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Abstract

The United States Environmental Protection Agency (USEPA) and other U.S. and international agencies have focused extensive

efforts on the evaluation of the potential health risks of exposures to chlorinated dioxins (PCDDs), furans (PCDFs), and related

dioxin-like polychlorinated biphenyls (PCBs). Extensive regulatory efforts over the past 20 years have also been made to control

emissions of these compounds and thus to reduce exposures in the general population. This paper reviews the available information

on temporal trends in emissions, environmental levels, intake levels through foods, and human body burdens of dioxins. This paper

also provides an overview and comparison of recent hazard assessments for dioxins from U.S. and international agencies. Available

data on emissions, environmental and food levels, and human body burdens of dioxins in the general population indicate a several-

fold reduction in exposures and body burdens in the general population over the three decades from 1970 to 2000. U.S. and in-

ternational hazard assessments concur on certain aspects, but disagree on fundamental issues including the likelihood of a threshold

for carcinogenic dose–response and the degree of safety factors needed in deriving a protective exposure limit. These disagreements

have significant consequences for interpreting the potential health risks of current background dioxin exposure levels. However,

whatever the degree of health risk that may be associated with current background exposures, the general population is experiencing

several-fold lower exposures, and, therefore, lower health risks, currently compared to 30 years ago. In light of the dramatic declines

in exposure already observed, further efforts to reduce exposures through attempts to control emissions or food levels should be

carefully evaluated to understand the likely efficacy of the efforts and the relative costs and benefits.

� 2003 Elsevier Science (USA). All rights reserved.

1. Introduction

The toxicology and human health effects of 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD) and related com-
pounds (i.e., the polychlorinated dibenzodioxins and
dibenzofurans, or PCDD/Fs) have been the focus of an
extraordinary amount of research over the past 30 years.
Toxicologically, TCDD presents a range of interesting
features, including its high degree of potency for several
endpoints, its status as a confirmed animal carcinogen
and teratogen, large inter-species and inter-strain vari-
ability in responses, and its receptor-based mechanism
of toxicity.
However, while toxicological and epidemiological

research has yielded a robust database on the toxicity of

these compounds in animals and humans, significant

differences persist among scientists and risk manage-
ment agencies over how to assess current and future

risks attributable to exposures to these compounds. For

example, several authoritative agencies and scientific

organizations have concluded that a daily TCDD toxic

equivalency (TEQ) dose of 1–4 pg/kg-day is likely to be

without adverse health effects (ECSCF, 2001; JECFA,

2001). Some scientists have even suggested that low

doses of TCDD might be associated with a ‘‘hormetic’’
(i.e., health protective) response (Kayajanian, 2002).

Conversely, the United States Environmental Protection

Agency (USEPA) has suggested that TCDD doses in the

range of 1 pg/kg-day, and even far lower, may pose a

significant health risk (USEPA, 2000). Whether or not

adverse, non-cancer effects have been observed in co-

horts who have been exposed to elevated levels of di-

oxins will likely remain a controversial subject for many
more years. Similarly, while there is compelling evidence

that TCDD is a potent animal carcinogen, there is still
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considerable debate as to whether even very high TCDD
exposures cause cancer in humans.

One issue not in dispute is the fact that numerous

environmental controls have been implemented over the

past 20 years in an effort to reduce TCDD releases to the

environment and thus reduce exposures in the general

population. Although the precise nature of the historical

and current sources has not been fully elucidated,

USEPA reported that TCDD emissions from quantified
sources decreased, from more than 14,000 g TEQ/yr to

about 3300 g TEQ/yr between 1987 and 1995 (USEPA,

2000). The relatively long elimination half-life of TCDD

and many of the other PCDD/F compounds in humans

(more than 7 years) is such that body burdens do not

change rapidly in response to changes in intake exposure

levels. However, given that two decades have passed

since scientists began measuring TCDD levels in indus-
trial sources, the environment, and human tissues (albeit

not in a highly consistent and systematic manner), it

might be possible to observe concurrent temporal trends

that relate TCDD sources to actual human body bur-

dens. Indeed, numerous authors have noted decreases in

PCDD/F body burdens (Jackson and Michalek, 2001;

Papke, 1998; Wittsiepe et al., 2000), and recent phar-

macokinetic analyses have concluded that these drops in
body burden levels in the general population are direct

evidence that TCDD intake levels have decreased dra-

matically over the past 30 years (Aylward and Hays,

2002; Lorber, 2002).

In order to understand whether and how future pol-

icy decisions will influence dioxin-related health risks, it

is critical to identify and assess the nature of any his-

torical temporal trends that relate sources to exposures
in the general population. Such information should lead

to more informed decisions regarding the gain in health

benefits associated with the cost of current and addi-

tional regulatory controls. This paper provides a review

of temporal trends in quantified dioxin emissions from

industrial and non-industrial sources, dioxin levels in the

environment and foods, and dioxin body burdens of the

general population. This review also summarizes regu-
latory agencies� assessments of tolerable exposures to
dioxin and provides a critical comparison of recent U.S.

and international assessments of dioxin hazards. We

integrate the information on exposure trends and in-

ternational hazard assessments to provide perspective

on past, current, and future risks of general population

exposure to dioxin.

2. Dioxin exposure: temporal trends

Dioxins and furans (PCDD/Fs) are formed during

incomplete combustion of organic material where

chlorine is available in the feedstock or in the air supply

during the combustion process, and they are also pro-

duced as trace contaminants in various industrial
processes (USEPA, 2000). Focus on dioxins as con-

taminants began in the 1940s and 1950s in industrial

settings, where chloracne was observed in worker pop-

ulations involved in the manufacture of chlorinated

phenoxy herbicides and exposed during the manufac-

turing process or during chemical reactor accidents

(Suskind, 1985). The phenoxy herbicide 2,4,5-trichloro-

phenoxyacetic acid (2,4,5-T) was used as a component
of the defoliant Agent Orange in the war in Vietnam. Its

use in Vietnam was discontinued in 1971 (although do-

mestic use was phased out over a longer period) after the

discovery that 2,4,5-T produced teratogenic effects in

rodents, effects that were later traced to the presence at

parts-per-million (ppm) levels of TCDD. Numerous

sources of dioxin other than those associated with her-

bicide manufacture and use have been discovered since,
and many of these have been identified only in the past

15–20 years. Thus, knowledge about dioxin formation

and rates of release to the environment is relatively new

and still evolving.

Direct exposure of human populations occurs pri-

marily due to accumulation of dioxins in the food chain.

Thus, trends in human exposure can be evaluated based

on a number of measures, including quantification of
dioxin releases to the environment, tracking levels in

environmental media, measurement of levels in foods,

and most directly, measurements of dioxins in human

tissues. The available data on each of these measures are

limited, but together they present a consistent picture of

significantly declining human exposures over the past 30

years. The following sections provide an overview of the

evidence on exposure trends.

2.1. Sources and emissions

The most complete inventory of emissions for the

United States (U.S.) has been conducted by the USEPA.

In their recent dioxin emissions inventory (EMI), pre-

sented in the draft dioxin reassessment released in Sep-

tember 2000, emissions from numerous known sources
were quantified for the years 1987 and 1995 (USEPA,

2000). Total dioxin emissions on a toxic equivalency

basis (TEQ) (Van den Berg et al., 1998) from quantified

sources were estimated to be approximately 14,000 g

TEQDF in 1987 and 3300 g TEQDF in 1995 (Fig. 1), an

approximate decline of nearly 80% in quantified emis-

sions between 1987 and 1995. The largest sources of

emissions were municipal and medical waste incinera-
tors, which together accounted for more than 85% and

65% of releases in 1987 and 1995, respectively. Other

significant quantified sources of dioxin releases include

cement kilns, forest and brush fires, and secondary

copper smelting in both 1987 and 1995 (USEPA, 2000).

Reliable quantitative estimates of emissions and

sources of dioxins prior to 1987 in the U.S. are not
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available. Sources that may have been substantial be-
tween the 1950s and the mid-1980s include the use of

herbicides with trace dioxin contamination (USEPA,

2000), combustion of leaded gasoline (Marklund et al.,

1987), and uncontrolled open burning of landfills,

apartment building refuse, and household refuse in

backyard barrels (Gullett et al., 2001). Unfortunately,

the estimates of emissions and releases to the envi-

ronment from these sources are very uncertain. Based
on their estimates of contaminant levels and 2,4,5-T

usage volumes, the EPA concluded that a total of

360,000 grams of TCDD might have been released to

the environment between 1950 and the time 2,4,5-T

was banned in the late 1970s, with the largest pro-

portion released during the late 1950s and into the

1960s (USEPA, 2000). No reliable quantitative esti-

mates of total releases due to uncontrolled open
burning or combustion of leaded gasoline are avail-

able.

USEPA has estimated that yearly emissions will de-

cline to less than 1500 g TEQ in 2005 (an additional 60%

decrease from 1995 emission rates, and an approxi-

mately 10-fold decrease from 1987 levels; USEPA,

2000). These predicted decreases include substantial

decreases in emissions from municipal waste combustors
(MWCs) that have already been realized through im-

plementation of maximum achievable control technol-

ogy (MACT). Use of MACT control technology

beginning in 1995 resulted in a 100-fold decrease in di-

oxin TEQ emissions from MWCs (the largest emission

sources in the 1987 and 1995 inventories) between 1995

and 2000 (from 1250 g TEQ/yr in 1995 to 12 g TEQ/yr in

2000 (Stevenson, 2002)).

2.2. Environmental levels of TCDD

Studies of sediment deposits in lakes remote from

point sources of dioxins indicate that very low levels of

dioxins were emitted into the environment prior to the

1930s, rising from the 1930s and 1940s to a peak at some

point in the late 1960s to early 1970s, and then exhib-
iting a precipitous decline through the most recent

available dates (approximately the early to middle

1980s). Studies from water bodies in the United States

(Cleverly et al., 1996; Czuczwa and Hites, 1984;

Czuczwa et al., 1985a; Lebeuf et al., 1995; MacDonald

et al., 1992; Pearson et al., 1995; Rappe et al., 1997;

Smith et al., 1992; Smith et al., 1993; Smith et al., 1995;

Versar, 1996), Switzerland (Czuczwa et al., 1985b), The
Netherlands (Buerskens et al., 1993; Buerskens et al.,

1994), Germany (Buerskens et al., 1993; Buerskens

et al., 1994; Schramm et al., 1994), Scotland (Alcock

et al., 1997), the United Kingdom (Brzuzy and Hites,

1985), the Baltic Sea near Sweden (Dewit et al., 1990;

Kjeller and Rappe, 1994), Japan (Sakai et al., 1998), and

the Arctic and remote regions of Alaska (Tan et al., 1993;

Vartianien et al., 1995) all reflect a similar pattern. A
recent update on the sediment trends in Lake Siskiwit on

Isle Royale in Lake Superior indicates that the decrease

in dioxin concentrations in these sediments has contin-

ued through the late 1990s (Baker and Hites, 2000).

Some researchers have suggested that, because this

phenomenon has been observed worldwide, perhaps a

common source was responsible, with a proposed lead-

ing candidate being the combustion of and subsequent
phase-out of leaded gasoline (Czuczwa et al., 1985a).

Quantitative estimates from these studies suggest that

rates of PCDD/F deposition increased more than 10-fold

from the 1930s to a peak during the late 1960s, and de-

clined by at least half from the peak by the late 1990s.

2.3. TCDD levels in foods

The presence and persistence of dioxins in the general

environment, and their chemical and physical proper-

ties—including high lipophilicity (and hydrophobicity)

and low volatility—result in the tendency of dioxins to

accumulate in the food chain. It has been estimated that

more than 90% of current human exposure to dioxins

among the general population occurs via food con-

sumption, primarily from foods containing animal fats
(USEPA, 2000). In general, dioxin levels in food are

very low; for many food types, the levels are usually

below the detection limit. For instance, in a recent sur-

vey of the concentration of dioxin compounds in com-

posited samples of foods purchased in the U.S., over

60% of the analyses resulted in non-detectable levels of

the specific dioxin, furan, and PCB compounds exam-

ined (Schecter et al., 2001). Therefore, estimates of die-
tary intakes are strongly influenced by the methods used

to account for non-detectable levels in food samples.

Because of the cost of the analytical methods, and the

low levels found in food compared to the sensitivity of

the analytical methods, the database regarding the av-

erage levels and variations in dioxin levels in the U.S.

food supply is extremely limited. Monitoring programs

Fig. 1. Estimated TEQ (WHO) emissions from quantified sources of

PCDD/Fs in the U.S. in 1987, 1995, and projected for 2005 (USEPA,

2000).
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for dioxin levels in food vary from country to country,
and the U.S. is only now implementing a comprehen-

sive, statistically designed sampling program. Even this

program is likely to produce results that are dominated

by non-detectable levels, which will continue to hamper

accurate evaluation of human intake rates in the diet.

The following sections review the available data on di-

etary intake estimates and temporal trends in the U.S.

and Western Europe.

2.4. Intake estimates and temporal trends

2.4.1. United States

The USEPA presented estimates of mean dietary in-

take levels in each of the last two dioxin reassessment

drafts (1994 and 2000). The 2000 estimate of 0.6 pg

PCDD/F TEQ/kg-day is 66% lower than the 1994 esti-
mate of 1.7 pg/kg-day. The 1994 estimate is generally

taken to represent intake levels from the mid- to late-

1980s, while the 2000 estimate is based on data from the

early- to mid-1990s. Although estimated dioxin concen-

trations in various food types were generally lower in the

2000 assessment draft, a significant proportion of the

reduction in the intake estimate is due to lower estimates

of food intake in every food category, based on more
recent U.S. Department of Agriculture (USDA) food

consumption data from the 1989–1991 Continuing Sur-

vey of Food Intake among Individuals (CSFII). USEPA

(2000) also estimated a mean intake of dioxin-like PCB

compounds of 0.34 pg/kg-day, or about 60% of the

PCDD/F intake level. The total TEQ intake from

PCDD/Fs and PCBs for the mid-1990s time frame esti-

mated byUSEPA (2000) was approximately 1 pg/kg-day.
Specific food types account for most of the TEQ in-

take in the U.S. According to the USEPA assessment,

beef, milk, and dairy account for approximately 50% of

the TEQ intake. Freshwater and marine fish together are

the next largest contributors to intake levels. Poultry

and pork account for most of the remainder of the es-

timated intake; vegetables and grains are generally low

in dioxin content compared to foods containing animal
fats. USEPA (2000) concluded that, because dioxins are

found primarily in animal fat in the diet, some persons

in the general population could experience intake levels

as much as three times the mean intake level. This

conclusion was based on data showing that the upper

99th percentile for dietary fat intake is approximately

three times the mean.

Although no comprehensive program has been im-
plemented to monitor dioxins in U.S. foods, the USDA

and USEPA designed a statistically representative

sampling program to evaluate dioxin levels in beef fat

(sampled in 1993 or 1994), pork fat (sampled in 1995),

and poultry fat (sampled in 1996) (Ferrario et al., 1997;

Ferrario et al., 1996; Lorber et al., 1997). In addition,

the USEPA and the U.S. Food and Drug Administra-

tion (USFDA) have conducted sampling programs for
dioxins in milk (Jensen and Bolger, 2001; Lorber et al.,

1998). Because these evaluations have not included

samples over a sufficiently long time frame, and the re-

sults have been dominated by non-detects, meaningful

conclusions about temporal trends cannot be reached

from these data sets. Given the continuing decreases

noted in human serum lipid levels of dioxins, it is likely

that food levels have continued to decline. USDA and
USEPA will again be sampling beef fat in 2002–2003,

and the previous sampling efforts will provide a baseline

for evaluating further changes in dioxin levels in the

U.S. food supply.

In an attempt to evaluate trends in animal fat levels of

dioxins, Winters et al. (1998) reported an analysis of

stored meat samples from various decades of the 20th

century. The levels of PCDD/Fs observed in the stored
meat samples from the 1940s through the 1970s were

two to three times higher than levels in similar types of

meat from the mid-1990s, with levels decreasing during

the 1970s and 1980s. The levels of PCB compounds (on

a TEQ basis) were as much as 10–30 times higher in

samples from the 1950s forward, with levels dropping

sharply in the late 1970s and through the 1980s. Al-

though these data are based on a non-representative set
of samples of opportunity, they are generally consistent

with other food sampling data and with our knowledge

of the patterns of use and emissions of these compounds.

2.4.2. Western Europe

Several countries in Western Europe have maintained

comprehensive monitoring programs for dioxins in the

food supply for a number of years. Data from these
programs provide a basis for evaluating changes in the

levels of dioxins in foods over time, as well as providing

estimates of current intake levels. In particular, data

from the United Kingdom (U.K.), The Netherlands,

and Germany illustrate a consistent trend of decreasing

levels of dioxins in foods:

• The Food Standards Agency of the U.K. (FSA, for-

merly the Ministry of Agriculture, Fisheries, and

Food) measured dioxins in food in 1982, 1992, and

1997. Based on these data and on estimates of food in-

takes, the FSA estimated that upper-bound (assuming

that non-detects indicate the presence of the com-

pound at the limit of detection) mean intakes of

PCDD/Fs and PCBs by adults dropped from 7.2 pg
TEQ/kg-day in 1982 to 2.5 pg TEQ/kg-day in 1992,

and to approximately 1.8 pg TEQ/kg-day in 1997

(TEQ estimates made using WHO 1998 TEF values

fromVandenBerg et al., 1998). PCDD/Fmean intakes

(without PCBs) were 4.6, 1.6, and 0.9 pg TEQ/kg-day

in 1982, 1992, and 1997, respectively (FSA, 2000).

• Liem et al. (2000) recounted the analytical results

from composites of 24-hour duplicate diets from
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1978, 1984/5, and 1994 in the Netherlands. The esti-
mate of total daily TEQ intake decreased from

11 pg TEQ/kg-day in 1978 to 4.2 pg TEQ/kg-day in

1984/5, to 1.5 pg TEQ/kg-day in 1994. These esti-

mates included PCB compounds and were made us-

ing the international TEQ system (I-TEQ). PCDD/

F intakes (without PCBs) were estimated to be 4.2,

1.8, and 0.5 pg TEQ/kg-day in 1978, 1984/5, and

1994, respectively (Liem et al., 2000).
• Data from a German government food monitoring

program documented a drop in estimated mean in-

take of dioxins and furans from approximately

2 pg TEQ/kg-day in the late 1980s to about 1 pg

TEQ/kg-day in 1994/5 (I-TEQ) (Furst and Wilmers,

1997).

Fig. 2 summarizes the temporal trend data for

estimated mean intake levels of PCDD/Fs from the

U.S., The Netherlands, Germany, and the U.K. by

year. The data present a remarkably consistent

picture of declining intake. While the intake levels

from the U.K. appear to be somewhat higher than

levels reported for other countries during the same

time period, this is primarily due to the use of the
detection limit, rather than one-half the detection

limit, for non-detects in the FSA reporting protocol.

Liem et al. (2000) concluded in their review of food

data:

Recent studies from countries which started to implement

measures to reduce dioxin emissions in the late 1980s, such

as The Netherlands, United Kingdom and Germany, clearly

show decreasing PCDD/PCDF and PCB levels in food and

consequently a significantly lower dietary intake of these com-

pounds by almost a factor of 2 within the past 7 years (p.

251).

Although estimates from earlier time frames are
very limited, the data from the U.K. and The Neth-

erlands indicate even larger drops preceding the late

1980s.

2.5. Sources of dioxins in foods

Although extensive research has been done to try to

identify the sources of isolated instances of elevated

levels of dioxins in the food supply (for instance, in the

Belgian food contamination incident in 1999), limited

research has been done to evaluate the sources of

background levels of dioxins that end up in animal fat.

2.5.1. Contamination incidents

A number of incidents of dioxin contamination in the

food supply have been discovered (Huwe, 2002). In the

U.S., a research program designed to provide a statis-

tical sample of the levels of dioxins in poultry fat in the

U.S. found several samples with much higher levels than

those present in the bulk of the samples. Investigation

revealed that the source of the dioxins was contaminated
ball clay used as a feed additive to prevent caking, with

further investigation revealing that the dioxins appeared

to be of natural origin (Ferrario et al., 2000). In early

1998, German authorities detected elevated levels of

dioxins in milk samples. The source of the elevated levels

was traced to contaminated citrus pulp imported from

Brazil and used in livestock feed. The source of the di-

oxins in the citrus pulp was later identified as contami-
nated lime used in the formulation of the feed additive.

In 1999, authorities in Belgium identified elevated PCB

and PCDD/F levels in beef and traced the chemicals to

PCB oil contamination of recycled animal fats used as a

supplement to animal feed (Huwe, 2002).

Most recently, highly elevated levels of dioxins in a

mineral feed supplement produced by a company in

Minnesota were detected through routine monitoring of
imports in Ireland. The source of the elevated dioxin

levels in this supplement is still under investigation, but

early reports have suggested that the dioxins may have

formed in the supplement during processing, rather than

coming from an outside contamination source (Hillary

Carpenter, Ph.D., Minnesota Department of Health,

personal communication, April 2, 2002). These incidents

highlight the variety of ways in which dioxin and PCB
contamination can enter the food supply, producing

episodic high levels of dioxin in selected foods. In par-

ticular, the occurrence of high levels of dioxins in citrus

pulp, animal mineral feed supplements, and ball clay

were all unexpected due to the plant and mineral nature

of the materials involved.

2.5.2. Background dioxin in animal fats

The sources of background levels of dioxins in ani-

mals are only partially understood. To some extent,

animals are like humans in that the most likely source

for dioxins in their tissues is their diet. PCDD/Fs can be

measured in silage used as cattle feed at levels less than 1

ppt TEQ (Winters et al., 2000), and are also likely to be

found in animal meat and bone meal used as feed sup-

Fig. 2. Estimated mean adult dietary TEQ intakes of PCDD/Fs from

the U.S. (USEPA, 2000), the Netherlands (Liem et al., 2000), the U.K.

(FSA, 2000), and Germany (Furst and Wilmers, 1997).
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plements. Although feeding recycled bovine meat and
bone meal to cows has been prohibited by USFDA (to

prevent outbreaks of bovine spongiform encephalitis, or

BSE—‘‘mad cow disease’’), meat and bone meal from

other animal sources is still allowed to be fed to beef,

and bovine meat and bone meal can be fed to poultry

and swine. Huwe (2002) notes that dioxin levels mea-

sured in animal meals fed to livestock are several-fold

higher than levels in meals of plant origin (for example,
soy meal), and that animal and fish oil feed supplements

have even higher levels.

Pentachlorophenol-treated wood may also be a

source of dioxin exposure for livestock (Feil et al., 2000;

Fries et al., 2002; Huwe, 2002). Also, cattle ingest a great

deal of soil during foraging, and since even low levels of

dioxins in soil may accumulate to detectable levels in

beef fat, this may be a significant source. Application of
sewage sludge to pasture lands, agricultural burning

practices, and other sources may also affect dioxin levels

in livestock. The USEPA model to estimate possible

uptake of dioxins by livestock due to direct deposition

of dioxins from air onto plants has not been validated.

Recent data from joint experiments by the USEPA and

the USDA indicate that the USEPA model may over-

estimate the importance of this pathway (Winters et al.,
2000).

2.6. Human body burden trends

2.6.1. Past and present body burdens of TCDD in the U.S.

general population

While the results from food sampling programs,

sediment core studies, and USEPA�s emission invento-
ries all appear to be consistent and to indicate substantial

decreases in dioxins in the environment, and specifically

in the food supply, it is important to note that they are

all indirect measures of actual exposure, and accord-

ingly, they all contain varying degrees of uncertainty.

From a regulatory decision-making standpoint, they are

less than ideal as a basis for reaching conclusions con-

cerning the merits of past environmental PCDD/F leg-
islation and/or the need for additional control measures.

Measurements of PCDD/F concentrations in human

tissues arguably provide the most direct and reliable

measures of PCDD/F exposure and uptake.

Influence of pharmacokinetics. Dioxins and related
compounds are extremely persistent in humans. For any
given dose of dioxins received today, a person will have
traces of the compounds in his or her body for tens of
years. Accordingly, the USEPA has concluded that as-
sessment of health effects associated with exposures to
dioxins should be based on the internal body burden in
humans (USEPA, 2000). However, evaluation of con-
taminants in the food supply typically focuses on mea-
sured levels in foods and estimates of daily intake levels,
and the persistence of dioxin and related compounds

results in complex relationships between intake levels
(and changes in intake levels) and body burden. Because
TCDD and related compounds are extremely lipophilic
(fat soluble) and hydrophobic, they are well absorbed
(with bioavailability on the order of 80% from food)
and they partition almost completely into lipids
throughout the body. Therefore, body burdens can be
assessed through measurement of these compounds in
the lipid fraction of adipose tissue or serum (Patterson
et al., 1988).
Estimates of the half-life of TCDD in humans range

from about 5–11 years, with the best estimates for the

central tendency ranging between 7 and 8 years on av-

erage (Flesch-Janys et al., 1996; Michalek and Tripathi,

1999; Poiger and Schlatter, 1986). The elimination rate

is affected by the percentage of body fat (slower elimi-

nation with increasing body fat levels; (Michalek and
Tripathi, 1999) and by smoking behavior, with smokers

tending to have faster elimination rates (Flesch-Janys

et al., 1996). Fewer data exist regarding the half-life for

elimination of other dioxin, furan, and dioxin-like PCB

compounds, but data from one group of workers ex-

posed during the manufacture of herbicides in Germany

are available for some compounds (Table 1; Flesch-

Janys et al., 1996). The estimated half-lives for some
dioxin and furan compounds are even longer than the

half-life for TCDD. Those compounds with the longest

half-lives would be expected to accumulate to the

greatest degree in human tissue and persist longer when

intakes decrease; thus, body burdens for each specific

PCDD and PCDF compound in the general population

are influenced both by compound-specific intake rates

and half-lives for elimination.

Table 1

Estimated half-life of elimination of PCDD/F and PCB compounds in

humans (Flesch-Janys et al., 1996)

Compound Number of

persons

Median half-life

(years)

2,3,7,8-TCDD 48 7.2

1,2,3,7,8-PeCDD 40 15.7

1,2,3,4,7,8-HxCDD 41 8.4

1,2,3,6,7,8-HxCDD 40 13.1

1,2,3,7,8,9-HxCDD 39 4.9

1,2,3,4,6,7,8-HpCDD 26 3.7

OCDD 32 6.7

2,3,7,8-TCDF ND –

1,2,3,7,8-PeCDF ND –

2,3,4,7,8-PeCDF 5 19.6

1,2,3,4,7,8-HxCDF 42 6.2

1,2,3,6,7,8-HxCDF 31 6.0

2,3,4,6,7,8-HxCDF 6 5.8

1,2,3,4,6,7,8-HpCDF 22 3.0

1,2,3,4,7,8,9-HpCDF 6 3.2

OCDF ND –

PCB 126a ND 7.0

ND, not done.
a (Brown, 1994).
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Available body burden data in the U.S. and Canada.

There has been no ongoing, systematic monitoring of
tissue levels of dioxins in the U.S. general population,
but numerous studies have reported data on levels of
TCDD in groups in the general population that are
believed to have no occupational or other unusual ex-
posure to dioxins. A more limited number of studies
report data on other dioxin and furan compounds, and
fewer still report levels of specific PCB compounds. Figs.
3 and 4 present these data plotted as a function of year
of sampling. Mean lipid levels of TCDD (the concen-
tration of TCDD in lipids from either serum or adipose
tissue) in this compilation of studies declined by 10-fold
over the time period from 1972 to 1999. Levels of total

PCDD TEQ have declined by a factor of 4–5 over this
same period. Data on PCB-126, while more limited, also
indicate a substantial decline, with a nearly 10-fold de-
crease in mean levels in these studies since 1984. Data on
2,3,4,7,8-PeCDF are limited, and show only a sugges-
tion of a decline.
Given the slow elimination kinetics for TCDD and

related compounds, dramatic decreases in intake levels

must have occurred to result in the observed decreases in
mean general population body burden levels since 1972.

Pharmacokinetic modeling indicates that intake rates for

TCDD must have declined by more than 95% from pre-

1972 levels to produce the observed changes in mean

body burden levels, and the bulk of that decrease must

have occurred before 1980 to result in the low levels

observed in the most recent samples (Aylward and Hays,

2002). For congeners with longer half-lives than TCDD,
the observed declines in body burden are even more

impressive. For example, for 2,3,4,7,8-PeCDF, with an

estimated half-life of more than 19 years, the earliest and

most recent available data points are only 20 years apart

(1976–1996); even a complete cessation of exposure in

1976 would have resulted in only a 2-fold decrease in

body burden over this time period, and the observed data

are consistent with a decrease in 2,3,4,7,8-PeCDF levels
of this magnitude. Together with what is known about

the pharmacokinetics of these compounds, the body

burden data indicate a drop in intake levels for the major

TEQ contributors on the order of 10-fold or more since

the early 1970s (Aylward and Hays, 2002; Lorber, 2002).

Based on the data in the studies represented in Fig. 4,

the mean TEQ body burden in the general population

due to the major TEQ-contributing compounds can be
estimated for 1970, 1980, 1990, and 2000. For 2,3,4,7,8-

PeCDF and PCB 126, we estimated conservatively that

the levels at time points prior to the earliest data point

were equal to the value at the earliest time point with a

measurement (for 2,3,4,7,8-PeCDF, approximately 9

ppt TEQ; for PCB 126, approximately 16 ppt TEQ).

Estimated mean lipid-adjusted TEQs for each of these

time points for all PCDD compounds, 2,3,4,7,8-PeCDF,
and PCB 126 are illustrated in Fig. 5. As discussed

above, these compounds are believed to constitute more

than 80% of the typical mean TEQ body burden, and so

provide an indicator of total TEQ body burden (but

underestimate the total TEQ at each time point).

The limited available data do not allow character-

ization of the upper end of the body burden distribution

in the general population at any time point. However,
the USEPA has estimated that the upper 99th percentile

for exposure may be three times the mean TEQ level in

the population, based on food consumption patterns. If

this estimate is correct, the 99th percentile TEQ body

burden levels for the U.S. general population in the year

2000 are likely to be lower than the mean TEQ levels in
the U.S. population in 1980 and 1970 (see Fig. 5).

Fig. 3. Mean lipid-adjusted TCDD levels in studies of general popu-

lation groups in the U.S., Canada, Germany, and France as a function

of sampling year (midpoints of sampling year used to represent sam-

pling year when more than one sampling year was included in the

study) (Arfi et al., 2001; Centers for Disease Control, 1988; Fingerhut

et al., 1991; Graham et al., 1986; Gross et al., 1984; Jackson and

Michalek, 2001; Kahn et al., 1988; Kang et al., 2001; Kang et al., 1990;

Papke, 1998; Patterson et al., 1986a; Patterson et al., 1987; Patterson

et al., 1986b; Patterson et al., 1994; Schecter et al., 1986; Stanley, 1986;

Stanley and Orban, 1991; Wittsiepe et al., 2000). Details of sampling

data tabulated in Aylward and Hays (2002). Line shown is the best fit

exponential function.

Fig. 4. Mean lipid-adjusted TEQ levels of PCDDs, 2,3,4,7,8-PeCDF,

and PCB-126 in general population samples (Arfi et al., 2001; Graham

et al., 1986; Kang et al., 1990; Papke, 1998; Petreas et al., 2001;

Schecter et al., 1986; Stanley, 1986; Stanley and Orban, 1991; USEPA,

2000; Wittsiepe et al., 2000). Lines shown are best fit exponential

functions to the data sets.
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Obtaining current, representative data to characterize
the distribution of population body burdens of dioxins

remains an urgent need. In particular, few if any rep-

resentative data exist on levels of dioxins in breast milk,

and on infant and child body burdens and their rela-

tionship to breast milk and dietary intake levels. We

found very limited data examining the relationship be-

tween serum lipid levels and breast milk lipid levels of

dioxin in women of childbearing age (Abraham et al.,
1998; Schecter et al., 1998; Schecter et al., 1996). Such

data would be helpful in evaluating ongoing exposures

due to breast milk using data to be generated by the

Centers for Disease Control (CDC) biomonitoring

program, which will report on population serum dioxin

levels beginning in late 2002. Populations that may ex-

perience elevated exposures include sport fishermen and

their families if they consume fish obtained from areas
with elevated dioxin or PCB levels in sediment. Accurate

and representative data on all of these issues will provide

the basis for tracking future changes in human dioxin

exposures in the U.S.

Future trends. The observed trends in body burden
levels for all congeners indicate the likelihood of a
continuing, slow decrease in body burden levels. Be-
cause of the long half-life for elimination of dioxins,
levels in the general population have not yet declined to
new steady-state levels associated with reduced intake
levels. Any recent decreases in emissions due to regula-
tory actions within the last decade, and any associated
decreases in food levels, have not had time to be fully
reflected in decreases in body burden. Because of the
exponential nature of the elimination process for diox-
ins, further decreases in body burden will be of smaller
magnitude, as the curve flattens out. Fig. 6 illustrates the
predicted course of serum lipid TCDD levels based on
modeling of intake levels to fit the observed data over
the past 30 years, assuming that intakes after 2000 will

continue at the modeled 2000 intake rate. Fig. 6 also
illustrates predicted serum lipid TCDD levels if current
intakes are reduced by another factor of 10 beginning in
2003. Because of the long elimination half-life and the
already-reduced intake levels, the impact on serum lipid
levels of even an order-of-magnitude further decrease in
intake levels of TCDD would be modest. For total TEQ,
more room for reduction in body burden exists, but
reductions in intake for individual compounds with long
half-lives will take decades to observe.

2.7. Exposure trends summary

Taken together, the data on emissions, sediment
levels, food levels, and body burdens depict a consistent

picture indicating a substantial increase in environ-

mental levels of dioxin compounds starting in the 1930s

to 1940s, peaking sometime between 1960 and the early

1970s, and followed by a dramatic decline during the

1970s, with a steady decline throughout the 1980s and

1990s that may still be continuing. Although estimates

of dioxin intake in time periods before the 1970s are not
possible, the decline in TCDD and total TEQ body

burdens observed since that time (10-fold for TCDD; 4-

to 5-fold for total TEQ) implies a decrease in intake

rates of more than 95% over that time period (Aylward

and Hays, 2002; Lorber, 2002; Pinsky and Lorber,

1998). This decline in intake has yet to be fully mani-

fested in the body burdens of the U.S. general popula-

tion. Due to the slow elimination rates for dioxins, and
the increase in the proportion of the population that

never experienced the elevated exposure levels of the

1960s and 1970s, body burdens of dioxins in the general

population should continue to decline for at least the

Fig. 5. Comparison of the estimated distribution of lipid-adjusted TEQ

levels in the general population, based on U.S. Centers for Disease

Control (CDC) sampling from 1996, as reported in the USEPA draft

dioxin reassessment, to estimated mean population levels of TEQ

based on total PCDDs, 2,3,4,7,8-PeCDF, and PCB 126 from 1970,

1980, and 1990, derived from sampling data shown in Fig. 4.

Fig. 6. Modeling of effect on lipid-adjusted TCDD levels in the general

population of constant TCDD intake rates from 2000 forward, or a

reduction in intake rates by a factor of 10 beginning in 2003 (from

Aylward and Hays, 2002). Lines shown are predicted serum lipid levels

of TCDD based on modeling postulating declining exposures from an

initial intake rate of 1.3 pg/kg/day in 1972 to 0.05 pg/kg/day in 1974,

with constant intake at 0.05 pg/kg/day from 1974 forward. Bold line

indicates predicted effect on serum lipid levels of a further decrease in

exposure by a factor of 10 to 0.005pg/kg/day in 2003.
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next two decades, even if intake levels remain constant
and do not decline further over this time period (Ayl-

ward and Hays, 2002; Lorber, 2002).

The dynamic picture emerging from estimates of

emissions, sediment-level trends, food data, and human

body burden data suggest that regulatory efforts to

control dioxin in the environment have been so suc-

cessful that human exposures may have returned to

levels near those experienced before the 1930s and
1940s. Modeling conducted by a senior scientist at the

USEPA resulted in the following conclusion:

[B]ody burdens of TEQs during the 1970s, 80s, and 90s could be

modeled by assuming a historical dose which began the century

at low levels of about 0.5 pg TEQ/kg-day, rose during the middle

decades of the 20th century to over 6 pg TEQ/kg-day, and

declined to current levels of about 0.5 pg TEQ/kg-day (Lorber,

2002).

Because dioxins are produced as a natural by-prod-

uct of a wide variety of combustion processes, including

forest fires, humans have probably always been exposed

to a baseline level. Human industrial activity produced

a sharp rise in generation and releases of dioxins during

the middle decades of the 20th century, but pollution
control efforts (both those targeted at dioxin releases

and other efforts, including the phase-out of leaded

gasoline and the control of open burning to reduce

visible air pollution) have resulted in substantial, mea-

surable decreases in human dioxin exposures in the

U.S. and Western Europe. While other areas of the

world may still be at risk of substantially elevated ex-

posures if appropriate combustion controls are not
implemented and incorporated during development, the

U.S. and Western Europe appear to have implemented

controls that have successfully returned general popu-

lation exposures to dioxins nearly to levels of the early

1900s.

3. Dioxin hazard assessments

The USEPA has focused extensive resources toward

assessing the potential health hazards from dioxins,

beginning in the 1970s with reviews, suspensions, and

cancellations of the registrations of pesticides containing

TCDD as a trace contaminant. In 1985, USEPA pub-

lished its first Health Assessment Document for TCDD.

In 1991, USEPA commenced the Dioxin Reassessment,
which was intended to incorporate the rapidly growing

body of knowledge regarding TCDD into a scientifically

sophisticated evaluation of health risks. A draft of the

dioxin reassessment was published in 1994, reviewed by

the EPA�s Science Advisory Board in 1995, and repub-
lished in draft form in 2000. Other U.S. agencies, no-

tably the Agency for Toxic Substances and Disease

Registry (ATSDR), have performed hazard assessments
for TCDD, deriving health-based guidance values for

exposure limits.

The international scientific and regulatory commu-

nity has also evaluated the hazards of TCDD and

related compounds. The World Health Organization

(WHO) published assessments of tolerable daily in-

takes for TCDD and related compounds in 1991 and

in 1998. Most recently, both the European Commis-
sion Scientific Committee on Foods (ECSCF) and the

WHO/Food and Agriculture Organization (FAO)

Joint Expert Committee on Food Additives (JECFA)

have published monographs presenting hazard assess-

ments for dioxins and setting tolerable intake levels

(ECSCF, 2001; JECFA, 2001). Table 2 presents an

overview of the health-based guidance values derived

based on the hazard assessments of U.S. and inter-
national agencies.

The health-based values derived by the USEPA have

consistently been much more stringent than those of

Table 2

Chronology of selected intake limits established for TCDD or total TEQ

Year Agency or organization Description of value Value

(TCDD or TEQ, pg/kg-day)

1985 USEPA RSD; risk-specific dose (10�6) for cancer 0.006

1989 US ATSDR MRL; minimal risk level for non-cancer effects 1

1990 USFDA Risk-specific dose for cancer 0.057

1991 WHO TDI; tolerable daily intake 10

1993 Health and Welfare Canada TDI 10

1996 Health Council of the Netherlands Health-based exposure limit 1

1998 WHO TDI 1–4

1998 US ATSDR MRL 1

1999 Japanese Environmental Agency and

Japanese Ministry of Health and Welfare

TDI 4

2000 ECSCF Tolerable weekly intake 1 (7 pg/kg-week)

2000 USEPA RSD 0.001

RfD (implied) 0.001–0.01

2001 ECSCF Tolerable weekly intake 2 (14 pg/kg-week)

2001 WHO/FAO JECFA Provisional tolerable monthly intake 2.3 (70 pg/kg-month)
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other U.S. agencies and various international agencies.
Examination of the four most recent assessments, those

of the ATSDR, USEPA, ECSCF, and JECFA, illumi-

nates some of the reasons underlying the differences

between the USEPA and other groups. The USEPA

assessment diverged from the assessments of these other

agencies with respect to key issues for both cancer and

non-cancer endpoints.

3.1. Cancer hazard assessments

For the cancer hazard assessment, the source of dis-

agreement between the USEPA and other groups is the

USEPA�s reliance on low-dose linear, no-threshold ex-
trapolations of potential cancer risks based on higher-

dose human and animal data. The ECSCF and the

JECFA both concluded that cancer was appropriately
addressed as a threshold phenomenon. The JECFA

committee:

concluded that TCDD is not an initiator of carcinogenesis... The

Committee concluded that a tolerable intake could be estab-

lished for 2,3,7,8-TCDD based on the assumption that there is

a threshold for all effects, including cancer. Carcinogenicity

due to 2,3,7,8-TCDD was not linked to mutagenicity or DNA

binding (JECFA, 2001, pp. 31–36).

Based on benchmark dose modeling of human cohort

data,

[t]he Committee concluded that the establishment of a tolerable

intake based on non-cancer effects would also address any

carcinogenic risks (JECFA, 2001, p. 36).

Similarly, the ECSCF concluded,

2,3,7,8-TCDD is not a direct-acting genotoxic agent. . . Based on

the available information, the application of a threshold model

was considered by the Committee to be appropriate for the

indirect and non-genotoxic action of 2,3,7,8-TCDD (ECSCF,

2000, p. 28).

The ATSDR concluded that insufficient data exist to

conduct reliable low-dose extrapolation of cancer risks
below the experimental dose range (Pohl et al., 2002).

In contrast, the USEPA found the mechanistic

evidence on the carcinogenicity of TCDD insufficient to

overturn the default assumption of no threshold for

carcinogenic action:

At this time, the knowledge of the mechanism of action,

receptor theory, and the available dose–response data do

not firmly establish a scientific basis for replacing a linear

procedure for estimating cancer potency (USEPA, 2000, Part

III, p. 78).

Although USEPA�s benchmark dose modeling for

cancer endpoints based on the human epidemiological

data resulted in benchmark doses similar to those

identified for non-cancer endpoints, the decision by
USEPA to use a non-threshold model for extrapolation

of the cancer risk resulted in a risk-specific dose for a

10�6 cancer risk of approximately 0.001 pg/kg-day.

3.2. Non-cancer hazard assessments

Table 3 summarizes the derivations of non-cancer

tolerable doses from the ECSCF, JECFA, ATSDR, and

USEPA. For non-cancer endpoints, the assessments of

the international agencies and the USEPA agree on the

general range of body burdens appropriate for use as a

‘‘point of departure’’ (POD) for derivation of tolerable

intake levels. EPA identified a range of body burdens
from 10 to 50 ng/kg TEQ as its POD on the basis of

benchmark dose (BMD) modeling of data sets on a wide

variety of endpoints. ECSCF and JECFA identified

developmental effects on the male rat reproductive sys-

tem after in utero exposure as the most sensitive end-

point of interest, noting that the database on this

endpoint was relatively robust, with several studies

available. Both ECSCF and JECFA identified no-ob-
served-adverse-effect level (NOAEL) and lowest-ob-

served-adverse-effect level (LOAEL) values in the range

of 16–100 ng/kg (maternal body burden on GD 15) as

the POD based on these studies. However, as with the

cancer assessment, the USEPA took a much more

conservative approach to the extrapolation of this POD

to a tolerable intake level than that used by the ECSCF

and JECFA committees.
JECFA and the ECSCF used similar approaches in

their assessment of a tolerable intake level, reflecting an

international consensus at odds with USEPA. ECSCF

and JECFA both explicitly concluded that humans are

no more sensitive, and possibly less sensitive, than lab-

oratory animals, based on the extensive available data-

base of both toxicological and epidemiological data.

ECSCF and JECFA also considered detailed data on
distribution of TCDD from the pregnant dam to the

fetus, and concluded that acute dosing on GD 15 to a

given maternal body burden results in a higher tissue

level in the fetus than results from chronic dosing of the

dam to the same body burden. Thus, the maternal body

burdens for the acute dosing experiments were adjusted

to account for this. Finally, the JECFA committee no-

ted that laboratory animals carry detectable background
body burdens of dioxins due to trace levels in feeds.

These background body burdens were taken into ac-

count in the assessment of a tolerable intake level. Based

on these considerations, uncertainty factors of 3.2–9.6

were applied to NOAEL or LOAEL body burdens to

derive a tolerable body burden.

The ATSDR also identified developmental effects as

the most sensitive endpoint for dioxin non-cancer ef-
fects, focusing on neurobehavioral effects in monkeys

exposed in utero and via lactation due to maternal ex-

posure in feed at a level of approximately 120 pg/kg/day

(Schantz et al., 1992). ATSDR assessed a minimal risk

level (MRL) based on a daily intake dose calculation,

and the use of uncertainty factors for LOAEL-to-NO-

AEL extrapolation (a factor of 3 for extrapolation of
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minimal effects), interspecies extrapolation (a factor of 3

rather than 10), noting that human sensitivity was likely

to be within the range of animal sensitivity), and inter-

individual variability (a factor of 10), for a total un-
certainty factor of 90. Based on these considerations, the

ATSDR set the MRL at 1 pg/kg/day (ATSDR, 1998).

In contrast, the USEPA declined to set a reference

dose (RfD) for dioxins, because based on its assessment

such an RfD would be below current background ex-

posure levels. After noting that current daily intake

levels of dioxins in the U.S. are likely to be approxi-

mately 1 pg TEQ/kg-day, USEPA concluded,

any RfD that the Agency would recommend under the tradi-

tional approach. . .is likely to be 2–3 orders of magnitude (100–
1000) below current background intakes and body burdens

(USEPA, 2000, Part III, p. 108).

The implicit conclusion from this statement is that if

USEPA set an RfD, it would be set between 0.001 and

0.01 pg TEQ/kg-day. Because USEPA identified a range

for the POD for non-cancer effects of 10–50 ng TEQ/kg
body burden (which would be associated with a long-

term human intake level of approximately 2.5–12.5 pg

TEQ/kg-day), USEPA has apparently concluded that

safety factors in the range of 250 to over 10,000 would

need to be applied to the identified non-cancer POD to

derive an RfD. This level of uncertainty factors stands in

stark contrast to the identified safety factors from the
hazard assessments conducted by other agencies in the

same time period.

3.2.1. Impact of pharmacokinetics

The ECSCF and JECFA committees explicitly ac-

knowledged that the long elimination half-lives of

TCDD and associated compounds have a direct impact

on the relevance of short-term fluctuations in intake
level (ECSCF, 2000; JECFA, 2001). For compounds

with long elimination half-lives, short-term fluctuations

in exposure levels have little effect on body burden

(Renwick, 1999). Based on pharmacokinetic modeling,

the JECFA committee concluded that tolerable intake

levels should be averaged over a much longer time pe-

riod than the daily or weekly basis normally used. That

is, the JECFA committee noted that variations in intake
above the tolerable level are important to body burden

only if those variations continue for a long period of

time. Thus, JECFA selected monthly intake as an av-

Table 3

Comparison of recent derivations of tolerable intake levels (ATSDR, 1998; ECSCF, 2001; JECFA, 2001; USEPA, 2000)

Organization Endpoints Point of departure Uncertainty/safety factors Tolerable human

intake (pg/kg-day)

ATSDR (1998) Neurobehavioral effects in

monkey offspring

0.12 ng/kg per day

maternal intake in

feed

90 1

� 3 [LOAEL to NOAEL]

� 3 [interspecies]

� 10 [interindividual variability]

ECSCF (2001) Reproductive system effects in

male rat offspring exposed in

utero (4 studies)

NOAEL: 20 ng/kg

maternal body burden

3.2 2

� 3.2 [interspecies and

interindividual variability]

� 1.0 [interspecies toxicokinetics]

Other endpoints considered,

but most sensitive selected

LOAEL: 40 ng/kg

maternal body burden

9.6

� 3.2 [as above]

� 3.0 [LOAEL to NOAEL]

JECFA (2001) Reproductive system effects in

male rat offspring exposed in

utero (4 studies)

NOAEL: 16 ng/kg

maternal body burden

3.2 2.3

� 3.2 [interspecies and

interindividual variability]

� 1.0 [interspecies toxicokinetics]

Other endpoints considered,

but most sensitive selected

LOAEL: 28 ng/kg

maternal body burden

9.6

� 3.2 [as above]

� 3.0 [LOAEL to NOAEL]

USEPA (2000) Range of effects from

biochemical to adverse,

BMD modeling for ED01

10–50 ng/kg body

burden

250–12,500 (implied) 0.001–0.01 (implied)
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eraging time period, setting a Provisional Tolerable
Monthly Intake (PTMI). ECSCF used a weekly basis

for averaging the tolerable intake level.

The pharmacokinetic properties of these com-

pounds also affect the application of the derived tol-

erable intake levels to dioxin-like compounds other

than TCDD. Tolerable intake levels in the interna-

tional assessments were derived based on data on ef-

fects from TCDD only, including pharmacokinetic
extrapolations. An estimated human daily intake

(EHDI) associated with a steady-state body burden

equivalent to the target body burden in animals was

derived. Intake of congeners with shorter half-lives for

elimination will result in less accumulation of body

burden than predicted based on TCDD�s half-life, and,
therefore, an overestimation of the risk associated with

that intake level. Conversely, intake of congeners with
longer half-lives will result in more accumulation than

predicted based on TCDD�s pharmacokinetics, and,

therefore, the chronic risk associated with a given in-

take level will be underestimated. This issue has not

been adequately addressed in any of the hazard as-

sessments to date.

3.3. Summary of hazard assessments

Regulatory agencies around the world are adopting

tolerable daily intake levels for dioxins in the range of

1–3 pg TEQ/kg/day with the exception of the USEPA,

which has concluded that safe doses are two to three

orders of magnitude lower. The difference between the

USEPA and other agencies� evaluations of the dioxin
toxicity data has been mostly a matter of policy, not
interpretation of the data, because the quantitative

assessment of the point of departure for non-cancer

endpoints is very similar among all of the agencies.

However, the USEPA consistently has taken a more

conservative view of the margin of exposure needed to

ensure safety than other agencies. The USEPA has

also adopted a stringent stance on the level of evi-

dence needed to overturn the default Agency as-
sumption of a linear, no-threshold dose–response

extrapolation for carcinogenicity. In a recent publica-

tion, scientists from the ATSDR took direct issue with

this conclusion:

We conclude that USEPA�s reassessment of dioxin and related
compounds may place too much confidence in the ability to

accurately predict cancer risks at low doses. This approach

dramatically increases cancer risk estimates that are not based

on compelling new data but rather on the application of sta-

tistical models applied to results of occupationally exposed co-

horts that have been associated with significant uncertainty

regarding actual exposure. This is further confounded by the

fact that these models are not yet fully validated. . . that we

still have knowledge gaps with respect to the mechanism of ac-

tion and interaction for the dioxin-like group of chemicals

(Pohl et al., 2002).

4. Conclusions: historical, current, and future risks

Declines in body burdens of dioxins in people in the

U.S. and Western Europe have been nearly as steep as

is possible, given the slow elimination of these com-

pounds. The dramatic declines in body burdens over the

past 30 years are indicative of substantial reductions in

exposures (perhaps on the order of 90–95% reduction in

intake since the late 1960s or early 1970s). Estimates of
declines in quantified emission sources (between 1987

and 1995) can account for only a portion of this dra-

matic decline. Other sources that might have been

substantial in the 1950s to early 1970s have not been

accounted for in these quantitative emissions invento-

ries, but are also likely to have declined (for instance,

releases due to combustion of leaded gasoline and re-

leases of TCDD in herbicides before the cancellation of
their registration) even before the major regulatory ac-

tions taken to reduce emissions began in the early to

mid-1980s. Further reductions in emissions are pre-

dicted to occur as a result of the source control mea-

sures implemented in the mid- to late-1990s (USEPA,

2000).

Because current body burdens have declined so sub-

stantially, further reductions in emissions will have
much smaller absolute impacts on body burdens in the

near future. Estimates out to the year 2030 suggest that

even a 10-fold reduction in exposures below current

intake estimates among the general population (a degree

of decrease that is not feasible given our current limited

understanding of sources in foods) would affect serum

levels only marginally compared with the reductions in

body burdens already achieved.
It appears that regulatory actions taken to reduce

dioxin emissions and exposures have been very suc-

cessful in controlling major known sources of dioxins.

However, further reductions in emissions and expo-

sures from currently controlled sources are likely to

come at an increased cost with smaller attendant

benefits. Much less is known about remaining sources

and, more importantly, about the pathways that ac-
count for the major contributions to dioxin levels in

foods and ultimately in the human population. The

lack of knowledge on dioxins in foods begins at a

basic level with the dearth of statistically representa-

tive, analytically sound data on food levels in the U.S.

There is a similar lack of statistically representative

data on body burden levels of dioxin in people in the

U.S., especially among special populations (e.g., sub-
sistence fish eaters, breastfed infants, etc.). Virtually

no representative data exist on levels of dioxins in

breast milk in the U.S. (LaKind et al., 2001). Finally,

very little is known about how dioxins, furans, and

PCBs get into the food supply, whether the pathways

are different for the different compounds, and whether

reservoir sources in the environment now play a
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greater role than emission sources in contributing to
food levels.

Some of these data gaps on food levels and human

body burdens in the U.S. will begin to be filled over

the next two to three years. Food sampling data from

the USFDA Total Diet Study program and from

follow-up studies of milk, beef, pork, and poultry

conducted by the USEPA and U.S. Department of

Agriculture will become available over the next two to
three years. The CDC will provide more current data

on human dioxin body burdens in the U.S. based on

serum sampling conducted from 1999 to 2001 through

the National Health and Nutrition Examination Sur-

vey (NHANES) program. However, research on

pathways into foods and possible interventions will

still remain an important data need. Without such

data, decisions about what, if any, further control
measures should be implemented will be based on

tremendous uncertainty and may have little effect in

reducing exposures, particularly if reservoir sources

are the proximate source of a substantial proportion

of dioxin levels in foods.

Research to elucidate the sources of dioxins, furans,

and PCBs in foods and to identify effective interventions

may require substantial time and investment. The criti-
cal question is whether the health hazards posed by di-

oxins at current exposure levels suggest that additional

control measures should be taken before the results of

such research are known. Because the limited available

data suggest that body burdens of dioxins in the U.S.

have declined dramatically over the past 30 years (Ayl-

ward and Hays, 2002; Lorber, 2002), any health hazards

posed by current exposure levels are much smaller than
the hazards experienced in the general population three

decades ago. Further reductions in general population

body burdens are likely even in the absence of further

control measures. Thus, the trends in exposure are fa-

vorable, and do not indicate a public health basis for

action in the absence of data to support the effectiveness

of such actions in reducing food levels and thus, general

population exposures.
One fundamental issue is likely to remain. A variety

of data sources suggest that, although human exposures

to dioxins are somewhat higher now than in the pre-

industrial era, a significant baseline exposure to dioxins

in the environment appears to be inevitable, even if all

industrial sources are eliminated. The logical conclusion

based on USEPA�s assessment that safe levels of expo-
sure to dioxin are two to three orders of magnitude
below current background intakes is that no degree of

control of industrial and other human-generated sources

of dioxin will be sufficient. However, the conclusions

regarding tolerable intakes from other international

agencies suggest that an acceptable balance between

additional control efforts and negligible residual health

risks is close to being achieved.

We suggest that the USEPA, USFDA, and USDA
should expand current efforts to develop a comprehen-

sive, targeted research strategy to evaluate the proxi-

mate sources and pathways of dioxins, furans, and PCBs

in foods. Experiments to evaluate targeted intervention

strategies involving changes in animal husbandry prac-

tices, and possibly further emissions controls, should be

conducted. Based on these evaluations, specific steps

and strategies designed to reduce levels of dioxins in the
food supply can be implemented. We believe that cur-

rent exposure trends data are critical in demonstrating

that there is no public health imperative to act in the

absence of such data. The alternative is to implement

additional control measures that will entail costs to so-

ciety without any certainty that the intended benefits

will be realized.
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