessment 
considers exposure of and risks to all members of the group; additional risk-
reduction steps may be taken on the basis of the results. Risk-reduction actions 
include elimination or restriction of pesticide uses. 

Cumulative risk assessments of pesticides with a common mechanism of 
toxicity involve extensive dose-response modeling for each pesticide, which 
provides the relative potencies used in the dose-additivity-based cumulative 
method for common-mechanism pesticides (EPA 2002). Such risk assessments 
also involve a multicomponent exposure assessment (EPA 2002). Dietary expo-
sures are estimated from nationally representative dietary and pesticide-residue 
surveys. Drinking-water exposures and residential and nonoccupational pesti-
cide uses are estimated by region to reflect variations in agriculture, pest pres-
sures, and home and other pesticide uses. The datasets are compiled into an in-
dividual-level daily-exposure estimate over the course of a year. For the risk 
characterization, relevant durations of exposure are defined, and rolling-average 
exposures to individuals are developed on the basis of the daily-exposure esti-
mates (EPA 2002). As implied in the descriptions of dose-response and expo-
sure-assessment procedures, cumulative risk assessments of common-
mechanism pesticides involve consideration of the timing and duration of expo-
sures and the timing of onset and duration of health effects and recovery (EPA 
2002). 
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Current Practice in Risk Assessment and Cumulative Risk Assessment 

No new regulatory actions were needed on the basis of EPA’s recent cu-
mulative assessment of 10 N-methyl carbamate pesticides because actions taken 
on the basis of aggregate assessments of the individual pesticides had achieved 
necessary risk reductions (EPA 2008g). For example, all domestic uses of carbo-
furan were deemed ineligible for reregistration, given the findings of its aggre-
gate assessment. All U.S. uses of carbofuran will be canceled (EPA 2007c).  
 

National Air Toxics Assessment 
 

The National Air Toxics Assessment (NATA) is a national assessment of 
health risks associated with inhalation of 33 hazardous air pollutants (air toxics) 
and diesel particulate matter (qualitative assessment only). Assessment results 
are disseminated online for the public and used to inform the air-toxics program 
in priority-setting, air-pollution trends assessment, research, and planning (EPA 
2007d). 

The NATA estimates concurrent exposures to the selected chemicals at the 
census-tract, county or state level at a selected time (EPA 2006). The cumulative 
methods applied for the NATA are dose addition and independent action. The 
common noncancer health effect of concern is respiratory irritation (irritation of 
the lining of the respiratory system), and single-chemical HQs of respiratory 
irritants are added to yield a “respiratory hazard index” (dose addition). For the 
carcinogens, lifetime cancer risk estimates for inhalation exposures are added 
(independent action but also in effect dose addition because of the assumed 
dose-response linearity) (EPA 2007e). 

More than 25 million people live in census tracts where air pollutants con-
tribute to upper-bound estimates of more than 10 in 1 million increment in life-
time cancer risk. The most important carcinogens that are known to contribute to 
the estimated excess risks are benzene and chromium (EPA 2007f).  
 

STRENGTHS AND WEAKNESSES OF CURRENT  
APPROACHES OR PRACTICES 

 
Having reviewed the current cumulative risk assessment practices and 

approaches, the committee has made the following observations: 
 

● EPA has been addressing cumulative impact and risk under various le-
gal and regulatory authorities. 

● Various offices and organizations in the EPA have devoted consider-
able resources to developing concepts and guidance regarding cumulative risk 
assessment. 

● In cumulative risk assessments of human health effects, there is a reli-
ance on dose addition as the default approach. 
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● Current practices focus on well-defined mixtures of chemical stressors 
to which simultaneous (or concurrent) exposures occur.  
 

In its Framework for Cumulative Risk Assessment (EPA 2003b), EPA has 
developed an appropriately broad definition of cumulative risk assessment and 
identified multiple approaches to the conduct of such assessments. EPA, through 
its various offices, has accrued substantial practical experience with cumulative 
risk assessment. However, the assessments conducted to date have been of well-
defined groups of chemicals to which simultaneous exposure occurs. Chemicals 
are grouped according to a common mechanism of toxic action or end point and 
specific exposure situations, such as a hazardous-waste site or spill or presence 
in food or water. Therefore, although multiple methods are available, EPA has 
used only a few of them in practice. And despite recognition of nonchemical 
stressors as potentially important contributors to cumulative risk, nonchemical 
stressors are rarely addressed or evaluated. 
 

APPLICATION TO PHTHALATES 
 

EPA clearly has given considerable thought to cumulative risk assessment 
and has produced substantial guidance on it. On the basis of that guidance, a 
mixture of phthalates should be included in a cumulative assessment based on 
“toxicologic similarity” (see Chapter 3). However, there may be inconsistencies 
in how different offices in EPA would perform risk assessments, the available 
IRIS toxicity values do not incorporate the relevant end points that would sug-
gest toxicologic similarity, and some of the guidance is pulling in different di-
rections in that toxicologic similarity is largely undefined. A sufficiently de-
tailed examination of the toxicologic profiles and mechanisms of action of the 
individual phthalates would find distinct differences in end points affected or the 
degree to which specific end points are affected and in detailed mechanisms of 
action, so toxicologic similarity would be ambiguous. 

The following chapter examines the evaluation of phthalate mixtures in 
more detail and provides practical approaches to the examination of phthalates 
mixtures in particular and other mixtures in general. 
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Cumulative Risk Assessment of 
Phthalates and Related Chemicals 

 
Our understanding of the toxicity of phthalates and the associated underly-

ing mechanisms has improved considerably in the last few years. Effects on re-
productive development in the male constitute one of the most sensitive end 
points. Some phthalates—such as DBP, BBP, DEHP, and DINP—are able to 
disrupt male sexual differentiation by interfering with androgen biosynthesis; 
this culminates in what has been described as the phthalate syndrome or more 
generally as the androgen-insufficiency syndrome. Because the chemicals have a 
similar effect spectrum, it is likely that they act in concert when they occur to-
gether. However, not only phthalates can disrupt male sexual differentiation. As 
discussed in Chapter 3, other classes of chemicals, so-called antiandrogens, are 
also able to interfere with male development by opposing the actions of fetal 
androgens in different ways. Antiandrogens can block the effects of fetal andro-
gens by antagonizing the androgen receptor (AR) or can reduce concentrations 
of fetal androgens by inhibiting key enzymes responsible for the conversion of 
precursor steroids into androgens. Other chemicals exhibit mixed mechanisms, 
for example, by both inhibiting enzymes and blocking the AR. Thus, there may 
be considerable potential for cumulative effects of phthalates and other classes 
of antiandrogens in that any interference with AR-related effects may result in 
components of the phthalate syndrome. 

This chapter assesses the empirical evidence of combined effects of sev-
eral phthalates, of nonphthalate antiandrogens, and of phthalates and these other 
antiandrogens. Because of the importance of developmental effects, the over-
view focuses almost exclusively on experimental evidence from reproductive-
toxicity studies. Many published experimental mixture studies were motivated 
by an interest in determining the type of combination effect (for example, addi-
tive or synergistic) of the agents involved. That effort often required the admini-
stration of doses of test chemicals that were associated with measurable effects 
but were far removed from exposures experienced by humans. What will lend 
further urgency to calls to conduct cumulative risk assessment is the demonstra-
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tion of combined effects at low doses of each mixture component. For that rea-
son, the committee scrutinized the evidence in the literature particularly with 
respect to low-dose combined effects. 

After examining the empirical evidence, this chapter considers options for 
conducting cumulative risk assessment of phthalates and other antiandrogens. 
First, several questions are addressed to set the stage for considering various 
approaches. Which phthalates should be subjected to cumulative risk assess-
ment? Should other antiandrogens be included? If so, which ones? What criteria 
should be used to group phthalates and other antiandrogens for cumulative risk 
assessment? Next, approaches to quantitative assessments of cumulative effects 
are discussed. For cumulative risk assessments of dioxins and other chemical 
classes, the toxicity equivalency (TEQ) concept has gained broad acceptance 
and is in widespread use. Accordingly, this chapter addresses whether the  
TEQ concept presents a practicable option for cumulative risk assessment of 
phthalates and other antiandrogens or whether alternative approaches should be 
adopted. The chapter concludes with a discussion of possible stepped ap-
proaches to cumulative risk assessment of phthalates and other antiandrogens. 
 

CRITERIA FOR CHOOSING DOSE ADDITION OR INDEPENDENT 
ACTION AS A DEFAULT EVALUATION METHOD 

 
Dose addition and independent action (here used synonymously with re-

sponse addition) provide two possible approaches to dealing with the mixture 
issue. However, when one is faced with the task of evaluating specific mixtures, 
the issue arises as to whether either of the two concepts is appropriate for the 
mixture in question and should be chosen for assessment. That question be-
comes all the more important when the two concepts produce different predic-
tions of mixture effects. However, in only a few cases have dose addition and 
independent action been evaluated together against the same set of experimental 
mixture data with the aim of establishing whether either approach produces 
valid predictions of combined effects (for a review, see Kortenkamp et al. 2007). 
As pointed out by the U.S. Environmental Protection Agency (EPA 2000), the 
empirical basis of choosing between dose addition and independent action as a 
default approach for risk assessment is not strong. The decision in favor of either 
approach as a default for mixture risk assessment is based largely on perceptions 
of whether the scientific assumptions that underpin dose addition or independent 
action are met. For such purposes, the two concepts have been allied to broad 
mechanisms of combined toxicity, as described below. 

Dose addition is often stated to be applicable to mixtures composed of 
chemicals that have a similar or common mechanism of action (EPA 1986, 
2000, 2002; COT 2002). However, the original paper by Loewe and Muischneck 
(1926) contains little that roots dose addition in mechanistic considerations; the 
idea of similar action probably derives from the “dilution” principle, which 
forms the basis of this approach. Because chemicals are viewed as dilutions of 
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each other, it may be implicitly assumed that they must act via common or simi-
lar mechanisms. 

In contrast, independent action is widely assumed to be appropriate for 
mixtures of agents that have diverse or dissimilar mechanisms of action. Al-
though it is rarely stated, that assumption probably stems from the stochastic 
principles that guided the development of the approach. Acting independently is 
equated with the notion of acting through different mechanisms. By activating 
differing effector chains, the argument goes, every component of a mixture of 
dissimilarly acting chemicals provokes effects independently of all other agents 
that are present, and this feature appears to lend itself to statistical concepts of 
independent events. Independent action is often held to be the default assess-
ment concept when the similarity criteria of dose addition appear to be violated 
(COT 2002). If “dissimilar action” is taken implicitly as the simple negation of 
“similar action,” it is then assumed that independent action must hold (with the 
further implicit assumption that only two choices are available), even without 
further proof that the underlying mechanisms satisfy the dissimilarity criterion. 

Although those ideas are plausible, their application to specific combina-
tions of chemicals is far from clear-cut. One major difficulty lies in defining 
reliable criteria for similarity of mechanisms of action. Often, the induction of 
the same phenomenologic effect is deemed sufficient for accepting similarity of 
action. However, that could be inappropriate for some combinations of chemi-
cals that operate by distinct molecular mechanisms. At the other extreme of the 
spectrum of opinion, the similarity assumption might require an identical mo-
lecular mechanism involving the same active intermediates. That position, with 
its strict similarity criterion, may mean that few chemicals qualify for inclusion 
in mixture-effects assessments and many others that provoke the same response 
are left out. In effect, that approach would provide an unrealistically narrow per-
spective on existing mixtures. A middle position is occupied by the view that 
interactions with the same site, tissue, or target organ should qualify for similar-
ity (EPA 1986, 1989; Mileson et al. 1998). 
 

SIMILAR OR DISSIMILAR ACTION:  A DEFAULT CONCEPT  
FOR CUMULATIVE RISK ASSESSMENT OF PHTHALATES AND 

OTHER ANTIANDROGENS? 
 

It is not immediately obvious which criteria should be used to classify 
phthalates as similarly or dissimilarly acting chemicals. EPA (2000) has recom-
mended that decisions about whether to use dose addition or independent action 
should be based on information about the toxic and physiologic processes in-
volved, the single-chemical dose-response relationships, and the type of re-
sponse data available. If information about target tissue concentrations is avail-
able, such judgments can focus on the toxic mechanism of action within that 
tissue. With phthalates, external doses, but not target-tissue doses have been 
used, and in such cases EPA (2000) demands that decisions about similarity of 
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action consider all processes, including uptake, metabolism, elimination, and 
toxic mechanism. 

Although there is little detail about the precise uptake mechanisms of 
phthalates, it is clear that they all undergo hydrolysis to produce phthalate 
monoesters that are then transported to their site of action. In the case of many 
monoesters, there is a rapid reduction in fetal testosterone production in the 
Leydig cells of the testes and a consequent indirect effect through down-
regulation of key enzymes important in the transport and conversion of steroid 
precursors. The resulting impairment of Leydig cell function triggers a decrease 
in androgen-mediated gene expression. Because androgen action is a key driver 
in sexual differentiation, disturbance of androgen-mediated development gives 
rise to profound effects on the male reproductive system (Foster 2005). Phthal-
ates can be judged to exhibit a similar mechanism of action, with dose addition 
the appropriate default assessment approach according to EPA guidelines. How-
ever, differences in phthalate metabolism may lead to dissimilarities in the pre-
cise toxic mechanism. For example, some metabolites of DEHP (MEOHP and 
MEHHP) can antagonize the AR (Stroheker et al. 2005), but that is not the case 
for all metabolites of phthalates. Furthermore, some phthalates can induce some 
peroxisome-proliferator-activated receptor isoforms, but others lack this ability 
(Bility et al. 2004). Should the mechanisms of action of those phthalates there-
fore be judged to be dissimilar and independent action adopted according to 
other suggestions in EPA guidelines? 

EPA (2000) also stipulated that to qualify for dose addition, all dose-
response curves should be congruent. That requirement is not met by phthalates. 
Dose-response studies have revealed a large variety of shapes (Rider et al. 2008; 
Howdeshell et al. 2008). Does that mean that the concept of dose addition 
should not be used in connection with phthalate mixtures? 

The demand for congruent curves may be derived from a misunderstand-
ing of the mathematical features of the dilution principle that underpins dose 
addition. It appears to have been thought that the principle requires a constant 
proportionality between the doses of chemicals in a mixture that produce a given 
effect. For chemicals with different potency, a chemical may have to be admin-
istered at a dose that is a multiple of another chemical’s dose to achieve the 
same effect of a specific size. Although that proposition would lead to dose ad-
dition, it does not follow that the dose-response curves of all dose-additive mix-
ture components have to be congruent. Congruent curves result only if it is also 
demanded that the multiple is constant for all effect levels. For example, let 10 
dose units of substance A induce an effect of 12 (on an arbitrary scale), and as-
sume that only 5 dose units of substance B are required to produce the same 
effect. In that case, there is a proportionality factor of 2 between the doses of the 
two chemicals. Congruent shapes of the dose-response curves result if the same 
proportionality of 2 is preserved at all other effect levels. Thus, in this arbitrary 
example, 20 dose units of A and 10 dose units of B each would produce the 
same but larger effect of, say, 17. Now consider mixture effects under the prin-
ciple of dose addition. Accordingly, 5 dose units of A and 2.5 of B are expected 
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to produce an effect of 12. To provoke an effect of 17, dose addition would re-
quire application of 10 dose units of A and 5 of B. However, dose addition 
would apply even if the demand of constant proportionality between the effect 
doses of the two chemicals is not fulfilled. For example, let 20 dose units of A 
produce an effect of 17, as before, but assume that B has a lower potency at this 
effect level, such that 16 dose units are necessary to yield an effect of 17. Dose 
addition would still be applicable: it can be predicted that 10 units of A and 8 
units of B combined should produce an effect of 17. Thus, although the addi-
tional requirement of constant proportionality is a precondition for the applica-
tion of relative potencies and toxicity equivalence factors (TEFs), it is not neces-
sary for the general use of dose addition, which also works with curves of 
different shapes (Berenbaum 1989; Hass et al. 2007; Howdeshell et al. 2008). 
Moreover, the existence of congruent dose-response curves for mixture compo-
nents does not constitute evidence for or against dose additivity. Given the 
above discussion, EPA may wish to revise some of its guidance (for example, 
EPA 2000). 

The application of the criteria used by EPA (2000) for making choices be-
tween dose addition and independent action for phthalate mixtures leaves ambi-
guities that cannot readily be resolved without further empirical evidence, which 
would overrule any such heuristic arguments in any case.  

The committee concludes that the criteria applied by EPA are too narrow 
and restrictive because they leave out other chemicals that can disrupt male sex-
ual differentiation but in ways that differ in some respects from phthalates (see 
Chapter 3). With phthalates and other antiandrogens, the case can be made for 
adopting a physiologic approach to analyzing toxic mechanisms of action with 
respect to similarity or dissimilarity. If it is recognized that the driver of male 
sexual differentiation during development is the effect of androgen action, it 
may be irrelevant whether the hormones’ effects are disrupted by interference 
with steroid synthesis, by antagonism of the AR, or by some other mechanism 
(for example, affecting consequences of AR activation). The resulting biologic 
effects with all their consequences for male sexual differentiation may be simi-
lar, although the molecular details of toxic mechanisms—including metabolism, 
distribution and elimination—may differ profoundly in many respects. Judged 
from such a perspective, a focus on phthalates to the exclusion of other antian-
drogens (or other more esoterically acting agents) not only would be artificial 
but could imply serious underestimation of cumulative risks posed by agents to 
which there is coexposure. 

In contrast, the differences in the mechanisms of action of phthalates and 
other antiandrogens could mean that the independent-action principle is better 
suited for evaluating the combined effects of chemicals. That issue cannot be 
decided without considering empirical evidence. Accordingly, the question be-
comes, are there data in the recent literature that can help to resolve some of 
these difficulties? 
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EXPERIMENTAL EVIDENCE OF CUMULATIVE EFFECTS OF 
COMBINATIONS OF PHTHALATES AND OTHER ANTIANDROGENS 
 

This section reviews experimental studies of combined effects of several 
phthalates, of other antiandrogens, and of phthalates and other antiandrogens. 
Rather than a comprehensive review of the literature, the primary aim is to ex-
amine empirical evidence of combined effects of phthalates and other antiandro-
gens. A secondary aim is to assess whether experimentally observed mixture 
effects agree quantitatively with the additivity expectations derived from dose 
addition. In dealing with those issues, it is important to recognize that dose addi-
tion and independent action often yield identical, experimentally indistinguish-
able, or trivially distinct predictions of additive combined effects. However, 
under some circumstances, the two concepts produce additivity predictions that 
differ enough to be distinguished experimentally. It is then possible to discern 
which concept better agrees with observed effects. In such cases, the argument 
for using the better predictor (dose addition or independent action) as an ap-
proximation for mixture risk assessment is strong. For that reason, published 
data will, wherever possible, be examined in relation to agreement with dose 
addition or independent action. 

It is not always straightforward to judge the quality of agreement between 
experimentally observed data and predictions based on dose addition or inde-
pendent action. Although it is frequently possible to distinguish qualitatively 
which of the two concepts approximates the data better, there are no generally 
accepted criteria for statistical assessments. One approach is to demand that the 
predictions overlap with the confidence intervals of the experimental data, but 
this may lead to an overly strict criteria for agreement. An alternative would be 
to consider how variations in single-chemical response data affect the uncertain-
ties associated with predictions by using boot-strapping methods. In that way, 
confidence intervals for predictions can be calculated (Hass et al. 2007). The 
agreement with observations can then be judged statistically by considering the 
overlap between the confidence intervals of the prediction with that of the ex-
perimental data. Frequently, however, data quality and experimental design (or 
the lack of information presented in the literature) do not allow the use of such 
approaches. In the absence of generally accepted criteria for assessing agree-
ment with predicted additivity, qualitative judgments often have to be made 
without the use of statistical reasoning. Although that approach may be unsatis-
factory, the committee emphasizes that there are currently no practical alterna-
tives, owing to a lack of theoretical foundations able to underpin better practice.  
 
Combinations of Phthalates Yield Good Evidence of Dose-Additive Effects 

 
Howdeshell et al. (2007) examined a binary mixture of DBP and DEHP. 

Those two phthalates are thought to have a common mechanism of action, but 
they yield different metabolites. Pregnant Sprague-Dawley rats (six dams per 
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dose) were exposed to the phthalates during gestation days 14-18 at 500 mg/kg-
d each, both singly and in combination. Their male offspring were examined for 
a wide array of effects typical of disruption of male sexual differentiation, in-
cluding changes in fetal testosterone production, changes in anogenital distance, 
epididymal agenesis, retained nipples, gubernacular agenesis, hypospadias, and 
number of animals with malformations. Dose addition generally predicted larger 
effects than independent action, although for some end points the two concepts 
predicted equal effects. It is not possible to duplicate the dose-addition predic-
tions given by the authors, because they were based on unpublished dose-
response data on the individual phthalates. However, the authors observed that 
the responses generally agreed well with dose addition and were higher than the 
additivity expectations derived from independent action for changes in anogeni-
tal distance, epididymal agenesis, and number of malformed males. The study 
indicates that dose addition provides fairly good predictions of many of the ef-
fects that make up the androgen-insufficiency syndrome. Independent action 
often underestimated the observed responses. 

Recently, Howdeshell et al. (2008) presented the results of a mixture study 
of five phthalates in which suppression of fetal testosterone production at gesta-
tion day 18 was measured as a result of exposure of pregnant Sprague-Dawley 
rats. BBP, DBP, DEHP, DIBP, and DPP were combined in a fixed ratio. The 
committee’s reanalysis of the raw data revealed that for testosterone reduction, 
dose-addition and independent-action predictions were generally similar (see 
Figure 5-1 and Appendix C for further details and analysis). Over a large range 
of effect levels, the observed reductions in testosterone production agreed well 
with the responses predicted by either model, although there were small, statisti-
cally significant differences between the dose-addition prediction and the ob-
served data.  
 

Combinations of Antiandrogens Follow the Principle of Dose Addition 
 

By using the isobole method (an application of dose addition), Nellemann 
et al. (2003) found that the fungicides procymidone and vinclozolin, both AR 
antagonists, additively inhibited testosterone binding to the AR. Administration 
of a 1:1 mixture to castrated, testosterone-treated male rats led to dose-additive 
alterations in reproductive organ weights, androgen concentrations, and AR-
dependent gene expression. Birkhoj et al. (2004) extended the use of the isobole 
method to three-component mixtures of the pesticides deltamethrin, methiocarb, 
and prochloraz. An equimolar mixture of the three additively suppressed AR 
activation in vitro. When a combination of those three with simazin and 
tribenuron-methyl was given to castrated testosterone-treated rats, changes in 
adrenal gland and levator ani weights and in expression of AR-associated genes 
were observed. The combination of all five chemicals had effects that were not 
found for the individual pesticides, but whether the effects were dose-additive 
could not be assessed by the authors. 
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FIGURE 5-1  The committee’s reanalysis of the combined effects of five phthalates on 
suppression of testosterone production (Howdeshell et al. 2008). See Appendix C for 
further details. 
 
 

A mixture of the AR antagonists procymidone and vinclozolin was evalu-
ated in the Hershberger assay (reviewed by Gray et al. 2001). Although it was 
not possible to evaluate the dose-additivity prediction with the information pro-
vided, the mixture appeared to exhibit effect addition in percentage reduction of 
ventral prostate and levator ani weights.1 

Hass et al. (2007) examined a mixture of three AR antagonists (vinclo-
zolin, flutamide, and procymidone) in an extended developmental-toxicity 
model in the rat. Disruption of sexual differentiation in male offspring was stud-
ied; the end points were changes in anogenital distance (AGD) and nipple reten-
tion (NR). On the basis of AGD changes, the joint effect of the three chemicals 
was predicted well by dose addition, but the observed effects on NR were 
slightly greater than those predicted by dose addition. In this study, the agree-
ment between dose addition and experimentally observed responses was evalu-
ated statistically by using boot-strapping methods. 

Metzdorff et al. (2007) analyzed further the material from the Hass et al. 
(2007) study by following effects typical of antiandrogen action through differ-
ent levels of biologic complexity. Changes in reproductive organ weights and of 
androgen-regulated gene expression in prostates of male rat pups were chosen as 

                                                           
1In effect addition, the combined effect of several chemicals is calculated by summing 

the responses to the individual agents at the doses present in the mixture. 
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end points for extensive dose-response studies. With all the end points, the joint 
effects of the three antiandrogens were dose-additive. That conclusion is sup-
ported by a statistical evaluation of the agreement between dose-addition predic-
tions and observations that the study authors conducted by judging overlap of 
confidence intervals of the prediction and the experimental data.  

In the examples presented here, the AR antagonists evaluated in the stud-
ies are known to induce antiandrogenicity by the same mechanism. 
 

Combinations of Phthalates with Other Antiandrogens Also  
Exhibit Dose-Additive Effects 

 
Hotchkiss et al. (2004) investigated a mixture of BBP and linuron, an 

antiandrogen capable of antagonizing the AR and disrupting steroid synthesis. 
The combination decreased testosterone production and caused alterations in 
androgen-organized tissues and malformations of external genitalia. Quantitative 
additivity expectations based on the effects of the single chemicals were not 
calculated in this study, so agreement with dose addition or independent action 
cannot be assessed. However, the combination of BBP and linuron always pro-
duced greater effects than each chemical on its own. That result demonstrates 
that BBP and linuron can act together to produce an effect spectrum typical of 
disruption of androgen action. 

Rider et al. (2008) conducted mixture experiments with the three phthal-
ates BBP, DBP, and DEHP in combination with the antiandrogens vinclozolin, 
procymidone, linuron, and prochloraz. The mixture was given to pregnant rats 
with the aim of examining the male offspring for a variety of developmental 
effects typical of antiandrogens. Its components have a variety of antiandrogenic 
mechanisms of action. Vinclozolin and procymidone are AR antagonists, and 
linuron and prochloraz exhibit a mixed mechanism of action: inhibiting steroid 
synthesis and blocking the steroid receptor. In calculating additivity expecta-
tions, the authors used historical data from their laboratory; however, the studies 
sometimes had dosing regimens that differed from those used in the mixture 
experiments. Data on the effects of some individual phthalates were not avail-
able. To bridge that data gap for the purpose of computing additivity expecta-
tions, it was assumed that the three phthalates were equipotent. Despite some 
uncertainty inevitably introduced by that assumption, dose addition gave predic-
tions of combined effects of the mixed-mode antiandrogens that agreed better 
with the observed responses than did the expectations derived from independent 
action. For a number of end points—including seminal vesicle weights, epidid-
ymal agenesis, and NR—there was reasonable agreement with dose addition. 
For others, such as hypospadias, the observed effects exceeded the dose-addition 
expectation. A statistical evaluation of the agreement between dose addition and 
experimental data was not provided by the study authors, and the committee 
judged that such an analysis was not possible on the basis of the published data. 



Copyright © National Academy of Sciences. All rights reserved.

Phthalates and Cumulative Risk Assessment The Task Ahead
http://www.nap.edu/catalog/12528.html

115 
 
Cumulative Risk Assessment of Phthalates and Related Chemicals 

Nevertheless, independent action led to considerable underestimation of the ob-
served combined effects in all cases.  

Table 5-1 summarizes the mixture studies that allowed quantitative com-
parison of observed combined effects with predictions derived from dose addi-
tion. The committee notes that the studies revealed a large variety of differently 
shaped dose-response curves for phthalates acting individually (Howdeshell et 
al. 2008; Rider et al. 2008) and antiandrogens acting individually (Hass et al. 
2007). The studies provide empirical examples in which chemicals with similar 
mechanisms can have entirely different dose-response curves. 
 

COMBINED EFFECTS OF LOW DOSES OF PHTHALATES  
AND OTHER ANTIANDROGENS 

 
When it comes to judging the risks associated with low-level exposures, 

there are marked differences between the chemical-by-chemical approach to risk 
assessment and evaluations that take mixture effects into account. Where single-
chemical risk assessments might yield the verdict “absence of risk,” dose addi-
tion or independent action might yield the opposite conclusion. 

An obvious deduction from the dilution principle of dose addition is the 
expectation that every component at any dose contributes, in proportion to its 
prevalence, to the overall mixture toxicity. Whether the individual doses of mix-
ture components are effective on their own does not matter.  

The idea can be illustrated by considering a dose-fractionation experiment 
(see Figure 5-2), where a dose of 4 × 10-2 arbitrary dose units produces an effect 
of measurable magnitude. The same effect will be obtained when the chemical is 
administered in 10 simultaneous portions of 4 × 10-3 dose units, even though the 
response to each one of those dose fractions is not measurable (or is exactly zero 
if there is a true dose threshold). If dose addition applies, the same holds when 
10 portions of 10 chemicals with identical response curves are used. Thus, com-
bined effects should also result from chemicals at doses associated with zero 
effect (dose thresholds) or even lower doses, provided that sufficiently large 
numbers of components sum to a suitably high effect dose.  

Theoretically, the situation described above is not necessarily the case ith 
independent action where simultaneous exposure to large numbers of chemicals 
at doses associated with zero effects is expected to produce a zero mixture ef-
fect. An experimental assessment of that idea, however, is complicated by the 
fact that true zero effect levels (dose thresholds), if they exist at doses larger 
than zero, are difficult to determine empirically. Particularly in the case of mix-
tures of a large number of components, that proposition forces clear distinctions 
between zero effects and small, albeit statistically insignificant effects. For ex-
ample, under independent action the combined effect of 100 chemicals, each of 
which individually provokes a response of 1%, will be 63% of a maximally in-
ducible effect. If each of the 100 chemicals produces an effect of only 0.1%, 
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FIGURE 5-2  Illustration of a “sham” mixture experiment with chemicals that all exhibit 
the same dose-response curve. At the low dose to the left (arrow 1, 4 × 10-3 dose units), 
the effect is hardly observable. A combination of 10 agents at that dose (arrow 2, total 
dose, 4 × 10-2 dose units) produces a significant combined effect, consistent with expecta-
tions based on dose addition.  
 
 
the expected combined effect will be 9.5%. With the test systems used in toxi-
cology, distinguishing such small effects from those seen in untreated controls is 
practically impossible. 

It is well established that regulatory toxicology has dealt with the problem 
of small responses at low doses by using uncertainty factors to approximate zero 
effect levels for the purpose of estimating “safe” exposures of humans. As a 
starting point for establishing such “allowable,” “acceptable,” or “tolerable” 
exposures, no-observed-adverse-effect levels (NOAELs) are used. The NOAEL 
is the highest dose or exposure at which no statistically or biologically adverse 
effects can be identified (EPA 1994). It is used as a point of departure for esti-
mating tolerable human exposures by dividing by uncertainty factors. 

A number of shortcomings of NOAELs, however, have been identified. 
There are problems with a single numerical value adequately reflecting study 
size and the shape of the underlying dose-response curves (Crump 1984; Slob 
1999). NOAELs are not fixed attributes of toxic substances; rather, they reflect 
features of experimental design. Larger experimental studies will detect effects 
at lower exposures and thus will yield lower NOAELs (Crump 2002; Scholze 
and Kortenkamp 2007).  

To deal with those conceptual problems, the benchmark dose (BMD) has 
been developed as a statistical tool to determine acceptable exposures to a 
chemical (Crump 1984). The BMD is a dose that causes a prescribed effect 
(generally within or close to the experimentally observed range) and is estimated 
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by fitting a regression model to experimental data. Compared with NOAELs, 
BMDs have the advantage of yielding lower numerical values with data of poor 
quality. Numerous papers have evaluated the properties of BMDs (summarized 
in Crump 2002), and the topic has been the subject of a National Research 
Council evaluation (NRC 2000). Accordingly, the committee felt that an in-
depth discussion of the threshold problem in toxicology and the issues surround-
ing the use of NOAELs and BMDs as the basis of toxicologic risk assessment 
was outside the scope of this report. It suffices to say that BMDs have been en-
dorsed by EPA as an acceptable replacement of NOAELs whenever appropriate 
quantitative data are available (EPA 1994). That conclusion is supported by an 
evaluation of a large database of developmental-toxicity experiments to compare 
BMD approaches with NOAELs. For continuous response variables, BMDs 
associated with 5% additional risk produced dose estimates similar to NOAELs 
(Allen et al. 1994). 

The issue to be examined here is whether there is evidence that phthalates, 
in combination with other phthalates or with other antiandrogens, exhibit com-
bined effects at doses that are used in risk assessment by regulatory agencies 
worldwide as points of departure (PODs) for estimating tolerable exposures of 
humans. Those PODs are typically NOAELs or lower confidence limits of 
BMDs (BMDLs). A complicating factor is that the majority of combined-effect 
studies with the chemicals were not carried out with the intention of addressing 
the low-dose-mixture issue directly. That gap can be bridged by reanalyzing 
published papers, but the task requires considerations of methodologic issues 
related to the concept and design of low-dose-mixture studies.  
 

Mixture Studies with Doses around Points of Departure for Risk 
Assessment: Methodologic Considerations 

 
A requirement for experimental studies intended to address the issue of 

mixture effects at doses around PODs for regulatory risk assessment is that such 
estimates are derived for each mixture component by using the same assay sys-
tem (and end point) as chosen for the mixture study, ideally under identical ex-
perimental conditions. Ignoring that demand can lead to the inadvertent admini-
stration of some or all mixture components at doses exceeding their PODs, 
which would undermine the aim of the experiment. But delivery of doses 
smaller than PODs, either by design or by accident, might present problems if 
the experimental system lacks the statistical power to detect small effects. For 
example, it would be futile to attempt an experiment in which two agents are 
combined at one hundredth of their individual PODs. The resulting mixture ef-
fect, if it exists, would be too small to be detectable in most cases, and the ex-
periment would be inconclusive. 

Accordingly, a number of criteria can be derived for critical evaluations of 
experimental mixture studies. First, the effects of individual mixture compo-
nents ideally will be determined in parallel with the mixture experiment for the 
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same end point. In some published studies, that was not done, and single-agent 
data from similar experimental conditions had to be relied on. Second, in well-
designed studies, PODs are estimated for each mixture component, and the ab-
sence of statistically significant effects is verified by direct testing. Where that 
demand was not met, doses without significant effects had to be estimated by 
regression analysis of dose-response data on the individual chemicals based on 
similar conditions. 
 

Mixture Effects of Combinations of Phthalates and Other Antiandrogens  
at Doses around Points of Departure 

 
The study by Hass et al. (2007) was designed to assess low-dose-mixture 

effects of AR antagonists in a developmental-toxicity model in the rat. NOAELs 
for vinclozolin, flutamide, and procymidone were estimated with change in 
AGD as the end point. The NOAELs in the study were similar to BMDs corre-
sponding to effect levels of about 5%. When all three chemicals were combined 
at doses equivalent to their own NOAELs, reductions in AGD of 50% were ob-
served. Quantitatively, the effects agreed well with the responses predicted by 
dose addition (see Figure 5-3), and the results were supported by a statistical 
evaluation of the observed data with dose-additivity predictions. 

Although not designed for such purposes, the experiment by Howdeshell 
et al. (2008) on suppression of testosterone synthesis after developmental expo-
sure to five phthalates indicates that phthalates are able to work together when 
present at individually ineffective doses. Statistically significant reductions in 
fetal testosterone synthesis were observed after administration of a total mixture 
to pregnant Sprague-Dawley rats at 260 mg/kg-d. The mixture contained DPP at 
20 mg/kg-d and each other phthalate at 60 mg/kg-d. DPP was tested on its own 
at 25 mg/kg-d, and the remaining phthalates were examined after single admini-
stration at 100 mg/kg-d. At those doses, none of the single phthalates induced 
effects significantly different from those recorded in unexposed controls,2 al-
though the doses in the single-phthalate experiments exceeded those in the mix-
ture. Figure 5-4 extends the analysis to phthalate doses that were present in the 
lowest tested mixture dose of 260 mg/kg-d. That mixture dose produced a reduc-
tion in testosterone synthesis that was statistically significantly different from 
untreated controls. Regression analysis of the dose-response data on the individ-
ual phthalates was used by the committee to estimate BMDs and BMDLs (see 
Appendix C). The BMDL for BBP was estimated as 66 mg/kg-d. Those values 
were 20 mg/kg-d for DBP, 31 mg/kg-d for DEHP, 10 mg/kg-d for DPP, and 47 
                                                           

2A simultaneous test of equivalence between the unexposed controls and low doses 
(100 mg/kg-d for BBP, DBP, DEHP, and DINP and 25 mg/kg-d for DPP) was rejected; 
this indicated equivalence between the low-dose mean and the control mean according to 
a 35% rule for equivalence bounds for the ratio of means. The doses in the mixture of 260 
mg/kg-d included BBP, DBP, DEHP, and DIBP at 60 mg/kg-d and DPP at 20 mg/kg-d 
(that is, at doses below those used in the equivalence test). 
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mg/kg-d for DIBP. Those BMDLs approach the doses present in the mixture of 
260 mg/kg-d, which yielded statistically significant effects. The committee notes 
that dose-addition and independent-action predictions were generally similar, 
although dose addition gave the more conservative predictions (see also Figure 
5-1). 
 
 

 
FIGURE 5-3 Low-dose combined effects of three AR antagonists with changes in AGD 
as the end point (Hass et al. 2007). Shown are litter means (circles) and mean responses 
with their 95% confidence intervals (bars with error bars). In all groups, the number of 
dams was 16, except for FLUT and PRO, in which case eight dams were dosed. When 
given as individual chemicals, vinclozolin (VZ, 24.5 mg/kg), flutamide (FLUT, 0.77 
mg/kg), and prochloraz (PRO, 14.1 mg/kg) did not produce changes significantly differ-
ent from those in control males. When combined at those doses (light gray bar, mixture 
obs), significant effects were observed (p < 0.05) that agreed well with the dose-addition 
prediction (white bar, mixture pred). NOAELs were estimated by using multiple contrast 
tests according to Hothorn (2004). The predicted mixture effects were derived from dose-
response regression models for individual chemicals by using dose addition. 
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FIGURE 5-4  Low-dose combined effects of phthalates with suppression of testosterone 
synthesis as the end point. Shown is the committee’s analysis of the data reported by 
Howdeshell et al. (2008). The hatched bars depict the model-predicted mean effects of 
BBP, DBP, DEHP, and DIBP at 60 mg/kg-d and DPP at 20 mg/kg-d. Error bars show 
95% confidence intervals. Given the experimental design of Howdeshell et al., no indi-
vidual mean effects would be predicted to be statistically distinguishable from controls 
(100% dotted line). The mean effect of a mixture of all phthalates at those doses (dotted 
bar, Mix) is statistically significantly different from untreated controls (the error bar 
shows the 99% confidence interval of the observed difference between mix and control 
groups). The expected mean combined effects derived from dose addition (DA, white 
bar) and independent action (IA, dark gray bar) are also shown, with 95% confidence 
intervals of the predicted mean. The individual responses to BBP, DBP, DEHP, and 
DIBP at 60 mg/kg-d and DPP at 20 mg/kg-d were estimated by fitting a nonlinear logistic 
regression model to the data reported by Howdeshell et al. (see Appendix C). Individual 
group means were obtained by applying the statistical model in Appendix C independ-
ently to each dose or control group. All confidence intervals were obtained with the pro-
file likelihood method. 
 
 

The study by Rider et al. (2008) provides some indications of combined 
effects of phthalates and AR antagonists at low doses. A combination of vinclo-
zolin and procymidone (each at 3.75 mg/kg), prochloraz (8.75 mg/kg), linuron 
(5 mg/kg), and BBP, DBP, and DEHP (each at 37.5 mg/kg) was the lowest 
tested mixture dose that produced observable changes in AGD. Although the 
dose-response data on the individual chemicals are of insufficient quality to de-
rive doses without observable effects, they nevertheless suggest that the doses 
are ineffective on their own. Similar conclusions can be drawn from the data 
provided for effects on NR and on hypospadias. 
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NON-DOSE-ADDITIVE COMBINED EFFECTS OF PHTHALATES  
AND OTHER ANTIANDROGENS 

 
Strong evidence of non-dose-additive combined effects suggestive of syn-

ergism (relative to dose addition) with phthalates and other antiandrogens is 
lacking. However, there are some data that indicate toxic interactions (greater 
than dose-additive effects) when hypospadias and other genital malformations 
are evaluated as the end points of concern. Rider et al. (2008) found that BBP, 
DBP, DEHP, vinclozolin, procymidone, linuron, and prochloraz induced more 
hypospadias than predicted on the basis of dose addition. Because of the as-
sumptions that had to be made in their study to bridge some data gaps (see 
above), it is not possible to say with certainty whether the observations represent 
a true synergism with respect to dose addition, but the possibility cannot be 
ruled out. To resolve the issue, it will be important to subject the individual 
chemicals and their combinations to extensive dose-response studies that spe-
cifically investigate hypospadias and other genital malformations.  

Hotchkiss et al. (2004) tested a combination of BBP and linuron at doses 
that were ineffective on their own. When they were combined at the given 
doses, hypospadias, cleft phallus, and other genital malformations were found in 
about 60% of the male offspring. An assessment of the results in terms of devia-
tion from expected additivity is complicated by the lack of dose-response data 
on the individual chemicals. Such an analysis would reveal whether the ob-
served massive increases in malformations represent synergism or are the con-
sequence of the low-dose additive effects previously discussed. The frequent 
extreme steepness of dose-response curves for hypospadias makes the latter ex-
planation plausible. 

Similar considerations apply to the results presented by Christiansen et al. 
(2008). About 50% of the male offspring showed genital malformations after 
exposure to a mixture of vinclozolin, flutamide, and procymidone, whereas none 
individually produced observable genital malformations at the doses used in the 
mixture as measured under the same conditions for vinclozolin and procymidone 
and on the basis of published data on flutamide. 

The potential for non-dose-additive combined effects to occur should be 
systematically explored. The work should not only focus on combinations of 
phthalates and other antiandrogens but consider the possibility that chemicals 
devoid of antiandrogenic activity—for example, chemicals associated with tes-
ticular toxicity, such as cadmium—may exacerbate mixture effects. 
 
CUMULATIVE RISK ASSESSMENT OF PHTHALATES AND OTHER 

ANTIANDROGENS:  BASIC ISSUES 
 

Cumulative risk assessment of phthalates and other antiandrogens cannot 
be implemented without addressing a number of basic issues. The first is the 
question of which chemicals to include in mixture risk assessment. The second 
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is the mixture-effect assessment methods that can accurately predict combined 
effects. The third is the effects on which cumulative risk assessment should be 
based. 
 
Which Criteria Should Be Used to Group Phthalates and Other Chemicals 

for Cumulative Risk Assessment? 
 

The criterion proposed by EPA (2000) for grouping chemicals for cumula-
tive risk assessment is “toxicological similarity,” which may introduce ambigui-
ties when applied to phthalates and other antiandrogens. An inappropriately nar-
row interpretation would exclude many chemicals that also produce effects 
related to the androgen-insufficiency syndrome. 

Instead, a physiologically based approach for establishing grouping crite-
ria for phthalates and other antiandrogens is strongly recommended. The recog-
nition that androgen action is the driver of male sexual differentiation during 
development, with a multitude of underlying molecular mechanisms, implies 
that phenomenologic criteria should be used for grouping purposes. Thus, the 
starting point of approaches for grouping should be the physiologic process, not 
mechanisms or modes of action of the chemicals to be assessed. On the basis of 
considerations of the physiologic processes, a number of relevant end effects 
suggest themselves, and these should provide the basis of grouping. Accord-
ingly, all chemicals that can induce some or all of the effects that make up the 
androgen-insufficiency syndrome should be subjected to cumulative risk as-
sessment. Table 5-2 lists examples of chemicals that should be grouped with 
phthalates and considered for cumulative risk assessment. 
 
 
TABLE 5-2  Examples of Chemicals That Should Be Considered for 
Cumulative Risk Assessment of Phthalates and Other Antiandrogens  
According to a Physiologically Based Grouping Approach 
Chemical End Point or Evidence 
Phthalates:  BBP, DBP, DEHP, DIBP,  
DINP, DPP 

Androgen-insufficiency syndrome, 
testosterone-dependent development  

AR antagonists:  vinclozolin, procymidone Androgen-insufficiency syndrome, 
dihydrotestosterone-dependent development  

Linuron, prochloraz Androgen-insufficiency syndrome, AR 
antagonists, suppression of testosterone 
synthesis 

5α-reductase inhibitors Androgen-insufficiency syndrome, 
dihydrotestosterone-dependent development 

Azole fungicides:  ketoconazole, 
tebuconazole, propiconazole 

Suppression of testosterone synthesis in vivo, 
AGD changes in vivo 

Polybrominated diphenyl ethers AR antagonists in vivo 
TCDD, some PCBs Suppression of AR expression, AGD changes 

in vivo 
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There are reports that 2,3,7,8-tetrachloro-dibenzo-p-dioxin (TCDD) can 
induce reductions in AGD by a mechanism that involves down-regulation of the 
AR and consequent suppression of AR-dependent genes in reproductive tissues 
(Ohsako et al. 2002). Reductions in AGD have also been observed with some 
coplanar polychlorinated biphenyls (PCBs) (Faqi et al. 1998; Rice 1999). Thus, 
a physiologic approach to grouping antiandrogens for purposes of cumulative 
risk assessment suggests inclusion of those chemicals. In contrast, the remaining 
effects typically attributed to the androgen-insufficiency syndrome, such as 
changes in NR and malformations, have not been found after administration of 
dioxins or PCBs in reproductive developmental-toxicity studies of rodents. Ex-
perimental studies are needed to resolve the issue of combined effects of TCDD, 
PCBs, and other antiandrogens. 
 

Which Approach Should Be Used for Quantifying Cumulative Risks  
Posed by Phthalates and Other Chemicals? 

 
The brief overview of relevant mixture studies of antiandrogens has shown 

that there is strong empirical evidence of dose addition as an accurate predictor 
of mixture effects. Independent action often yielded similar quantitative predic-
tions but in some cases has led to substantial underestimation of combined ef-
fects. The committee could identify no case in which independent action pre-
dicted combined effects that were in agreement with experimentally observed 
responses and at the same time were larger than the effects anticipated by using 
dose addition. 

Because the use of relative potencies and the use of TEFs are special ap-
plications of the dose-addition concept, such approaches might suggest them-
selves as a straightforward way of making quantitative assessments of the ef-
fects of phthalates and other antiandrogens. However, application of the relative-
potency concept (and a fortiori the TEF concept) requires parallel dose-response 
curves. If that demand is not met, equivalence factors will vary with the effect 
levels chosen for analysis. The data provided by Hass et al. (2007), Metzdorff et 
al. (2007), Howdeshell et al. (2008), and Rider et al. (2008) show clearly that 
phthalates and antiandrogens exhibit dose-response curves with widely differing 
slopes and shapes. An additional complication is the fact that dose-response 
relationships vary widely with the end point chosen for analysis. The relative 
potency of antiandrogens is not the same for every end point, so it is difficult to 
assign a global TEF to a specific antiandrogen. Thus, basic requirements for 
using either the relative-potency or TEF approach are violated, and their use 
cannot be recommended. 

Instead, dose addition should be used for quantitative evaluations of the 
joint effects of phthalates and other antiandrogens. It is a widely held miscon-
ception (EPA 2000) that dose addition is applicable only with congruent dose-
response curves (for a general discussion, see Gennings et al. 2005 and Kortenk-
amp et al. 2007). Although high-quality dose-response data on individual 
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chemicals are desirable as a basis of predictions about mixture effects over a 
range of effect levels, dose addition can also be used when only point estimates, 
such as NOAELs, are available.  
 

Defining Points of Departure for Mixtures 
 

A mixture that produces dose-additive effects must satisfy the following 
expression: 
 

1*
1

=∑
=

n

i i

i

ECx
c

,                                             (1) 

 
where ci* is the concentration (or dose) of substance i in a mixture that produces 
a known total effect X and ECxi is the concentration (or dose) of substance i that 
causes the effect X when applied individually. When the sum of the terms is 
larger than 1, there is antagonism; when it is smaller than 1, there is synergism. 
Equation 1 is referred to as the sum of toxic units or the sum of hazard indexes 
for particular selections of ECxi, such as reference doses. 

The schematic in Figure 5-5 illustrates how the interrelations play out 
when the aim is to establish a POD for a mixture of five hypothetical chemicals. 
In this example, the thin vertical lines associated with the individual dose-
response curves in Figure 5-5 represent the BMDLs for each single chemical. 
Let the BMDLs corresponding to a particular benchmark response (BMR) of 
chemicals 1-5 be 90, 3.5, 11.8, 17.8, and 3.95 mg/kg-d, respectively. By using 
dose addition, it is possible to predict the effects of a mixture of all five chemi-
cals when the mixture ratios are in proportion to the individual BMDLs (black 
solid curve in Figure 5-5). The black curve can be used to read off the expected 
effect of a dose of the mixture equal to the sum of all BMDLs. That procedure 
shows that the combination of the BMDLs cannot be considered to be without 
effect because it produces a reduction in response to about 90% in this particular 
case (black dashed vertical and horizontal arrows in Figure 5-5). To ensure that 
the mixture effect of the five chemicals is indistinguishable from the effect asso-
ciated with the BMDLs of the individual chemicals, the doses of the mixture 
components have to be lowered. 

Equation 1 can be used to determine how much lower the doses of all in-
dividual components of the mixture must be to ensure that the combined effect 
corresponds to the BMR. That will occur when Equation 1 is fulfilled for the 
special case of ECxi = BMDLi. Several permutations of the doses ci* of the 
chemicals in the mixture that satisfy Equation 1 can be found. One can distin-
guish the following two extremes: 
 

(1) A single chemical is present at its BMDL. Equation 1 holds only when 
the doses of all other chemicals are zero. 
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(2) Equation 1 holds when all chemicals are present at their individual 
BMDLs divided by the number of the other effective chemicals in the combina-
tion, five in the present example. Thus, with the individual BMDLs of chemicals 
1-5 of 90, 3.5, 11.8, 17.8 and 3.95 mg/kg-d, respectively, Equation 1 holds with 
(90/5)/90 + (3.5/5)/3.5 + (11.8/5)/11.8 + (17.8/5)/17.8 + (3.95/5)/3.95, which 
resolves to 1/5 + 1/5 + 1/5 + 1/5 + 1/5 = 1. In other words, a combination of 
chemicals 1-5 of 18, 0.7, 2.36, 3.56, and 0.79 mg/kg-d, respectively, should pro-
duce less than the BMR (black vertical arrow in Figure 5-5). 
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FIGURE 5-5 Schematic to illustrate the derivation of a point of departure for a mixture 
dose, here the lower confidence limit of a benchmark dose (BMDL). Shown are the dose-
response curves for five single hypothetical chemicals (thin curves) and their correspond-
ing BMDLs (thin vertical lines). In this hypothetical case, 100% equals the effect seen in 
untreated controls. The solid black curve shows the combined effects of a mixture of all 
five chemicals with mixture ratios proportional to their individual BMDLs. The sum of 
the single BMDLs (vertical dashed arrow) will exceed the effect associated with the 
BMDLs, the so-called benchmark response (horizontal black dashed arrow). To achieve 
the benchmark response for the mixture (black vertical arrow), the individual BMDLs of 
all components have to be lowered by a factor of 5. Other combinations may also reach a 
combined zero effect, and these are accessible by calculating new mixture effect curves 
corresponding to the chosen mixture ratios. If one component is present at its BMDL, the 
mixture is without effect only when the doses of all other components are zero. 
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The example presented here can be extended to the case where all chemicals are 
present in an arbitrary mixture. In that case, the sum in Equation 1 will be less 
than 1 provided that every chemical is present at less than its BMDL/n, so that in 
all cases such a mixture will have an effect less than the BMR. 

When the aim is to assess the effects of joint existing exposures, the pro-
cedure is slightly different. Equation 1 can be used, but this time with ci* repre-
senting the doses of the individual chemicals that are in specific exposure sce-
narios. As before, ECxi represents the individual BMDLs of each chemical i. If 
the sum of the toxic units ci*/ECxi is less than 1, the joint effect of the mixture 
must be less than the BMR at least under the dose-addition hypothesis. 
 

Which Effect Outcomes Should Form the Basis of Cumulative  
Risk Assessment? 

 
PODs, such as BMDs and NOAELs, for individual chemicals in mixtures 

are important elements of cumulative risk assessment. They can be the basis of 
reference values for cumulative effects, which can be used for risk assessment or 
standard-setting. Reference values for individual chemicals are estimated in rela-
tion to specific effect outcomes and toxic end points. However, although the 
specific effects produced by phthalates and other antiandrogens show common-
alities, there are differences. The responses seen after disruption of androgen 
action during development depend on whether the effects of dihydrotestosterone 
or those of testosterone are compromised. Although there is overlap in the spec-
trum of effects resulting from exposure to phthalates and other antiandrogens, 
some responses are specific to disruption of testosterone action, and others are 
seen only after blocking of dihydrotestosterone action. For example, none of the 
AR antagonists suppresses testosterone synthesis, and they have weaker effects 
in disrupting the development of testosterone-dependent tissues, such as the 
epididymis. Conversely, phthalates are less effective in disrupting reproductive 
development that depends on dihydrotestosterone and causing malformations, 
such as hypospadias, that result from that type of disruption. 

To make a common grouping of phthalates and other antiandrogens prac-
ticable, it is necessary to deal with the fact that not all relevant agents produce 
all aspects of the androgen-insufficiency syndrome. The committee has consid-
ered several ways of addressing that situation. One option is to recognize that 
the induction of any of the effects of the androgen-insufficiency syndrome is 
symptomatic of disruption of androgen action. Therefore, the androgen-
insufficiency syndrome should be dealt with as a whole. This approach makes it 
necessary to aggregate the various qualitatively different components of the 
syndrome into one common measure. Because the array of effects produced by 
phthalates and other antiandrogens shows a degree of overlap, an alternative 
option is to focus on effects common to the chemicals and to base cumulative 
risk assessment on the most sensitive common outcome. Those two options and 
their implications are detailed in the following sections.  



Copyright © National Academy of Sciences. All rights reserved.

Phthalates and Cumulative Risk Assessment The Task Ahead
http://www.nap.edu/catalog/12528.html

Cumulative Risk Assessment of Phthalates and Related Chemicals 129 
 
Option 1: Dealing with the Syndrome as a Whole 
 

The qualitatively different component effects of the androgen-
insufficiency syndrome can be aggregated by noting for each experimental sub-
ject as to whether any of the observed end points signify some degree of toxic-
ity. For example, one might say that any malformation, an AGD deviating by 
two standard deviations from the mean of that in the unexposed control group, 
or an organ weight below a specified weight would indicate that the subject ex-
perienced toxicity.3 A usual analysis of dose-response data could then be con-
ducted by using those measures of toxicity for each experimental subject. Al-
though the method incorporates multiple end points associated with the 
androgen-insufficiency syndrome, it assumes equal levels of toxicity associated 
with each dichotomized end point in classifying each subject as demonstrating 
toxicity or not. In this way, PODs, such as BMDs and NOAELs, for single 
chemicals can be estimated and used as input for deriving reference values for 
combinations of antiandrogens. 

A variation would be to develop a scoring method that incorporates the set 
of end points while adjusting for the degree of toxicity related to each end point. 
For example, a method commonly used in the engineering literature known as 
desirability functions (see Appendix D) could be used to define a toxicity score 
for each of the component end points of the syndrome on a unitless scale be-
tween 0 (most toxicity) and 1 (no toxicity). On the basis of each end-point-
specific toxicity score, an overall composite toxicity score can be constructed. 
Coffey et al. (2007) have described the development of such an overall compos-
ite score for the many outcomes measured in toxicologic studies. Appendix D 
shows how this approach can be used productively for the assessment of antian-
drogenic chemicals. 
 
Option 2: Focusing on the Most Sensitive End Point of the Androgen-
Insufficiency Syndrome  
 

It appears that in neonatal male rats NR is the most sensitive common ef-
fect of phthalates, AR antagonists, and chemicals that act via a mixed mecha-
nism of action. Thus, NR in rats could be chosen as a common end point, and 
the BMDs or NOAELs for single chemicals could form the basis of cumulative 
risk assessments of phthalates and other antiandrogens. 

However, phthalates induce reductions in testosterone synthesis at lower 
doses than required for changes in NR. Therefore, risks posed by phthalates 
might be underestimated if cumulative risk assessment is conducted in relation 
to NR in rats. Comparative dose-response studies would need to be conducted to 

                                                           
3The committee is not endorsing any specific value to signify toxicity; that is a matter 

for further evaluation. 
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evaluate the degree to which hazard assessments based on NR in rats could un-
derestimate the risks associated with phthalates. 

If the use of NR in rats as the evaluation end point is insufficiently protec-
tive, the most sensitive individual end point for each of the groups of antiandro-
gens (for example, reduction in testosterone synthesis for phthalates or NR for 
AR antagonists) could be chosen for the estimation of reference values, which in 
turn are used to derive cumulative effects as a sum of toxic units or hazard in-
dexes. However, this approach violates one of the preconditions of dose addi-
tion—the induction of the same effect. Nevertheless, it can be used from a 
pragmatic viewpoint, considering that there is a precedent for it in the use of 
hazard indexes. 
 

Estimation of Cumulative Effects:  Animal-to-Human Extrapolation 
 

An issue for consideration with the above options is whether aggregation 
for cumulative effects should be conducted with animal data and then extrapo-
lated to the human or whether reference values for human exposure, such as a 
tolerable daily intake (TDI), should be derived first for individual chemicals and 
aggregation for cumulative risks then carried out with TDIs in a second step. 
Those alternatives are depicted schematically in Figure 5-6.  

The first approach (Figure 5-6A) is suitable for almost all the options out-
lined above for dealing with the different end points of the androgen-
insufficiency syndrome except perhaps when the most sensitive individual end 
point is used to derive reference values for single chemicals. In that case, it 
might be more appropriate to estimate TDIs first (Figure 5-6A); this allows addi-
tional flexibility by giving the opportunity to adopt tailor-made uncertainty fac-
tors for each individual chemical during the estimation of single chemical TDIs. 
Because the aggregation for cumulative effects is carried out with individual 
TDIs, the use of different end points from animal studies for the estimation of 
TDIs can be accommodated. The procedure sketched in Figure 5-6B is also 
compatible with all the options for dealing with the component effects of the 
androgen-insufficiency syndrome that were discussed above. 
 
STEPPED APPROACHES TO CUMULATIVE RISK ASSESSMENT OF 

PHTHALATES AND OTHER ANTIANDROGENS 
 

A corollary of the dose-addition principle is that cumulative effects are to 
be expected even when all mixture components are present at doses below their 
zero effect levels for the individual components if a sufficiently high number of 
relevant chemicals are combined at sufficient doses. The demonstration that 
exposure to individual chemicals may be below some risk-criterion level for the 
individual components is uninformative. To estimate risks that stem from cumu-
lative exposure to phthalates and other antiandrogens, information on the nature  
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FIGURE 5-6  Aggregation for cumulative effects and animal-to-human extrapolation. 
The horizontal black arrows represent dose axes for the effects of antiandrogens in ani-
mals and humans. (A) Aggregation for cumulative effects (large black circle on “dose 
[animal]” axis) is carried out at the level of animal-derived reference values (open small 
circles on “dose [animal]” axis). The calculation of mixture effects is symbolized by the 
parabolic lines. A reference value for cumulative effects in animals (black circle) is then 
combined with an uncertainty factor to derive tolerable cumulative exposures for humans 
(large white circle on “exposure [human]” axis). (B) Reference values for single chemi-
cals (open small circles on “dose [animal]” axis) are combined with uncertainty factors to 
derive individual tolerable exposures for humans first (black circles on “dose [human]” 
axis); these values are then used to derive standards for cumulative risk assessment (large 
white circle on “dose [human]” axis). 
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of the chemicals in the mixture, the magnitude of exposures to the individual 
chemicals, their potency, and their number is required. Thus, knowledge about 
the prevalence and quantities of other chemicals that might contribute to the risk 
in question is critical. Incomplete information about this aspect of exposure as-
sessment will introduce considerable uncertainty and the potential for underes-
timating risks. 

The example illustrated in Figure 5-5 highlights the ways in which the 
presence of other chemicals that produce the effect of interest determines the 
extent to which threshold levels for single compounds may have to be corrected 
to ensure that a mixture is without effect. The larger the number of effective 
chemicals, the larger the downward correction of the single thresholds may have 
to be to guarantee safety. What is the number of antiandrogens that might con-
tribute to disrupting male sexual differentiation? 

Recent screening efforts for AR antagonists provide some first clues. Ko-
jima et al. (2004) examined 200 pesticides for their ability to antagonize the AR. 
Of the 200 tested compounds, 66 were found to be active. Vinggaard et al. 
(2008) screened 397 chemicals for AR antagonism and identified 178 active 
ones, of which 17 had a potency higher than or similar to that of flutamide. The 
authors developed a global quantitative structure-activity-relationship model that 
predicted that 8% of the chemicals would be active AR antagonists. 

Those efforts suggest that a large number of chemicals might be active in 
vivo AR antagonists capable of disrupting male sexual differentiation. Possibly 
because of toxicokinetic influences that prevent the buildup of suitably high 
concentrations in target tissues, some in vitro antagonists fail to show effects in 
in vivo models. However, insufficient information is available about correlations 
between in vitro and in vivo antiandrogens. Conclusive data that might help to 
resolve the issue are not likely to become available soon, not least because the 
testing of candidate chemicals in in vivo developmental-toxicity models is ex-
tremely time-consuming and expensive. 

The uncertainties and knowledge gaps call for appropriately conservative 
approaches that incorporate default assumptions about the likely number of 
antiandrogens that might contribute to human exposure scenarios. The commit-
tee’s proposal to deal with that would be adoption of a stepped approach as fol-
lows. 
 

Step 1: Cumulative Risk Assessment with Incorporation of  
Default Assumptions about the Likely Number and Potency of  

Unidentified Antiandrogens  
 

In a first screening step, cumulative risk assessment of phthalates, AR an-
tagonists, and mixed-mode antiandrogens could be carried out by making allow-
ance for unidentified antiandrogens. That could be achieved by using the toxic 
unit (hazard index) Equation 1, as follows: Human exposures to each chemical 
are represented by ci*, and ECxi are estimates of tolerable daily exposures. To 
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take account of unidentified antiandrogens of unknown potency, a default num-
ber of “placeholder” toxic units (for example, 10-100) can be added. That re-
quires some assumptions about the potency and prevalence of the unknowns. A 
reasonable first approximation would be to expect ECxi around the median of 
the TDIs for established in vivo antiandrogens, with ci* equal to ECxi divided by 
the total number of toxic units in the equation. 

If the sum of toxic units obtained in this way is 1 or smaller, the cumula-
tive risks posed by phthalates and related chemicals can be regarded as quite 
low. 

If, however, the procedure yields a value larger than 1, risk-reduction 
measures may be advised. Alternatively, the assessment can be refined. 
 

Step 2: Cumulative Risk Assessment of Phthalates and  
Other Antiandrogens 

 
The above procedure is repeated by including AR antagonists and mixed-

mode antiandrogens that have known in vivo activity but without making as-
sumptions about unidentified antiandrogens. If this step signals risks, risk-
reduction measures may have to be considered. Alternatively, a refined step 
considering only phthalates may be included. 

It is also possible to conduct the stepwise procedure in reverse order, be-
ginning with phthalates and antiandrogens that have established in vivo activity. 
If the first risk-assessment step does not indicate risks, the assessment broadens 
to assume worse-case scenarios.  
 

STANDARD-SETTING 
 

In some regulatory settings, it may be deemed desirable to derive exposure 
standards for phthalates and other antiandrogens that take account of cumulative 
exposures. In such cases, tolerable daily exposures to individual chemicals could 
be corrected downward by incorporating an additional “mixture uncertainty fac-
tor.” The additional uncertainty factor would have to take account of the number 
of chemicals to which simultaneous effective coexposure is deemed likely.  
 

CONCLUSIONS 
 

A major challenge to conducting cumulative risk assessment is choosing 
an approach to predict mixture effects. However, evidence from the recent peer-
reviewed scientific literature shows not only that phthalates produce mixture 
effects but that the effects are often predicted well by using the dose-addition 
concept. That is also true for other classes of antiandrogens and for combina-
tions of phthalates with such antiandrogens. Although a variety of molecular 
mechanisms are at play, dose addition provided equal or better approximations 
of mixture effects compared with independent action (when such comparisons 
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were performed). In no example in the literature did independent action produce 
a mixture-effect prediction that proved to be correct and differed substantially 
from that produced with dose addition. The evidence that supports adoption of a 
physiologic approach is strong. Experimental evidence demonstrates that toxic 
effects of phthalates and other antiandrogens are similar despite differences in 
the molecular details of the mechanisms, including metabolism, distribution, and 
elimination. 

The criteria recommended by EPA (2000) for guiding decisions between 
dose addition and independent action appear too narrow when applied to phthal-
ates and other antiandrogens, particularly those requiring similarity in uptake, 
metabolism, distribution, and elimination and congruent dose-response curves 
for application of dose addition. The requirements are not met by combinations 
of phthalates with other antiandrogens, but the dose-addition principle applies. 
The case for using dose addition as an approximation for mixture risk assess-
ment of phthalates and other antiandrogens is strong.  

When risks posed by low-level exposures need to be evaluated, there are 
substantial differences between the single-chemical approach and cumulative 
risk assessment. There is good evidence that combinations of phthalates and of 
other antiandrogens produce combined effects at doses that when administered 
alone do not have significant effects. In some cases, those doses are similar to 
those used as PODs to estimate tolerable human exposure. The results highlight 
the problem that may arise when PODs for individual chemicals are used as the 
basis of human-health risk assessment in situations in which exposure to other 
chemicals with similar effects also occurs. The results emphasize the necessity 
of conducting cumulative risk assessment of phthalates and other antiandrogens 
to assess risks posed by exposure to mixtures of these compounds. Assessments 
based solely on the effects of single phthalates and other antiandrogens may lead 
to considerable underestimation of risks to the developing fetus. 

In this chapter, the committee has provided recommendations on various 
aspects of conducting cumulative risk assessment. The recommendations were 
designed specifically to deal with phthalates and antiandrogens. However, the 
conceptual framework that the committee has used is generic and lends itself to 
dealing with other groups of chemicals, provided that the relevant toxicologic 
data are available. 
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Data Gaps and Research Needs 

 
On review of the scientific literature on phthalates, the committee found 

that sufficient data are available to conduct a cumulative risk assessment of 
these chemicals. Accordingly, progress need not wait for data gaps identified 
here to be addressed. Instead, the research recommended will allow greater re-
finement of the cumulative risk assessment for all health outcomes associated 
with phthalates and reduce uncertainty associated with such an assessment. 
 

EXPOSURE ASSESSMENT 
 

As discussed in Chapter 2, phthalates are used in a wide variety of con-
sumer products and building materials, and widespread exposure of the general 
population has been documented through the National Health and Nutrition Ex-
amination Surveys (NHANES) conducted by the Centers for Disease Control 
and Prevention. Research initiatives outlined below would answer important 
questions concerning human exposure and greatly refine any cumulative risk 
assessment of phthalates. 
 

● Identify across the human life span the important sources of phthalate 
exposure and the migration pathways that connect the sources to members of the 
general population, including highly exposed or susceptible groups. Elucidate 
across the life span the proportional contributions of exposure media (such as 
toys, dust, air, food, and soil) and exposure routes (ingestion, inhalation, and 
dermal) and define which media and routes are most important. Define the de-
gree to which phthalates are absorbed by the three exposure routes.  

● Identify the full spectrum of phthalate metabolites, particularly the oxi-
dized metabolites of DEHP and DINP; determine whether they differ by expo-
sure route; and determine the most appropriate metabolites to use as biomarkers 
of human exposure and the most appropriate biologic matrices in which to 
measure them. 

● Improve the understanding of metabolism and of how metabolism 
might change over a lifetime. For example, is metabolism in the fetus, infant, or 
child different from metabolism in adults? 
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● Determine the basis of differences observed in children’s vs adults’ 
urinary concentrations. For example, are the observed differences related to dif-
ferences in exposure or to differences in metabolism? 

● Determine prenatal exposure by using phthalate-exposure biomarkers 
(that is, urine and amniotic fluid) at multiple relevant times during pregnancy. It 
is especially important to determine whether the various metabolite concentra-
tions vary with time; if so, it might indicate differences in metabolism according 
to gestational age.  

● Determine the relationship between maternal urinary phthalate metabo-
lite concentrations and those in the fetal compartment (for example, concentra-
tions in amniotic fluid), with an emphasis on understanding the pharmacokinet-
ics of phthalates in the fetal compartment. 

● Characterize human exposure to other antiandrogens and other factors 
that contribute to disturbed androgen action. Determine the possibility of coex-
posure, in which case the chemicals would exhibit joint action. 

● Use existing large databases, such as NHANES, to assess exposure to 
multiple phthalates and other chemicals that may contribute to common biologic 
outcomes. Incorporate state-of-the-art exposure-assessment strategies for multi-
ple phthalates and other chemicals in large or planned epidemiologic studies, 
such as the National Children’s Study. 

● Develop pharmacokinetic models that can allow better predictions of 
human fetal exposure on the basis of animal studies.  
 

TOXICITY ASSESSMENT 
 

As discussed in Chapter 3, although few human data are available, rats ex-
posed to a variety of phthalates have exhibited reproductive developmental ef-
fects that mirror the hypothesized testicular dysgenesis syndrome in humans. 
The research initiatives outlined below would add substantially to the scientific 
database and enable better prediction of effects of phthalate exposure. 
 

● Conduct studies to determine whether there are multigenerational ef-
fects of specific phthalates, phthalate-antiandrogen mixtures, and antiandrogen 
mixtures that have not yet been tested. 

● Elucidate the mechanisms of phthalate action in fetal vs adult tissue, 
mechanistic differences between species, and any potential for differences in 
effects related to exposure route. 

● Determine whether in utero exposure combined with lifetime exposure 
affects the incidence and severity of cancer outcomes. As discussed in Chapter 
3, hepatic, testicular, and pancreatic cancers have been associated with activa-
tion of the peroxisome-proliferator-activated receptor-α (PPARα), but there is 
evidence that these cancer types may be mediated by mechanisms independent 
of PPARα. Because fetuses and neonates may exhibit sensitivity to PPARα 
ligands different from that exhibited by adults and the majority of studies have 
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focused solely on adult animal models, it is important to determine whether in 
utero exposure affects cancer outcomes and, if so, by what mechanisms. 

● Conduct epidemiologic studies to evaluate potential health outcomes of 
phthalate-antiandrogen exposures. Attempt to characterize and evaluate effects 
in susceptible or highly exposed groups. Confirm and extend current informa-
tion on the relationship between anogenital distance and infant testosterone con-
centration. 

● Conduct toxicity studies of phthalate metabolites to determine potential 
adverse effects associated with exposure to them. 
 

CUMULATIVE RISK ASSESSMENT 
 

As discussed in Chapter 5, available data support the appropriateness of 
cumulative risk assessment of phthalates and other antiandrogen compounds. 
Research initiatives that would refine such an assessment are outlined below. 
 

● Explore combination effects of phthalates, other antiandrogens, and 
other endocrine-disrupting agents. 

● Investigate deviations from additivity observed when hypospadias is 
used as the selected outcome. 

● Refine estimates of composite scores for disruption of androgen action. 
● Develop approaches to the epidemiologic assessment of the cumulative 

effects of phthalates and other antiandrogens. 
 

DATA RESOURCES FOR CUMULATIVE RISK ASSESSMENT 
 

The committee emphasizes that the quality of results of any risk assess-
ment is based on the data available. The U.S. Environmental Protection Agency 
(EPA) Integrated Risk Information System (IRIS) is the source of much of the 
toxicity information used in risk assessment today. Many of the chemical pro-
files in IRIS need to be updated; the information is no longer relevant or accu-
rate. The phthalate profiles available in IRIS illustrate that point. The committee 
recognizes that the task of profile review and revision is enormous; however, 
linking profiles to current literature would be helpful. For example, IRIS profiles 
of chemicals that also are the subject of interaction profiles produced by the 
Agency for Toxic Substances and Disease Registry would ideally be linked to 
the interaction profiles. Furthermore, as EPA moves toward cumulative risk 
assessment, some consideration should be given to restructuring IRIS so that its 
process for identifying chemicals for review includes and sets priorities among 
chemical mixtures, as appropriate, and facilitates cumulative risk assessment 
conducted by using common adverse outcomes. For example, listing the no-
observed-adverse-effect levels or benchmark doses for a variety of effects would 
facilitate that approach. 
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Statement of Task 

 
A National Research Council committee will evaluate human health risks 

and the potential for conducting a cumulative risk assessment for phthalate es-
ters. The committee will review critical scientific data and address questions 
related to human relevance of experimental data, modes of action, exposure in-
formation, dose-response assessment, and the potential for cumulative effects. In 
its evaluation, the committee will consider the strengths and weaknesses of cu-
mulative assessment approaches. The committee will provide recommendations 
to EPA on conducting a cumulative risk assessment on phthalate chemicals, 
including additional research needed. The committee shall consider the applica-
bility of its recommendations for conducting cumulative risk assessment for 
other chemical classes.   
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Biographic Information on the 
Committee on Health Risks  

of Phthalates 

 
DEBORAH CORY-SLECHTA (Chair) is a professor of environmental medi-
cine at the University of Rochester School of Medicine and Dentistry. She was 
formerly director of the Environmental and Occupational Health Sciences Insti-
tute and chair of the Department of Environmental and Occupational Medicine 
at the University of Medicine and Dentistry of New Jersey, Robert Wood John-
son Medical School. Her research interests include the relationships between 
neurotransmitter systems and behavior and how such relationships are altered by 
exposure to environmental toxicants, particularly the role of environmental neu-
rotoxicants in developmental disabilities and neurodegenerative diseases. Dr. 
Cory-Slechta has served on numerous national research review and advisory 
panels, including those for the National Institutes of Health, the Environmental 
Protection Agency, and the Centers for Disease Control and Prevention. She 
served on the National Research Council’s Committee on Human Health Risks 
of Trichloroethylene and the Committee on Toxicology and on the Institute of 
Medicine’s Committee on Gulf War and Health: Literature Review of Pesticides 
and Solvents. She received her PhD from the University of Minnesota. 
 
EDMUND CROUCH is a senior scientist with Cambridge Environmental, Inc. 
He has published widely on environmental quality, biostatistics, risk assessment, 
and presentation and analysis of uncertainties. He is a coauthor of a major text 
on risk assessment, Risk/Benefit Analysis. Dr. Crouch serves as an expert adviser 
to various local and national agencies concerned with public health and the envi-
ronment and has served on nine National Research Council committees. He has 
written computer programs for the sophisticated analysis of results of carcino-
genesis bioassays, has developed algorithms (on the levels of both theory and 
computer implementation) for the objective quantification of waste-site con-
tamination, and has designed Monte Carlo simulations for the characterization 
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of uncertainties and variabilities inherent in health risk assessment. He received 
his PhD from the University of Cambridge, England, in high-energy physics. 
 
PAUL FOSTER is the acting chief of the Toxicology Operations Branch and 
deputy director of the National Toxicology Program’s Center for the Evaluation 
of Risks to Human Reproduction at the National Institute of Environmental 
Health Sciences (NIEHS) in Research Triangle Park, NC. His recent research 
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Analysis of a Mixture of Five 
Phthalates: A Case Study 

 
The objective of this appendix is to provide details on an approach to the 

evaluation of “low-dose” mixture effects (see discussion in Chapter 5) by using 
data on a mixture of phthalates. There are many ways of conceptualizing a criti-
cal dose of each chemical in a mixture associated with “no observable effect,” 
such as no-observed-adverse-effect levels (NOAELs) or benchmark doses 
(BMDs). For illustration purposes, a BMD associated with a benchmark re-
sponse (BMR) of 5% is estimated for each chemical in a mixture of phthalates 
and is used to determine a “mixture BMD” for a specified mixing ratio, assum-
ing dose addition. The choice of a 5% BMR is for illustration only; other values 
may be selected. The mixture BMD depends on the mixing ratio of the compo-
nents, and a tiered analysis strategy is described to determine critical doses of 
the chemicals in the mixture. 

Howdeshell et al. (2008) reported on the effect that a mixture of five 
phthalate esters (BBP, DBP, DEHP, DIBP, and DPP) had on fetal testicular tes-
tosterone production. The mixture was selected so that the dose of each phthal-
ate was proportional to a dose that yielded about equal reduction in testosterone 
when the components were given alone; that is, they used BBP, DBP, DEHP, 
and DIBP each at one dose and DPP at one-third that dose. Single-chemical data 
were used to predict the effect of the mixture at the specified ratio assuming 
dose addition; the observed fixed-ratio mixture dose-response data were com-
pared with the dose-response predicted under dose addition. However, Howde-
shell et al. did not use the dose-addition formula given in Chapter 4 (Equation 1) 
but rather an approximate approach to dose addition that used the average of the 
Hill slopes for the individual chemicals. The analytic method used in this ap-
pendix is based on a more general dose-additive model than and a somewhat 
different dose-response model from that used by Howdeshell et al. (2008). Here, 
dose addition is performed by using the formula from Chapter 4 (Equation 1) 
with the different slopes of the dose-response curves of the mixture components, 
and equality of the slopes is tested. Specifically, a nonlinear logistic dose-
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response model is used to facilitate a point estimate of a BMD—corresponding 
to a BMR of 5%—for each chemical alone. A mixture BMD is estimated from 
the dose-additive model and compared with that estimated from the observed 
mixture data at the specified mixing ratio. Furthermore, the dose-additive model 
is used to demonstrate that the mixture BMD is not constant across mixing ra-
tios. That is, the point estimate of the mixture BMD predicted under dose addi-
tion is shown to be numerically different if observed and hypothetical mixing 
ratios of the five chemicals are used. The illustration is concluded with a de-
scription of a tiered analytic strategy for mixtures. 
 

METHODS 
 

Data were kindly provided by Earl Gray, Jr., in the Reproductive Toxicol-
ogy Division, National Health and Environmental Effects Research Laboratory, 
Office of Research and Development, Environmental Protection Agency, Re-
search Triangle Park, NC. 
 
Experimental Data. Pregnant Sprague-Dawley rats were dosed by gavage on 
gestation day (GD) 8-18 with either vehicle control (dose, 0), a dose of one of 
the chemicals, or a dose of the mixture of five phthalates (BBP, DBP, DEHP, 
DIBP, and DPP) in a mixing ratio of 3:3:3:3:1. DEP was also evaluated in the 
single-chemical studies but showed no effect; the DEP data have been retained 
because they provide additional information on variability. Both single-chemical 
and mixture studies were conducted in blocks (incomplete block design) with 
one or two dams per treatment per block with two to four blocks per chemical 
for a total of 166 litters across chemicals and doses. Testosterone was extracted 
on GD 18 from the testes of the first three males in each litter and measured with 
radioimmunoassay. Details are given in Howdeshell et al. (2008). The average 
of the two measurements (one per testis) for each fetus was used in the analysis 
herein. 
 
Initial Statistical Analysis. A mixed-effects analysis of variance was used to test 
for differences in control-group means while adjusting for intralitter correlated 
data. There was a significant difference in the control-group means of testoster-
one (in nanograms per milliliter of medium) between studies and a significant 
block effect, so the data from all studies were adjusted by the average control-
group value per block (giving percent of control). 
 
Construction of an Additivity Model. The general strategy for the analysis of 
the data was to use the single-chemical data to fit a nonlinear logistic model of 
the mean (µ) testosterone concentration (percent of control) for the five single 
chemicals and for the fixed-ratio mixture (in terms of total dose), that is, 
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where x is the dose, αi is the parameter associated with the maximum effect for 
the ith chemical or mixture, βi is the (negative) parameter associated with the 
slope for the ith chemical or mixture, and β0i is the parameter associated with the 
shape of the curve. The term 0[1 exp( )]+ − iβ

 
was included in the numerator to 

force the mean to equal 1 for the control group (x = 0). It was assumed that the 
observed relative testosterone concentration differed from the model mean, µ, by 
additive independent zero-mean normally distributed random terms representing 
between-pup (within-litter) and between-litter variations (that is, a nonlinear 
mixed-effects model was used with a linear random-effect, adjusting for intrali-
ter correlations). Preliminary analyses demonstrated that the sample variances 
among chemicals, doses, and litters increased with the sample means; this sug-
gested that the within-litter variation is proportional to the mean. When the 
within-litter values were adjusted for the dose-group mean, the variation was 
relatively similar and suggested a common interlitter variance. The model 
adopted therefore set the within-litter variance to be proportional to the pre-
dicted mean and set the between-litter standard deviation to be constant. The 
model was estimated with all three parameters per chemical and mixture (18 
mean parameters and two parameters for the standard deviations).  

When the model dose-response curve is inverted, the dose, EDi(µ0), of the 
ith chemical that is required to produce a given mean, µ0, is 
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Therefore, if component doses of a mixture are given by i adda t , where the ai are 
fixed proportions and tadd is the total mixture dose, then the general dose-
additive model (see Altenburger et al. 2000 and Gennings et al. 2004) gives the 
dose-response curve for this fixed-proportion mixture as 
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The mixture data were also fitted to a nonlinear model of the same form, in 
terms of total dose, as used for the components. The mixture BMD with a 5% 
BMR was estimated from the mixture model and from the dose-additive model.1 

For comparison, an independent-action model based on percentage of re-
sponse to individual chemicals (πi) was estimated, where2 
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If π measures the fraction of the maximum response, then 
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It is important to note that the independent-action model as used here is 

not a probabilistic model; it makes the conceptual leap of substituting fractional 
effect (the fraction of the maximum response) for probability of occurrence (see 
Chapter 4). It is not based on the assumption of statistical independence. More-
over, there is no way to estimate the maximum effect by using independent ac-
tion; here, for illustration, it is assumed that the maximum effect is 100% sup-
pression of testosterone because the maximum likelihood estimate for DEHP 
alone has a maximum effect of 100% suppression.  
 

RESULTS 
 

Preliminary analyses indicated significant differences in mean testosterone 
concentrations among the vehicle control groups and a significant difference in 
the means among the blocks within control groups. Therefore, the later analyses 
were based on percent control values, which were calculated by dividing the 
average testosterone concentration per pup by the corresponding intrablock av-
erage control mean. 

The nonlinear logistic mixed-effects model was fitted to the dose-response 
data from each single chemical and to the mixture data in terms of total dose; the 
model allowed intralitter correlated data. All five slope parameters were nega-
tive and significant, indicating that as the dose increases, there is a significant 
decrease in testosterone concentration. The five slope parameters were statisti-
                                                           

1The model parameters were estimated by maximizing the likelihood of the observa-
tions, and confidence limits were estimated with the profile likelihood method. All calcu-
lations were performed in an Excel spreadsheet with components coded in Visual Basic 
for Applications. 

2Recall that response in this case is the reduction in testosterone concentration and 
that there is a maximum response. 
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cally inhomogeneous (p = 0.03, likelihood ratio test) with point estimates rang-
ing from −0.002 to −0.040 per milligram per kilogram per day. Figure C-1 pro-
vides the observations and model-predicted dose-response curves (for the mean 
response, at the maximum likelihood) for the five phthalates. In general, the data 
are adequately represented by the nonlinear logistic model. Figure C-2 presents 
the observed mixture data in terms of total dose. The solid curve is the model fit 
based on the nonlinear logistic model, which adequately represents the observed 
data. The dashed curve (Figure C-2A) is the dose-response model for the mix-
ture under the assumption of additivity. For comparison, the predicted independ-
ent-action dose-response curve is provided in Figure C-2B. In this case, the ex-
perimentally observed mixture data are adequately approximated by both the 
dose-additive model and the independent-action model. In most cases, mixture 
data are not available to make such a comparison, and single-chemical data are 
used to approximate the mixture through an additivity model; in this case, dose 
addition is a reasonable default to use when mixture data are not available.  

It is of interest to determine a critical dose for the mixture of five phthal-
ates and compare the adjusted critical doses of the individual components with 
their unadjusted critical doses. When the mixing ratio of the chemicals is speci-
fied, a BMD can be estimated for the mixture by using dose addition. BMD es-
timates for each of the five chemicals are provided in Table C-1 with lower one-
sided 95% confidence limits. BMDs for the mixture (with a specified mixing 
ratio) and as predicted under additivity for the same mixing ratio (with the pro-
portion of the ith chemical denoted by ai) were estimated with the single-
chemical and mixture models (Table C-1). Specifically, the BMD for the mix-
ture (with fixed mixing ratio) under additivity is estimated as 
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The mixture BMD as predicted by dose addition depends on the mixing 

ratios of the chemicals. To illustrate that point, consider three mixing ratios of 
the five phthalates for which single-chemical data are available (from the study 
by Howdeshell et al. 2008). Table C-2 includes the mixing proportions for each 
case and the corresponding concentrations of each chemical in such mixtures at 
the mixture BMD (assuming dose addition). Such mixture BMDs depend on the 
mixing ratio of the chemicals. A tiered analytic strategy is suggested by consid-
eration of the following and other cases. 
 

● Case 1 is based on a mixture in which the mixing ratio for each single-
chemical component concentration is proportional to the BMD for each single 
chemical. The single-chemical component concentrations in the BMD mixture 
correspond to dividing each BMD by the number of active chemicals in the mix-
ture—here, five. The single-chemical component concentrations in the BMD 
mixture can be considered as adjusted critical values—any mixture that contains 
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single-chemical component concentrations that are each less than or equal to 
their adjusted critical values3 will (under dose addition) invoke a response less 
than the BMR. In case 1, the mixture BMD is 69 mg/kg-d under additivity, and 
the adjusted critical values for the five chemicals range from 5 mg/kg-d for DPP 
to 25 mg/kg-d for DIBP  (Table C-2). This case is especially simple because the 
adjusted critical values are just one-fifth of the single-chemical BMDs (Table C-
1). When the exposure concentration of each single chemical in some mixture is 
below the adjusted critical value (for any mixing ratio), the response to the mix-
ture is associated with a lower BMR than that used to construct the adjusted 
critical values (here, the BMR is 5%). 

● Cases 2 and 3 are based on exposure data presented in Table 2-2; data 
on DPP as a parent compound were not included, and it is omitted from these 
two cases. Table 2-2 presents urinary concentrations of metabolites of the parent 
compounds, but the fraction of the parent diester that ends up in the urine varies 
widely among the phthalates. For example, 5-10% of DEHP is excreted as  
 
 
TABLE C-1  Estimated BMDs Associated with 5% BMRa for Single Chemicals 
and Mixture Data Based on Nonlinear Logistic Model and Estimated with 
Mixed-Effects Model Accounting for Intralitter Correlated Datab   

Chemical BMD (mg/kg-d) 
Lower One-Sided 95% 
Confidence Limit (mg/kg-d) 

BBP 116 66 
DBP 30 20 
DEHP 49 31 
DPP 25 10 
DIBP 126 47 
Mixture 74 39 

Mixture (additivity) 52 39 
aThe response evaluated here is the fractional reduction of testosterone concentration 
relative to the testosterone concentration at zero dose. Other definitions could be contem-
plated, such as the change relative to the maximum reduction achievable or, in view of 
the variation observed in average testosterone concentrations at zero dose between differ-
ent groups of animals, some change related to a measure of the width of the distribution 
of those zero-dose testosterone concentrations. The choice here has been arbitrarily se-
lected for demonstration purposes. 
bThe mixture components are each at 23% except DPP, which is 8% of the mixture. 
Study details are included in Howdeshell et al. (2008).  

                                                           
3Any particular set of adjusted critical values have to be treated together as a set for a 

particular mixing ratio of the components. There must be no mixing and matching of 
adjusted critical values obtained from different mixtures. 
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TABLE C-2  Three Mixtures to Illustrate an Approach to Calculating Adjusted 
Critical Doses for Single Chemicals in a Mixturea  
 Mixing Ratios That Sum to 1 

(Single-Chemical Dose [mg/kg] in Mixture BMD,  
Assuming Additivity)b 

Mixture BMD, 
Assuming Additivity 
(mg/kg) 

Case 
BBP  
a1 

DBP  
a2 

DEHP  
a3 

DPP  
a5 

DIBP  
a6 tadd 

1 0.336 
(23.3) 

0.086 
(6.0) 

0.143 
(9.9) 

0.072 
(5.0) 

0.363 
(25.2) 

 
69.3 

2 0.13  
(6.2) 

0.19  
(9.0) 

0.66 
(31.4) 

 
— 

0.02  
(1.0) 

 
47.6 

3 0.02  
(0.8) 

0.38 
(16.1) 

0.48 
(20.3) 

 
— 

0.12  
(5.1) 

 
42.4 

aCase 1 corresponds to dividing each single chemical BMD by 5 (the number of active 
chemicals in the mixture). Case 2 is based on the relative proportion of the parent com-
pound from its metabolites at the 50th percentile as evaluated in the NHANES study for 
the five chemicals (see Table 2-2). Case 3 is based on the relative proportion of the parent 
compound from its metabolites at the 50th percentile as evaluated in the Wittassek et al. 
(2007) study (see Table 2-2). The mixture BMD depends on the mixing ratio. 
bThe single-chemical doses for the mixture BMD under additivity sum to the mixture 
BMD in the last column. 
 
 
MEHP, whereas more than 90% of DBP is excreted as MBP. For this example, 
we assumed that the sum of MEHP, MECPP, MEOHP, and MEHHP (DEHP 
metabolites) represents 50% of parent DEHP. Because less is known about the 
excretion of BBP, DBP, and DIBP as measured by the listed metabolites, we 
assumed that the excretion of the corresponding metabolites is roughly similar to 
the exposure to the parent compound. So, for illustration only, the mixing pro-
portions of the four parent compounds were calculated on the basis of the pro-
portion of the sum across the metabolites (using the 50th percentile values) for 
the four parent compounds, with the DEHP metabolites doubled. Case 2 corre-
sponds to the values from the National Health and Nutrition Examination Sur-
vey (NHANES); case 3 corresponds to the German study values (see Table 2-2). 
For case 2, the mixture BMD is 48 mg/kg under dose addition, and the adjusted 
critical values for the remaining four chemicals range from 1 mg/kg for DIBP to 
31 mg/kg for DEHP (Table C-2). For case 3, the mixture BMD is 42 mg/kg un-
der additivity, and the adjusted critical values for the remaining four chemicals 
range from 1 mg/kg for BBP to 20 mg/kg for DEHP (Table C-2).  

 
In contrast with the evaluation of single chemicals, the critical dose (here, 

69, 48, and 42 mg/kg for the three cases considered) of a mixture and the ad-
justed critical values for the components clearly depend on the mixing ratio. 

How should adjusted critical doses be specified for individual chemicals in 
a mixture when exposure information is not available (that is, the doses and mix-
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ing ratios of the chemicals in the mixture are not known or are not constant)?  
The committee suggests that a tiered approach be considered. 
 

● First, determine whether the single-chemical doses in the exposure of 
concern are all below the adjusted critical value specified by dividing the critical 
values (here, the BMD associated with a fixed BMR) of the single chemicals by 
the number of active chemicals in the mixture (case 1 in Table C-2). If so, the 
response to the mixture is less than the BMR, assuming general dose addition. 
There is no need to go any further. 

● Second, if one or more of the single-chemical doses in the exposure of 
concern exceeds the adjusted critical value specified for the mixture in step 1, 
determine the mixing ratio of the exposure of concern and recalculate the critical 
dose for the specific mixture ratio (for example, cases 2 and 3 in Table C-2). If 
all single-chemical exposures are below the adjusted critical doses for the mix-
ture of concern, the response to the mixture is less than the BMR, assuming gen-
eral dose addition. 
 

In Table C-2 for cases 2 and 3, assumptions would be made to determine 
doses of a parent compound on the basis of metabolite concentrations. If, for 
example, the calculated dose of DEHP exceeds 10 mg/kg (from case 1), a more 
refined estimate of an adjusted critical dose could be based on the mixing ratios 
obtained from exposure estimates (case 2 or 3). That is, the exposure to DEHP 
may be increased if exposures to other chemicals are lower than considered in 
case 1.  If the exposure to each chemical is below the single-chemical adjusted 
critical value for the specified mixture ratio (case 2 or 3), the response could be 
claimed to be less than the selected BMR. 
 

DISCUSSION 
 

The additivity model described here was based on a nonlinear logistic 
model with the potential for a maximum effect other than zero testosterone. 
Howdeshell et al. (2008) used the nonlinear Hill model, assuming that the 
maximum effect was complete suppression of testosterone, and approximated 
the dose-addition procedure by using an average Hill slope for the mixture. The 
analyses of each model included similar figures (Figure C-2 here; Figure 2B in 
Howdeshell et al. 2008) that compared the mixture data, the nonlinear model fit 
to mixture data, and the model predicted by dose addition. Both showed that the 
dose-additive model fell below the mixture model. Howdeshell et al. did not 
make a statistical comparison of the two models; they claimed that a dose-
additive relationship adequately represented the data. As seen in Figure C-2, the 
dose-additive model used here is similar to the observed mixture model; a for-
mal statistical comparison of the two curves was not conducted.     

The point of the analysis illustrated here was to determine a mixture BMD 
by using dose addition and to show that its value depends on the mixing ratio. 
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That required an estimation of a BMD for each component in the mixture; a 
nonlinear logistic model was used here for illustration. A comparison of the re-
sults that would be obtained with other models was not conducted. The devel-
opment and dissemination of methods that result in inference that does not de-
pend on a specific model constitute an important field of research. Bayesian 
approaches have been suggested in which the resulting inferences include the 
uncertainty associated with model selection, as well as parameter uncertainty.   

In accordance with the discussion in Chapter 5, the evaluation of critical 
doses in this illustration was based on BMDs. Nyribihizi et al. (2008) compare 
BMDs for experimentally observed mixture data with a fixed mixing ratio and 
the corresponding BMD under additivity. Their approach is similar to that used 
here. Other approaches, such as the use of NOAELs, are possible; the limitations 
of the use of NOAELs have been discussed extensively (see, for example, EPA 
2000).  

The illustration in this appendix included the use of approximate mixing 
ratios of the chemicals estimated from urinary concentrations. Such estimates 
required many simplifying assumptions. The availability of the supporting data 
relating urinary metabolites and parent compound exposure concentrations var-
ies among the chemicals. Exposures probably differ between infants, children, 
and adults—a variation not considered in our calculations. However, the ap-
proach is generic and can be repeated for different mixing ratios to account for 
observed exposures. 
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FIGURE C-1 Average testosterone concentration (as percent of control) per pup (*) vs 
dose of five single chemicals with maximum likelihood dose-response curves used in 
additivity model. 
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FIGURE C-2 (A) Observed (*) and model-predicted dose-response curves for mixture of 
five phthalates based on the nonlinear logistic model for the mixture data (solid curve) 
and as predicted under additivity (dashed curve). The mixing ratio of the five phthalates 
was 3:3:3:3:1 for BBP, DBP, DEHP, DIBP, and DPP, that is, 0.23, 0.23, 0.23, 0.23, and 
0.08 of the mixture. (B) For comparison, the prediction using an independent-action 
model based on percentage of response.  
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Evaluating Multiple End Points 
Simultaneously in a Mixture of  

Three Antiandrogens: A Case Study 

 
An important step in risk assessment is the selection of end points for 

analysis. For single-chemical risk assessment, the most sensitive end point has 
often served as the basis of evaluation, although current guidance suggests a 
more nuanced approach (EPA 2002, 2005). Some authors have considered mod-
els that combine multiple end points in the same model and therefore avoid hav-
ing to select the most sensitive end point. For example, Sammel et al. (1997) 
used a latent-variable model for mixed discrete and continuous correlated out-
comes in which the posterior estimate of the latent variable may be interpreted 
as a measure of severity. Other authors have used pseudolikelihood estimation 
when combining continuous and ordinal outcomes to simplify the numerical 
challenges of using a joint density (see, for example, Faes et al. 2004). One ad-
vantage of pseudolikelihood approaches over conditional models is that estima-
tion of a joint benchmark dose is possible; this lends itself to quantitative risk 
assessment (Geys et al. 1999, 2001; Regan and Catalano 1999; Faes et al. 2004). 

The issue is more complex for risk assessment of chemical mixtures. Al-
though a general kind of risk, such as reproductive or developmental risk, may 
be clear, different chemicals in the mixture may be associated with different 
sensitive end points. Furthermore, when data on studies and chemicals are com-
bined, there is no guarantee that the same end points were even measured or that 
the data are available. Such missing-data concerns may result in numerical diffi-
culties in latent-variable and multivariate models. For those reasons and others, 
a composite score (see, for example, Moser 1991; McDaniel and Moser 1993; 
Moser et al. 1995, 1997; Shih et al. 2003; Coffey et al. 2007) that combines mul-
tiple end points into a single score may be useful.  

The objective of this appendix is to illustrate the development of a com-
posite score in the analysis of the effects of a mixture of three antiandrogens on 
male differentiation in rats (data from Hass et al. 2007; Metzdorff et al. 2007). 
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Five end points—anogenital distance (AGD), nipple retention (NR), and three 
organ weights (weights of the ventral prostate, seminal vesicles, and levator 
ani/bulbocavernosus muscles [LABC])—are assessed. Owing to the nature of 
the end points and the timing of their measurement, most pups were evaluated 
either for AGD and NR or for organ weights. The composite score adjusts for 
either case. As indicated in this example, the end points combined in the com-
posite score may be different (for example, binary or categorical, count, or con-
tinuous or interval variables). The approach used here is based on desirability 
functions. Desirability functions were first proposed by Harrington (1965) for 
use in optimizing the quality of a manufactured product that is measured by 
multiple end points. Harrington’s approach is used to find the levels of the fac-
tors that optimize the overall quality of the many end points (Derringer and 
Suich 1980; Derringer 1994). It has been widely adopted in manufacturing and 
among engineers involved in product optimization is the most popular method 
for simultaneously analyzing many outcomes (Wu 2005). The method has also 
been applied to the titration of multiple-drug regimens in medical research (Shih 
et al. 2003) and in dose-response modeling in toxicology studies (Coffey et al. 
2007).  

Once a composite scoring method is specified, each animal is represented 
in the data analysis by a single score regardless of the number of variables 
measured. Dose-response curves are estimated for each chemical, and an addi-
tivity model is estimated. In this study, a fixed-ratio mixture of the three chemi-
cals was also experimentally evaluated. It is of interest to determine whether 
there is evidence of interaction in the region of the mixing ratio and, even if 
there is evidence of an interaction, how different the dose-response curve of the 
mixture is from that predicted by dose addition. 
 

METHODS 
 
Experimental data. Data, generously provided by Ulla Hass, are as described in 
Hass et al. (2007) and Metzdorff et al. (2007). In short, male sexual differentia-
tion was studied after in utero and postnatal exposures to one or a mixture of 
three antiandrogens (vinclozolin, flutamide, and procymidone). The mixing ratio 
of the mixture was based on individual potencies for “causing retention of six 
nipples in male offspring” (Hass et al. 2007). Test chemicals and mixtures were 
administered by gavage to time-mated nulliparous, young adult Wistar rats from 
gestation day 7 to the day before expected birth and on postnatal days 1-16. 
Changes in AGD and NR in male offspring rats were evaluated. The ventral 
prostate, seminal vesicles, and LABC of one male per litter were excised and 
weighed. 
 
Composite score. A composite score was calculated based on the basis of the 
desirability-function method (see, for example, Harrington 1965; Coffey et al. 
2007) for the five end points chosen for analysis. In short, for each variable, a 
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function is selected that transforms the observed response to a unitless score (0-
1) based on the appropriateness (or desirability) of the response. The individual 
scores are then combined into a single composite score by using the geometric 
mean, and a standard statistical analysis can be performed. This flexible ap-
proach can handle multiple types of response variables and may include differ-
ent desirability functions for each variable. Subjectivity in specifying the func-
tions may be minimized by using consensus expert opinion.  

Each of the five variables of interest was transformed to a continuous de-
sirability function, di, with values ranging from 0 to 1, where a value of 0 desig-
nates the response as not at all desirable, and a value of 1 is assigned to the most 
desirable response. Although they are not included here, for categorical end 
points (such as a mild or moderate or severe histopathology score), a value of 0-
1 is selected for each category. For continuous end points (such as AGD and 
NR), the basic shape of the function is determined by whether one is trying to 
maximize or minimize the response or to aim for a range of target values (see, 
for example, Shih et al. 2003). For example, a larger AGD value is expected for 
males, so a “larger is better” shape may be specified by using a logistic function: 
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The parameter ai is an average of the upper (Yi

*) and lower (Yi*) bounds of the 
response being targeted, bi controls the function spread, and γi is defined so that 
the desirability at Yi* equals γi and the desirability at Yi

* equals 1-γi. A minimiz-
ing desirability is obtained by reversing the sign of the exponential argument. A 
target desirability function can then be constructed by multiplying minimizing 
(di(min)) and maximizing (di(max)) desirability functions so that di = di(max)*di(min). 
The parameters ai, bi, and γi, allow flexibility in defining the desirability function 
and the degree of conservativeness to incorporate. The shapes of the individual 
desirability functions are provided in Figure D-1A-E. The asterisks represent 
observed data points. 

For AGD, a normalized score for the AGD index (Hass et al. 2007) was 
formed by using “mean AGD indices from unexposed male and female pups” to 
define the minimum (min) and maximum (max) responses. The normalized 
score was defined as 
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norm
AGDindex minAGD

max min
−

=
−

. 

 
Thus, a normalized value of 0 represents “complete feminization” and is 

associated with an undesirable response (di = 0); a normalized value near 1 
represents the average unexposed-male AGD index, a desirable response (di = 
1). The lower 1-percentile of the unexposed males had a normalized value of 
0.56 with an interquartile range (IQR) of 0.24. The desirability function was 
selected so that a normalized value of 0.56 was assigned a score of 0.9; a nor-
malized value of 2IQR below 0.56 (=0.08) was assigned a value of 0.1 (which 
equals γ in the notation above; see Figure D-1A). 

For NR, following Hass et al. (see Hass et al., Table 3), values of 1, 6, and 
10 were considered low, medium, and high effects. A desirability function was 
selected (Figure D-1B) with assigned scores of 0.95, 0.66, and 0.24, respec-
tively. Desirability functions for organ weights (ventral prostate, seminal vesi-
cles, and LABC) in terms of percentage of control were also based on the lower 
1-percentile of the unexposed group (di = 0.9) and 2IQR below the 1-percentile 
was assigned a value of 0.1 (γ in the notation above). The resulting desirability 
functions are provided in Figure D-1C-E. 

Those individual desirability functions were combined by using the geo-
metric mean to arrive at a composite measure of overall desirability, D, so that  
 

1/
1 2( ... ) ,k

kD d d d= × × ×  
 
where k is the number of end points used in the calculation. Although they are 
not used here, it is also possible to assign different weights to the individual de-
sirability scores: 
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Construction of an additivity model. The general strategy for the analysis of the 
data was to use the single-chemical data to fit a nonlinear logistic additivity 
model for the mean composite score, that is, 
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for the three single chemicals, where x represents dose.  

Following the “single chemical required” method of analysis (see, for ex-
ample, Casey et al. 2004), the additivity model was used to estimate the dose-
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response relationship along the fixed-ratio ray of interest (in terms of total dose 
with mixing ratios ai) under the hypothesis of additivity:  
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where t  is total dose and c is the number of chemicals in the mixture (here, 3). 
The mixture data were also fitted to a nonlinear model in terms of total dose: 
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To control for litter effects, the dose-response data were analyzed with a gener-
alized nonlinear mixed-effects model approach with litter as an added random 
effect. A quasi-Newton iterative algorithm (Proc NLMIXED in SAS; version 
9.1) was used for estimation and inference. The test of additivity for the speci-
fied mixing ratio is equivalent to testing coincidence between the two models for 
the mixture. Because the other parameters were assumed to be similar (α and 
β0), the hypothesis of coincidence is 0 : add mixH θ θ= , which can be tested by 
using a t test with the appropriate variance estimated with the multivariate delta 
method. 
 

RESULTS 
 

The first step in the analysis is to determine the shapes of desirability 
curves for each end point under consideration. To illustrate the approach, the 
summary statistics from the distribution of the unexposed animals (the 1 percen-
tile and the 1 percentile minus 2IQR) were used to establish two points on the 
curve and thereby specify the shape with a logistic function. The resulting 
curves are shown in Figure D-1. From the curves, the observed data are trans-
formed into desirability scores of 0-1, where a value of 1 indicates no toxicity 
and a value of 0 indicates the most severe toxicity. For example (Table D-1), a 
pup in the highest-dose group of the mixture had an observed AGD index of 6.6, 
which was transformed to 0.12 in a normalized form. From Figure D-1A, a nor- 
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malized AGD of 0.12 is associated with a desirability score of 0.14, indicating 
severe toxicity. For that pup, the calculations of the other four desirability scores 
followed in a similar manner. The end points demonstrating severe toxicity for 
the pup were AGD and NR, with scores of 0.14 and 0.12, respectively. The 
geometric mean of the five values resulted in a toxicity index of 0.27. Calcula-
tions are also demonstrated for a pup in the control group and for a pup in a 
moderate-dose group. In those three rats, the toxicity index decreased as the 
dose of the mixture increased, indicating that toxicity increased with dose.  

Profile plots of the desirability scores of the five end points for each dose 
group of the mixture study are provided in Figure D-2. Each connected line 
segment across the end points represents the transformed data from a single pup. 
The desirability scores transform different end points (one normalized, one 
count variable, and three expressed in terms of percent control) into a unitless 
scale of 0-1 that can be compared across end points. The disconnected line seg-
ments in the plots illustrate that most pups were either evaluated with AGD and 
NR or had organ weights measured. In general, the control group and lowest-
mixture dose group (7.87 mg/kg) had little indication of toxicity in any of the 
end points. However, as the dose increased to about 20 mg/kg, there was an in-
dication of worsening NR, AGD was affected at about 40 mg/kg, and organ 
weights were not highly affected until the dose was about 70 mg/kg. Similar 
plots are provided in Figure D-4 for each of the single-chemical dose-response 
studies. The toxicity of the single chemicals was similar to that of the mixture in 
that NR and AGD were more sensitive than organ weights as specified by the 
desirability functions. 

The composite score was calculated for each pup in the single-chemical 
and mixture studies by using the geometric mean of the individual desirability 
scores. The average litter responses across dose are displayed in Figure D-3 as 
asterisks. There is a clear dose-response relationship for each chemical and for 
the mixture. The nonlinear logistic model was fitted to these data, and the result-
ing parameter estimates are provided in Table D-2. In general, the fit of the 
dose-response curves to each study is adequate (Figure D-3). The maximal-
effect parameter (α in Table D-2) for the single chemicals and mixture was esti-
mated as 0.287. All the slope parameters (βs in Table D-2) are negative and sig-
nificant, indicating that as the dose increases there is an increase in toxicity (a 
lower value of the composite score).  

The additivity model and mixture model were fitted with a common 
maximal-effect parameter (α) and intercept parameter (β0), so a test of coinci-
dence between the model for the mixture data and that predicted under additivity 
from the single-chemical data is a test for a difference in the slope parameters, 
θmix and θadd (Table D-2). There is a significant difference in the slopes between   
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TABLE D-2  Parameter Estimates Based on Nonlinear Logistic Modela 

Chemical Parameter Estimate Standard Error p value 
 α 0.287 0.015 <0.001 

 β0 3.05 0.151 <0.001 

Vinclozolin β1 -0.036 0.003 <0.001 

Flutamide β2 -0.821 0.068 <0.001 

Procymidone β3 -0.045 0.003 <0.001 

 θmix -0.086 0.006 <0.001 

Additional Estimates 

θadd -0.055 0.004 <0.001 

θmix − θadd -0.031 0.004 <0.001 

EDadd(2.5) 1.67 0.85 0.052 
EDmix(2.5) 1.06 0.54 0.052 
EDadd(2.5) – EDmix(2.5) 0.60 0.31 0.057 
aEstimate for scale parameter was 0.02, and variance of random effect due to litter was 
0.002, with 95% confidence interval of 0.001-0.003. Estimated dose-response curves are 
in Figure D-3. Fixed mixing ratios for mixture were α1 = 0.62, α2 = 0.02, and α3 = 0.36 for 
vinclozolin, flutamide, and procymidone, respectively. 
 
 
the two models (Table D-2 and Figure D-3D), with the mixture data demonstrat-
ing a greater response (a lower composite score) than that predicted under addi-
tivity. Although statistically significant, the difference between the two models 
is most notable in the higher dose range (Figure D-3D). The doses associated 
with an effect size of 2.5% for the two models are not significantly different 
(Table D-2). 
 

DISCUSSION 
 

A composite score was developed here for male differentiation for five 
end points by using a so-called desirability-function method. An advantage of 
using such a score in evaluation of mixtures is that end points may be combined 
across studies and chemicals by transforming all end points into a common 
unitless scale of 0-1. The subjectivity of the initial step of specifying the desir-
ability shapes may be minimized by specifying values on the curves from sum-
mary statistics in the control group or by using consensus from subject-matter 
experts (Coffey et al. 2007). Shih et al. (2003) reported on a simulation study 
demonstrating a degree of robustness in inference with moderate changes in the 
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shapes of the desirability functions. Furthermore, there is research being con-
ducted to develop methods to optimize desirability-function shapes and their 
relative importance on the basis of an external empirical measure of severity 
(Ellis et al. 2008). However, reaching consensus on such issues is not trivial and 
would require substantial consultation if this method were to be used in a regula-
tory setting. 

When many end points are of interest in evaluating risk posed by exposure 
to chemical mixtures, multiple statistical tests that may be performed can greatly 
inflate rates of type I error (concluding that there is an effect when there is 
none). Multiple comparison adjustments are often too conservative, for example, 
the Bonferroni correction, which leads to reduced power to detect effects of in-
terest. Thus, use of a composite score focuses the inference to an overall effect 
and eliminates concern of multiple testing and inflated type I error rates (Coffey 
et al. 2007).  

Hass et al. (2007) reported that the effect of the mixture of three antian-
drogens on AGD was predicted “fairly accurately” by dose addition but that the 
effects on NR “were slightly higher than those expected on the basis of dose 
addition.” Metzdorff et al. (2007) reported that the joint effect of the three 
antiandrogens on reproductive organ weights was dose-additive. Use of the 
composite score was driven largely by NR (Figure D-2) and resulted in evidence 
of a greater effect (lower composite score) of the mixture than that predicted by 
additivity. Thus, analysis with the composite score was in agreement with the 
general conclusions reported for the individual end points. 

A limitation of the analysis described here is that constant variance among 
the chemicals and dose groups was assumed. More general assumptions may be 
more appropriate, as evidenced by plots of the data (Figure D-3). A formal test 
of equal variance was not conducted. Another limitation of the approach is that 
the correlation among end points was not accounted for. Wu (2005) describes an 
extension based on the modified double-exponential desirability function that 
accounts for correlated multiple characteristics that may be useful in the setting 
described here.  

For general use of composite scores, further evaluation, discussion, and 
acceptance of the shapes of the desirability functions are necessary. The central 
motivation is to be able to use a composite score to represent the whole set of 
common adverse outcomes identified to be of interest for a mixture. For the il-
lustration described in this appendix, the androgen-insufficiency syndrome was 
evaluated with five end points (AGD, NR, and three reproductive organ 
weights). The analysis described here is for illustration only; for general use, 
subject-matter experts would need to achieve some level of acceptance and vali-
dation that the composite score did indeed represent the “wholeness” of the syn-
drome. 
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EE

 
FIGURE D-1  Desirability curves for AGD, NR, and organ weights (ventral prostate, 
seminal vesicle, and LABC). Asterisks represent observed data points. 
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FIGURE D-2  Profile plots for individual pups (connected line segment) in each dose 
group of mixture data.  
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DD

 
FIGURE D-3  Average calculated toxicity index (composite desirability score) per litter 
vs dose of three single chemicals and mixture. 
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FIGURE D-4  Profile plots from the single chemical dose-response data. 
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