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Based on my review of the literature(summarized below), it is my expert opinion that the
Coal Combustion Residue(CCR) landfill proposed for Labadie, Missouri poses a potential
health risk to the residentsof the area surrounding the landfill particularlyif a flood would
result in release of these CCRs into the groundwaterand/or into the adjoining river and
tributaries.

Individualscan be exposed to the constituents of concern found in Coal Combustion Residues
(CCRs) through a number ofexposure routes. Potential contaminant releases from landfills
include: leaching to ground water; overland transport from erosion and runoff; and air emissions.

Ifthe landfill is locatedin an area subjectto flooding, then there is potential runoffto surface
water. In this report, I focus on the oral exposure route becauseof the possibility of release of
CCRs from the landfill into drinking water and recreational waterways through contamination of
ground water and rivers and streams. I referenceonly epidemiological studiesof the potential
health effects of coal combustionwaste constituents.

I do not reference animal studies in this report, I only reportedhuman health effects. This

research was conductedby reviewing the Toxicological Profiles developed by the Agency for
Toxic Substances and Disease Registry (ATSDR) and reportingthe results below.

This report will present evidenceofhumanhealth effects for the primaryCCRs reported in the
Enviornmental ProtectionAgencyproposedrule: HAZARDOUS AND SOLID WASTE
MANAGEMENT SYSTEM;IDENTIFICATIONAND LISTINGOF SPECIALWASTES;
DISPOSAL OF COAL COMBUSTIONRESIDUALS FROMELECTRIC UTILITIES
40 CFR Parts 257, 261, 264, 265, 268, 271 and 302, fEPA-HQ-RCRA-2009-0640;FRL-
9149-4L
RIN-2050-AE81
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The constituents ofconcern associated with CCRs addressedin the EPA report include

antimony, arsenic, barium,beryllium, cadmium, hexavalent chromium, lead, mercury, nickel,
selenium, silver, and thallium. Basedon the information in ASTDR'sTox FAQs,EPA's IRIS

system and TOXNET, the EPA believes that the metals identified are sufficiently toxic that they
are capableof posing a substantial presentor potentialhazard to human health when improperly
treated, stored, transporteddisposed of, or otherwisemanaged. I will present an overview of the
health consequencesof the four hazardousconstituents that were estimated in the EPA

groundwaterrisk assessmentto pose high-end (90th percentile) risks at or above the risk criteria
in one or more situations, and that were also found to present risk to human health in one or more
damage cases (arsenic,cadmium, lead, and selenium). I will not address in detail the other
constituents; howevera briefdescription of the health consequencesofeach is presented below:

Arsenic. Ingestion of arsenic has been shown to cause skin cancerand cancer in the liver,
bladderand lungs.
Antimony. Antimony is associatedwith altered glucose and cholesterol levels, myocardial
effects, and spontaneous abortions.EPA has set a limit of 145 ppb in lakes and streams to protect
human health from the harmful effectsofantimony taken in throughwater and contaminatedfish

and shellfish.
Barium. Barium has been found to potentiallycause gastrointestinal disturbancesand muscular
weaknesses when people are exposedto it at levels above the EPA drinking water standards for
relativelyshort periods of time.
Beryllium. Beryllium can be harmful ifyou breathe it. Ifberyllium air levels are high enough
(greaterthan 1,000 ug/m3),an acute condition can result. This condition resembles pneumonia
and is called acuteberyllium disease.

Cadmiumand Lead. Cadmiumand lead have the following effects: kidneydisease, lung
disease, fragilebone, decreased nervous system function, high bloodpressure, and anemia.
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HexavaientChromium. Hexavalentchromium has been shown to cause lung cancer when
inhaled.
Mercury.Exposure to high levels of metallic, inorganic,or organic mercury can permanently
damage the brain, kidneys, and developing fetus.
Nickel. The most common harmfulhealth effect of nickel in humans is an allergic reaction.
Approximately10-20%ofthe population is sensitiveto nickel. The most commonreaction is a

skin rash at the site ofcontact. Less frequently,some people who are sensitive to nickel have

asthma attacks followingexposure to nickel. Some sensitizedpeoplereactwhen they consume
food or water containingnickel or breathedust containing it.
Selenium.Selenium is associatedwith selenosis.
Silver. Exposure to high levels of silver for a long periodof time may result in a conditioncalled
arygria, a blue-gray discoloration of the skin and other body tissues.
Thallium. Thallium exposure is associated with hair loss, as well as nervous and reproductive
system damage.

Toxicological Profile for Arsenic.

Cardiovascular Effects. InorganicArsenicals. A numberofstudiesin humans indicate that
arsenic ingestion may lead to seriouseffects on the cardiovascularsystem. Characteristic effects
on the heart from both acute and long-term exposure include altered myocardial depolarization
(prolongedQT interval, nonspecificST segment changes)and cardiac arrhythmias (Cullen et al.
1995; Glazener et al. 1968; Goldsmith and From 1986; Heyman et al. 1956; Little et al. 1990;
Mizutaet al. 1956; Moore et al. 1994b; Mumfordet al. 2007).A significant dose-related increase
in the prevalenceofcardiac electrophysiologic abnormaliteswas observed in residentsof Inner
Mongolia,China; the incidencesof QT prolongation were observedin 3.9, 11.1, and 20.6% of
the residents with drinkingwater levels of<21, 110-300, and 430-690µg/L, respectively
(Mumford et al. 2007).Hypertrophyof the ventricularwall was observed at autopsyafter acute
exposure to 93 mg ofarsenic (Quatrehommeet al. 1992).Long-term, low-levelexposures may
also lead to damageto the vascular system. The most dramatic example of this is "Blackfoot
Disease," a conditionthat is endemic in an area ofTaiwan where average drinkingwater levels

ofarsenic range from 0.17 to 0.80 ppm (Tseng1977),correspondingto doses ofabout 0.014-
0.065 mg As/kg/day(IRIS 2007).The disease is characterizedby a progressive loss of
circulation in the hands and feet, leadingultimately to necrosis and gangrene(Chenet al. 1988b;
Ch'i and Blackwell 1968; Tseng 1977, 1989; Tseng et al. 1968, 1995, 1996).

Arsenic exposure in Taiwan has been associated with an increased incidenceof cerebrovascular
and microvascular diseases (Chiouet al. 1997; Wang et al. 2002, 2003)and ischemic heart
disease (Changet al. 2004; Chen et al. 1996; Hsueh et al. 1998b; Tsai et al. 1999; Tseng et al.
2003).Moreover,effects of arsenic on the vascular system have also been reported in a number
ofother populations.For example, hypertension, defined as a systolicblood pressure of2140
mm Hg in combinationwith a diastolic blood pressureof290 mm Hg, was associatedwith
estimated lifetime doses ofapproximately0.055 mg As/kg/day (0.25mg/L in water) in a studyof
people in Bangladesh (Rahmanet al. 1999);no significant associationwas found with estimated
doses of0.018 mg As/kg/day(0.75mg/L in water). Wang et al. (2003)found an increased
incidence ofmicrovascularand macrovasculardiseaseamong subjectsin Taiwan living in an
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arseniasis-endemicarea in which the water of artesian wells had arsenic concentrations>0.35
mg/L (estimateddoses of>0.03 mg As/kg/day). An additional study of Taiwanese subjects
reporteda significant increase in incidence ofhypertension associatedwith concentrationsof
arsenic in the water >0.7 mg/L (estimateddoses of>0.06 mg As/kg/day)(Chen et al. 1995).
Studies in Chile indicate that ingestion of0.6-0.8 ppm arsenic in drinking water (corresponding
to dosesof 0.02-0.06 mg As/kg/day,dependingon age) increases the incidence of Raynaud's
disease and of cyanosis of fingers and toes (Borgoñoand Greiber 1972; Zaldívar 1974, 1977;
Zaldívarand Guillier 1977).Autopsy of five children from this region who died of apparent
arsenic toxicity showed a marked thickeningofsmall and mediumsized arteries in tissues
throughout the body, especially the heart (Rosenberg1974).In addition, cardiac failure,arterial
hypotension, myocardialnecrosis, and thrombosis have been observedin children who died from
chronic arsenic ingestion (Zaldívar 1974),as well as adults chronically exposedto arsenic
(Dueñaset al. 1998).Likewise, thickeningand vascularocclusion ofblood vesselswere noted in
Germanvintners exposed to arsenicalpesticidesin wine and in adults who drank arsenic-
contaminated drinking water (Roth 1957; Zaldívarand Guillier 1977).A surveyofWisconsin
residentsusing private wells for their drinking water found that residentsexposedfor at least 20

years to waterconcentrations of>10 µg As/L had increased incidences ofcardiac bypass

surgery, high blood pressure, and circulatory problems as comparedwith residentsexposedto
lowerarsenic concentrations(Zierold et al. 2004).Similarly, Lewis et al. (1999)reported
increased mortality from hypertensiveheart disease in both men and women among a cohort
exposed to arsenic in their drinkingwater in Utah, as compared with the general populationof
Utah. Limitations in the study included lack of evaluation of smoking as a confounder and of
other dietary sources of arsenic, and the lack of a dose-response for hypertensiveheart disease.
Another ecological study (Engeland Smith 1994)found significant increases in deaths from
arteriosclerosis,aortic aneurysm, and all other diseases of the arteries, arterioles, and capillaries
amongU.S. residentswith arsenic drinkingwatersof>20 µg/L; the increase in deaths from
congenital anomalies of the heart and other anomalies of the circulatory system also observed in
this subpopulationlimits the interpretation of the fmdings.

GastrointestinalEffects.
InorganicArsenicals. Clinical signs ofgastrointestinal irritation, including nausea, vomiting,
diarrhea,and abdominal pain, are observedin essentiallyall cases ofshort-termhigh-dose
exposures to inorganic arsenic (e.g.,Armstrong et al. 1984; Bartolome et al. 1999; Campbell and
Alvarez 1989; Chakraborti et al. 2003a; Cullen et al. 1995; Fincher and Koerker 1987; Goebelet
al. 1990; Kingston et al. 1993; Levin- Scherz et al. 1987; Lugo et al. 1969; Mooreet al. 1994b;
Muzi et al. 2001; Uede and Furukawa 2003; Vantroyenet al. 2004). Similarsigns are also
frequently observed in groups or individuals with longerterm, lower-dose exposures (e.g.,
Borgoño and Greiber 1972; Cebrián et al. 1983; Franzblau and Lilis 1989; Guha Mazumder et al.
1988, 1998a; Haupertet al. 1996; Holland 1904; Huang et al. 1985; Mizuta et al. 1956; Nagai et
al. 1956; Silver and Wainman 1952; Wagneret al. 1979; Zaldívar 1974),but effects are usually
not detectable at exposure levels below about 0.01 mg As/kg/day (Harrington et al. 1978;
Valentineet al. 1985).These symptomsgenerally decline within a short time after exposure
ceases. Gastrointestinal irritation symptoms form the basis (in part) for the acute oral MRL of
0.005 mg/kg/day for inorganic arsenic. More severe symptoms (hematemesis,hemoperitoneum,
gastrointestinal hemorrhage, and necrosis)have been reported in some cases with acute exposure
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to 8 mg As/kgor more (Civantoset al. 1995; Fincherand Koerker 1987; Levin-Scherzet al.
1987; Quatrehommeet al. 1992),and also in some peoplewith long-term ingestionof0.03-0.05

mg As/kg/day as a medicinal preparation(Landeret al. 1975; Morriset al. 1974).

HematologicalEffects.Inorganic Arsenicals. Anemia and leukopenia are common effectsof
arsenic poisoning in humans, and have been reportedfollowing acute (Armstrong et al. 1984;
Goldsmith and From 1986; Mizataet al. 1956; Muzi et al. 2001; Westhoffet al. 1975),
intermediate (Franzblauand Lilis 1989; Heyman et al. 1956; Nagai et al. 1956; Wagneret al.
1979),and chronic oral exposures(Chakrabortiet al. 2003a; Glazener et al. 1968; Guha
Mazumderet al. 1988; Hopenhaynet al. 2006; Kyle and Pease 1965; Tay and Seah 1975)at
doses of0.002 mg As/kg/dayor more. These effectsmay be due to both a direct cytotoxic or
hemolyticeffect on the blood cells (Armstronget al. 1984; Fincherand Koerker 1987;
Goldsmithand From 1986; Kyle and Pease 1965; Lerman et al. 1980)and a suppression of
erythropoiesis(Kyle and Pease 1965; Lermanet al. 1980).However,hematologicaleffectsare

not observed in all cases ofarsenic exposure(EPA 1981b; Harrington et al. 1978; Huanget al.
1985; Silverand Wainman 1952)or even all acutepoisoning cases (Cullenet al. 1995; Mooreet
al. 1994b).In an acute animal study, Tice et al. (1997)found that there was a decreasein
polychromaticerythrocytes in the bonemarrowofmice treatedwith 6 mg As/kg/dayfor 1 or 4
days. Therewas no effectat 3 mg As/kg/day.

Hepatic Effects.InorganicArsenicals.A numberofstudies in humans exposedto inorganic

arsenic by the oral route have noted signs or symptomsofhepatic injury. Clinical examination
onen reveals that the liver is swollen and tender (Chakrabortyand Saba 1987; Franklinet al.
1950; Guha Mazumderet al. 1988, 1998a;Liu et al. 2002; Mizuta et al. 1956; Silver and
Wainman 1952; Wadeand Frazer 1953; Zaldivar 1974),and analysis ofblood sometimes shows
elevated levels ofhepatic enzymes (Armstronget al. 1984; Franzblau and Lilis 1989; Guha
Mazumder2005; Hernández-Zavalaet al. 1998).These effects are most oftenobservedafter
repeated exposure to doses of0.01-0.1 mgAs/kg/day (Chakrabortyand Saha 1987; Franklin et
al. 1950; Franzblauand Lilis 1989; Guha Mazumderet al. 1988; Mizutaet al. 1956; Silver and
Wainman 1952; Wade and Frazer 1953),although doses as low as 0.006 mg As/kg/dayhave
been reported to havean effect following chronic exposure (Hernández-Zavalaet al. 1998).
Hepaticeffectshave alsobeen reportedin acute bolus poisoning cases at doses of2 mg
As/kg/day or more (Hantsonet al. 1996; Kamijoet al. 1998; Levin-Scherzet al. 1987;
Quatrehommeet al. 1992; Vantroyenet al. 2004),althoughacute exposure to 19 mg As/kg did
not cause hepaticeffects in an infant (Cullenet al. 1995). Histological examination of the livers

ofpersons chronicallyexposed to similardoses has revealeda consistent findingofportal tract
fibrosis (GuhaMazumder2005; Guha Mazumderet al. 1988; Morris et al. 1974; Pionteket al.
1989; Szuleret al. 1979),leading in some cases to portal hypertensionand bleeding from
esophagealvarices (Szuleret al. 1979);cirrhosis has also been reportedat an increased
frequency in arsenic-exposed individuals (Tsaiet al. 1999).Several researchersconsiderthat
thesehepaticeffects are secondary to damage to the hepatic blood vessels (Morriset al. 1974;
Rosenberg 1974),but this is not directlyestablished.

NeurologicalEffectsInorganicArsenicals.A large numberofepidemiologicalstudiesand case
reports indicate that ingestion of inorganic arsenic can cause injury to the nervous system. Acute,
high-doseexposures(2 mg As/kg/dayor above)often lead to encephalopathy,with signs and
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symptoms such as headache, lethargy, mental confusion, hallucination, seizures, and coma
(Armstronget al. 1984; Bartolome et al. 1999; Civantos et al. 1995; Cullenet al. 1995; Danan et
al. 1984; Fincherand Koerker 1987; Levin-Scherz et al. 1987; Quatrehommeet al. 1992; Uede

and Furukawa 2003; Vantroyenet al. 2004). Repeated exposures to lower levels (0.034.1 mg
As/kg/day) are typicallycharacterized by a symmetrical peripheral neuropathy (Chakrabortiet al.
2003a, 2003b; Foy et al. 1992; Franzblau and Lilis 1989; Guha Mazumderet al. 1988;
Hindmarshet al. 1977; Huang et al. 1985; Lewis et al. 1999; Mizuta et al. 1956; Muzi et al.
2001; Silver and Wainman 1952; Szuler et al. 1979; Wagneret al. 1979).This neuropathy
usually begins as numbness in the hands and feet, but later may develop into a painful "pins and
needles"sensation.Both sensory and motornervesare affected,and muscle weaknessoften
develops,sometimes leading to wrist-dropor ankle-drop (Chhuttaniet al. 1967; Heymanet al.
1956).Diminished sensitivityto stimulation and abnormalpatellar reflexes have also been

reported (Mizutaet al. 1956).Histologicalexaminationof nerves from affectedindividuals
reveals a dying-back axonopathywith demyelination (Goebelet al. 1990; Hindmarshand
McCurdy 1986).Some recovery may occur following cessation ofexposure,but this is a slow
process and recovery is usually incomplete (Fincherand Koerker 1987; Le Quesneand McLeod
1977; Murphy et al. 1981).Peripheralneuropathy is also sometimesseen followingacute
highdoseexposures,with or without the previously described encephalopathy(Armstronget al.
1984; Bakeret al. 2005; Fincher and Koerker 1987; Goebel et al. 1990; Hantson et al. 1996;
Kamijo et al. 1998).Neurologicaleffects were not generally found in populations chronically
exposed to dosesof0.006 mg As/kg/day or less (EPA 1981b; Harrington et al. 1978; Hindmarsh
et al. 1977),although fatigue, headache, dizziness, insomnia, nightmare, and numbnessof the
extremities were among the symptoms reported at 0.005, but not 0.004 mg As/kg/dayin a study
of31,141 inhabitantsof 77 villages in Xinjiang, China (Lianfangand Jianzhong 1994),and
depressionwas reported in some Wisconsinresidentsexposed to 2-10 µg As/L in the drinking
water for 20 years or longer (Zierold et al. 2004).There is emerging evidencesuggestingthat
exposure to arsenic may be associated with intellectualdeficits in children. For example,
Wasserman et al. (2004)conducteda cross-sectional evaluationof intellectual function in 201

children 10 years of age whose parents were part of a larger cohort in Bangladesh.Intellectual
function was measured using tests drawn from the Wechsler Intelligence Scale for Children;
results were assessed by summing related items into Verbal, Performance, and Full-Scale raw
scores. The mean arsenic concentration in the water was 0.118 mg/L. The childrenwere divided
into four exposure groups, representing <5.5, 5.6-50, 50-176,or 177-790 µg As/L drinking
water. After adjustmentfor confounding factors, a dose-relatedinverse effect ofarsenic exposure
was seen on both Performance and Full-Scalesubset scores; for both end points, exposure to 250
µg/L resulted in statisticallysignificantdifferences (p<0.05)relativeto the lowest exposure
group(<5.5µg/L). In a later report, the same group of investigators examined 301 6-year-old

children from the same area (Wassermanet al. 2007).In this case, the children were categorized
into the following quartiles based on water arsenic concentration: 0.1-20.9,21-77.9, 78-184.9,
and 185-864 µg/L. After adjustmentfor waterMn, blood lead, and sociodemographic features
known to contribute to intellectual function, water arsenic was significantlynegatively associated
with both Performance and Processingspeed raw scores. Analyses of the dose-response showed
that comparedto the first quartile, those in the second and third categorieshad significantly
lower Performance raw scores (p<0.03andp=0.05, respectively).Those in the fourth category
had marginally significantly lower Full-Scaleand ProcessingSpeed raw scores. It shouldbe

mentioned,however, that in general, arsenic in the water explained <1% of the variance in test
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scores.Water arsenic made no contribution to IQ outcomes. A studyof351 childrenage 5-15
years from West Bengal, India, found significant associations between urinary arsenic
concentrations and reductions in scoresof tests ofvocabulary,objectassembly,and picture
completion; the magnitude of the reductionsvaried between 12 and 21% (von Ehrensteinet al.
2007).In this cohort, the average lifetimepeak arsenic concentration in well waterwas 0.147

mg/L. However,no clearpattern was found for increasing categoriesofpeak arsenic water
concentrations since birth and children'sscores in the variousneurobehavioral tests conducted.
Furthermore,using peakarsenic as a continuous variable in the regressionmodels also did not
support an adverse effect on the tests results. Exposure to arsenic in utero also did not suggest an

associationwith the tests scores. Von Ehrestein et al. (2007)concluded that the study provided
little evidencefor an effect of long-termarsenic concentrations in drinkingwater and that the
lack of findingswith past exposuresvia drinking water may be due to incomplete assessmentof
past exposure, particularlyexposure originatingfrom food. Wasserman's resultsare consistent
with those of ecologicalstudies in children in Taiwan (Tsai et al. 2003) and in China (Wanget
al. 2007).In the former, adolescents exposed to low (0.0017-0.0018mg As/kg/day; n=20) levels

of inorganicarsenic in the drinking water showed decreased performance in the switching
attention task, whilechildren in the high exposure group (0.0034-0.0042mg As/kg/day;n=29)
showed decreased performance in both the switchingattention task and in tests ofpattern
memory, relative to unexposed controls (n=60).In the study in China (age8- 12 years),87

children whosemean arsenic concentration in the drinkingwaterwas 0.190 mg/L had a mean IQ
score of 95 comparedwith 101 for children (n=253)with 0.142 mg/L arsenic in the waterand
105 for control children (n=196)with 0.002 mg/L arsenic in the drinking water (Wang et al.
2007).The differences in IQ scoresbetween the two exposuregroups and the controlgroup were
statisticallysignificant.Neurologicaleffects have also beenobservedin animal studies.

Reproductive Effects InorganicArsenicals. Exposure to arsenic in drinkingwater has been

associated with adverse reproductiveoutcomesin some studies.For example, a study of 96

women in Bangladesh who had been drinking water containing >0.10mg As/L (approximately
0.008 mg As/kg/day)for 5-10 years reported a significant increase in spontaneousabortions
(p=0.008),stillbirth (p=0.046),and preterm birth (p=0.018)comparedto a nonexposedgroup
(Ahmadet al. 2001). Similar results were reportedby Miltonet al. (2005)who found a

significantassociationbetweenconcentrations ofarsenic in the water>0.05 mg/L
(approximately0.006 mg As/kg/day)and spontaneousabortion (oddsratio [OR]=2.5;95%
CI=1.5-4.3) in a study of533 women, also from Bangladesh. A study of202 women from West
Bengal, India, reported that exposure to arsenic concentrationsofarsenic>0.2 mg/L in drinking
water (approximately0.02 mg As/kg/day)duringpregnancywere associated with a 6-fold
increasedrisk ofstillbirth (OR=6.1;95% CI=1.54-24.0) after adjustmentfor confounders(von
Ehrensteinet al. 2006).No associationwas found betweenarsenic exposure and risk of
spontaneousabortion (OR=1.01;95% CI=0.73-10.8).An earlier study of286 women in the
UnitedStates also found no significantassociationbetween arsenic in the drinking water (0.0016
mg/L; approximately 0.00005 mg As/kg/day)and spontaneous abortion (OR=1.7;95% CI=0.7-
4.2) (Aschengrauet al. 1989).Lugo et al. (1969) reporteda case of a 17-year-oldmother who
ingested inorganic arsenic (Cowley'sRat and Mouse Poison)at week 30 ofpregnancy. Twenty-
four hours after ingestion ofapproximately 30 mL of arsenic trioxide (0.39 mg As/kg), she was
admitted for treatmentof acute renal failure. She went into labor and delivereda live female

7



infant weighing2 pounds, 7 ounces with a 1-minuteApgar score of4. The infant's clinical
condition deteriorated and she died at 11 hours ofage.

ToxicologicalProfile for Cadmium

Information on health effects oforal exposure to cadmium in humans is derived mainly from
studies of residents living in cadmium-pollutedareas. Cadmium exposure in these populations is

often estimatedby bloodor urinary cadmium levels. Exposure in these cases occurs primarily
through the diet, but smokersin these cohorts are also exposedto cadmium by inhalation. When

evaluating oral exposure studies, smokingwas treated as a confounding variable rather than an
exposure route becauseof the large numberof toxic compounds (in addition to cadmium)present
in cigarette smoke, and because the primary concern is effects attributable to cadmium.

Cardiovascular Effects. Studies regarding cardiovasculareffects in humans after oral exposure
to cadmium have primarily investigatedrelationshipsbetweenblood pressure and biomarkers of
cadmium exposuresuch as cadmiumlevels in blood, urine, or other tissues. Smokingis an
important confoundingfactor, becauseofthe higher blood, urine, and tissuecadmium levels of
smokers and the known cardiovasculartoxicityofcigarette smoking. Case-control and cohort
epidemiologicstudies that adequately control for smoking have typically found no association
betweenbody cadmium levels (primarilyreflectingdietary exposure)and hypertension (Beevers
et al. 1980; Cummins et al. 1980; Ewers et al. 1985; Lazebnik et al. 1989; Shiwen et al. 1990);
however, some studies have found positivecorrelations (Geigeret al. 1989; Tulley and Lehmann
1982)or negative correlations (Kagamimoriet al. 1986; Staessen et al. 1984).Similarconflicting
findings have been reported in studies analyzing death rates from cardiovasculardiseaseamong
populations with dietary cadmium exposure (Inskip et al. 1982; Shigematsu1984).Disorders of
the cardiacconduction system, lower blood pressure, and decreased frequency ofcardiac
ischemic changes were found among elderlywomen with past high dietary exposure to cadmium
(Kagamimoriet al. 1986).Rhythmic disturbances,includingventricularfibrillation,were seen in
an individualwho had ingested25 mg/kgcadmium as cadmium iodide (Wisniewska-Knyplet al.
1971).

Several studies conductingcross-sectional analysison data from the NationalHealth and
Nutrition Examination Surveys (NHANES), investigatedassociationsbetweenbloodand urine
cadmium levels and cardiovasculareffects (Everett and Frithsen 2008; Navas-Acienet al. 2005;
Tellez-Plazaet al. 2008).Urinarycadmium levels were found to be stronglyassociated with
peripheral arterial disease (PAD, defined as blood pressure ankle brachial index <0.0 in at least

one leg) in analysisconducted on 728 participants (at least 40 years ofage)in the NHANES
1999-2000 study (Navas-Acienet al. 2005). Individualswith PAD had a 36% higher mean urine
cadmium level than individualswithout PAD. This study also found that individualswith PAD
had 49% higherurinary tungsten levels and urinary antimony levels exceeding0.1 µg/L. Another
study found a modest increase in systolic or diastolic blood pressureassociated with increasing
blood cadmium levels (geometricmean blood cadmium levels amongall participants was 0.4

µg/L); no associations with blood pressure and urinarycadmium levels were found (Tellez-Plaza
et al. 2008).The associationbetweenblood cadmium levels and bloodpressurewas stronger in
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participants who never smoked than in former smokers or current smokers. There were no
associationsbetween hypertension and cadmium levels in blood or urine. In the third study,
analysis on 4,912 participants(45-79years old) in the NHANES 1988-1994 survey found a

significantassociation betweenurinary cadmium levels and myocardial infarction in women, but

not men (Everett and Frithsen 2008).After adjustingfor numerous risk factors including
smoking,race, and family history, a significantincrease in the risk ofmyocardialinfarctionwas
observed in womenwith urinary cadmium levels of>0.88 µg/g creatinine.

GastrointestinalEffects. Numeroushuman and animal studies indicate that oral exposureto
cadmium in high concentrationscauses severe irritation to the gastrointestinal epithelium
(Andersenet al. 1988; Frant and Kleeman 1941).Common symptoms in humans following
ingestion of food or beverages containinghigh concentrations ofcadmiuminclude nausea,

vomiting, salivation, abdominal pain, cramps, and diarrhea (Bakerand Hafner 1961; Buckleret
al. 1986; Frant and Kleeman 1941; Nordberg et al. 1973; Shipman 1986; Wisniewska-Knyplet
al. 1971).Althoughexact doses havenot been measured, gastrointestinalsymptoms have been

caused in childrenby 16 mg/L cadmium in soft drinks (Nordberget al. 1973)and 13 mg/L
cadmium in popsicles (Frantand Kleeman 1941).Assumingan intake of 0.15 L (Nordberget al.
1973)and a body weightof 35 kg, the emetic dose is 0.07 mg/kg. Althoughfew studies have

specificallyexamined gastrointestinal effects of longer-termcadmium exposure,no surveys of
environmentallyexposed populations have reportedgastrointestinalsymptoms (Morganand
Simms 1988; Roels et al. 1981a; Shigematsu 1984).

Hematological Effects. Oral cadmium exposure reducesgastrointestinaluptake of iron, which
can result in anemia ifdietary intake of iron is low. Anemia has been found in some instances

among humanswith chronic dietary exposure to cadmium (Kagamimoriet al. 1986),but other
studies have found no significantrelationship between dietary cadmium exposureand anemia in
humans(Roelset al. 1981a; Shiwen et al. 1990).Hypoproteinemiaand hypoalbuminemiawere
reported in a male who ingested 25 mg/kg cadmium as cadmium iodide (Wisniewska-Knyplet
al. 1971).

Musculoskeletal Effects. Osteomalacia,osteoporosis,bone fractures, and decreasedbone

mineral density have been observed in several populations exposedto elevated levels of
cadmium in the diet. Bone effects were first reported in residents in the Jinzu River Basin, a

cadmium-contaminatedarea in Japan. The disease termed Itai-Itai or "ouch-ouch" diseasemost
often affectedwomen with several risk factors such as poor nutrition, multiparity,and post-
menopausalstatus (Shigematsu1984).The disease was characterizedby multiple fractures ofthe
long bones, osteomalacia, and osteoporosis in combinationwith proteinuria(Järupet al. 1998b;
Nordberg et al. 1997).Other Japanese populations with dietarycadmium exposurehave also
been found to have elevatedosteoporosisand osteomalacia in both men and women (Kido et al.
1989b).Kagamimori et al. (1986)evaluatedelderly Japanesewomenwith heavy cadmium
exposure from ingestingpolluted drinkingwater, rice, and fish during World Wars I and II; and
continued low-grade cadmium exposure from agricultural produce.Of 56 cases of Itai-Itai
disease, 26 were accompanied by osteomalaciaand 26 were withoutosteomalacia.Anotherstudy
found that the degreeof loss ofbone density is correlated with urinaryexcretion of ß2-
microglobulin,an index of renal injury (Kido et al. 1990a).The bone effects observed in Itai-Itai
disease and in other studiesofJapanesepopulationsexposed to high levels of cadmium in rice
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are primarily due to kidney damage, which results from a progressivedisturbance in renal
metabolismof vitamin D to its biologically active form (Nogawaet al. 1987, 1990)and an
increasedurinary excretionof calcium(Buchetet al. 1990).These results suggest that bone
changes may be secondary to disruption in kidneyofvitaminD metabolism and resulting
imbalances in calcium absorption and excretion.A recentstudy ofwomen living in the Jinzu
River basin found that bone turnover, particularlybone formation,was influencedby renal
tubular function(Aoshimaet al. 2003).However, it is possible that some bone effects are not
mediated via the kidney.

Bone effects have also been observedin communities outsideof Japan and in populations
exposedto low levels of cadmium. In a studyof Swedishwomen environmentallyexposed to
cadmium, a significantnegative relationship betweenurinary cadmium levels and bone mineral
density was observed (Åkessonet al. 2005); the mean urinary cadmium level of the population
was 0.52 µg/L. In Swedishresidents living in an area with known cadmium pollutionfrom
battery manufacturing facilities,significantassociationswere noted betweenblood cadmium
levels and bone mineral density and betweenurinary cadmium levels and risk of fractures and
osteoporosis.There were significantdecreases in bone mineraldensity in environmentally
exposed subjectsolder than 60 years of age with blood cadmium levels of>0.56 µg/L (Alfvénet
al. 2002a).Increases in the risk ofbone fractures were observed in subjects(approximately10%

ofall subjectsexaminedhad environmental and occupational exposure to cadmium)older than
50 years of age with urinary cadmium levels >2 µg/g creatinine; no significantassociations were
found in subjectsunder 50 years ofage (Alfvén et al. 2004).Anotherstudy of this population
found significant increases in the risk of osteoporosisamong men >60 years ofage with urinary
cadmium levels >5 µg/g creatinine; however, an increased risk ofosteoporosiswas not observed
in women (Alfvén et al. 2000).A Belgian study in which residentsliving near zinc smelters
found a 2-fold increase in cadmium exposure (asassessedvia urinarycadmiumlevels)was
associated with a decrease in proximaland distal forearm bone density ofapproximately0.1

g/cm2 amongpost-menopausalwomen (Staessenet al. 1999).For womenwith urinary cadmium
levels >l µg/day, the incidenceofbone fracturewas 13.5 per 1,000 person-years. Another study
ofa subset of the women living near a zinc smelters (Schutteet al. 2008)providessuggestive
evidencethat cadmium has a direct osteotoxic effect. Significantassociationsbetween urinary
cadmium levels and the levels of two pyridinium crosslinks ofcollagen (urinary levels of
hydroxylysylpyridinolineand lysylpyridinoline), proximal forearm bone mineral density,and
serum parathyroid hormone levels were found. In almost all of the examinedwomen, urinary
levels of retinol bindingprotein were below the cut-offlevel of 338 µg/day, suggestingno
cadmium-inducedeffect on renal tubular function. Similar resultshave been observed in several
studies of residentsliving in areas of China with moderateor high cadmium pollution levels (Jin
et al. 2004b; Nordberg et al. 2002; Wang et al. 2003; Zhu et al. 2004).There were significant
increases in the prevalence of low forearm bone mineraldensity in post-menopausal women with
urinarycadmium levels >20 µg/g creatinine and in men, premenopausalwomen, and post-
menopausal women with bloodcadmium levels >20 µg/L (Nordberget al. 2002).An increase in
bone fractureswas observedin males and femalesover the age of40 years living in the area of
high cadmiumexposure (meanurinarycadmium levels in the area were 9.20 and 12.86 µg/g
creatinine in the males and females,respectively)(Wanget al. 2003).A significantdose-

responserelationshipbetween urinary cadmium levels and the prevalence ofosteoporosiswas
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observed(Jin et al. 2004b; Wang et al. 2003; Zhu et al. 2004); the Jin et al. (2004b)study found
that 23 of the 31 subjectswith osteoporosisalso exhibited signs of renal dysfunction.

Renal Effects. Numerousstudies indicate that the kidney is the primary target organof cadmium
toxicity following extendedoral exposure, with effects similar to those seen following inhalation

exposure. Most of the data involveschronicexposure to cadmium; two case reports involving
acute exposure to large doses ofcadmium also found kidney effects. In two fatal cases oforal
cadmiumpoisoning, anuria was present in one individualwho ingested25 mg/kgcadmiumas

cadmiumiodide. Damage to the kidneys was reported at autopsy, but was not further specified
(Wisniewska-Knypl et al. 1971).The kidneys were reported as normal at autopsy in an
individualwho died 2 days after ingesting 1,840 mg/kg cadmium (Buckler et al. 1986).

Several studieshave found associationsbetween increased mortalityand renal dysfunctionin
residents living in cadmium pollutedareas. Significantincreases in SMRs were found in
residents living in cadmium pollutedareas ofJapan with elevatedlevels of biomarkersof renal
dysfunction (Arisawaet al. 2001, 2007b; Iwata et al. 1991a, 1991b; Matsudaet al. 2002;
Nakagawaet al. 1993; Nishijoet al. 1995, 2004a, 2006).Among the studies that examined cause

ofdeath, significantincreases in deaths from renal diseaseswere found in the residents that were
categorized as biomarker-positive (urinary levels of the renal biomarkerwas higher than the cut-
offvalue); the cut-offvalues used were ß2-microglobulin>1,000 µg/g creatinine (Arisawaet al.
2001, 2007b; Iwata et al. 1991a, 1991b; Nakagawa et al. 1993; Nishijo et al. 2004a, 2006)or
retinol bindingprotein>4 mg/L (Nishijoet al. 1995).Other studies have foundthat mortality
increased in proportion to the renal biomarker level (ß2-microglobulin,protein,or glucose)
(Iwataet al. 1991a, 1991b; Matsuda et al. 2002; Nakagawaet al. 1993; Nishijo et al. 2004a,
2006).Increases in mortality from renal diseaseshave also been observed among populations
living in cadmium polluted areas of Belgium (Lauwerysand De Wals 1981)and England (Inskip
et al. 1982);however, statistical analysis was not reported in the Belgiumstudy and the increase
in renal disease was not statisticallysignificant in the other study.

Elevated levels of severalbiomarkers of renal dysfunction and/or associationsbetweencadmium
burden and these biomarkershave been found in studiesofpopulations living in cadmium non-
pollutedareas ofJapan (Ezakiet al. 2003; Ikeda et al. 1999; Suwazonoet al. 2000; Oo et al.
2000; Uno et al. 2005; Yamanaka et al. 1998),Belgium (Buchetet al. 1990; Roels et al. 1981a),
and the United States (Noonanet al. 2002)and in populations living in cadmium pollutedareas

ofChina (Cai et al. 1990, 1992, 1998; Jin et al. 2002, 2004a, 2004c; Nordberg et al. 1997; Wu et
al. 2001),Japan (Cai et al. 2001; Hayano et al. 1996; Ishizakiet al. 1989; Izuno et al. 2000;
Kawada et al. 1992; Kido and Nogawa 1993; Kobayashi et al. 2002b; Monzawaet al. 1998;
Nakadairaand Nishi 2003; Nakashimaet al. 1997; Nogawaet al. 1989; Osawa et al. 2001;
Watanabeet al. 2002),Thailand (Teeyakasemet al. 2007),Sweden(Järupet al. 2000; Olssonet
al. 2002),and Poland (Trzcinka-Ochockaet al. 2004).Most of these studies did not estimate
cadmium intake; rather, exposure was characterizedbased on the levels ofcadmiumin rice,
blood, or urine. The oral route is assumedto be the primary route of exposure, although the
inhalation route, particularly in smokers, may have contributed to the overall cadmiumbody
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burden. The epidemiology data are summarized in Table 3-7 and briefdiscussionsof the better
designedstudiesproviding valuable dose-responsedata follows.

Buchet et al. (1990)examined 1,699 non-occupationally exposedmales and females (aged20-80
years)living in Belgium. Urinary cadmium levels significantlycorrelated with urinary ß2-
microglobulin, retinol bindingprotein, NAG, amino acid, and calcium levels; the partial r2
values were 0.0036, 0.0210, 0.0684, 0.0160,and 0.0168, respectively. The probability that
individualswouldhave abnormal values for the renal biomarkers (definedas >95th percentile for
subjectswithout diabetes or urinary tract diseases and who did not regularly take analgesics)was
estimatedusing logistic regression modelswith adjustmentsfor age, gender, smoking,disease,

and use ofanalgesics. It was estimated that >10% of ß2-microglobulin,retinol bindingprotein,
amino acid, and calcium values would be abnormal when 24-hoururinary cadmium levels were
>3.05, 2.87, 2.74, 4.29, or 1.92 µg/24 hour, respectively.

Järup et al. (2000)examined 1,021 individualsliving near a nickel-cadmiumbatteryplant in
Sweden for at least 5 years (n=799) or employed as battery workers (n=222).The mean urinary
cadmium levels were 0.81 and 0.65 µg/g creatinine in males and females, respectively.Urinary
cadmium levels were significantlyassociated with urinaryhuman complex-formingglycoprotein
(pHC; also referred to as al-microglobulin)levels, after adjustmentfor age. The relationship
remainedstatisticallysignificantafter removal of the cadmium workers from the analysis. The

prevalenceof abnormal pHC values (definedas exceedingthe 95th percentilein a Swedish

reference population; >7.1 and 5.3 mg/g creatinine for males and females, respectively)was

estimated to increase by 10% at urinary cadmiumlevels of I µg/g creatinine. The European
Chemicals Bureau (2007) recalculated the probabilityofHC proteinuria (using the raw data from
Järup and associates)to account for the differences in age of the reference population (meanof
40 years)and study population(meanof 53 years).Based on these recalculations, the urinary
cadmium level associatedwith a 10% increased probability of abnormalpHC values (20% total

probability)was 2.62 µg/g creatinine for the total population. In the environmental exposed

subgroup,a urinarycadmium level of 0.5 µg/g creatinine was associated with a 13% probability
(doubling of the probability in referencepopulation) of abnormalpHC values.

Noonan et al. (2002)examined residents in Pennsylvanialiving near a defunctzinc smelting
facility (geometricmean urinary cadmium level of 0.14 µg/g creatinine)and a reference
community located 10 miles from the facility (geometricmean urinarycadmium levels of0.12
µg/g creatinine).The data from the two communities were pooled because there were no
differences in urinary cadmium levelsbetween them. ß2-microglobulin,NAG, alanine
aminopeptidase (AAP), and albumin levels were measured as biomarkers of renal dysfunction.
The geometricmean urinary cadmium levels were 0.07 and 0.08 µg/g creatinine in 88 males and
71 females aged 6-17 years and 0.24 and 0.23 µg/g creatinine in 71 males and 80 females aged
>l 8 years. No significant correlationsbetweenurinary cadmium levels and renal biomarkers

were observed in the children, after adjustmentfor creatinine,age, and gender. In adults,
significantcorrelations (after adjustmentfor creatinine, age, gender, smoking, and self-reported
diabetesor thyroiddisease)between urinary cadmium and NAG (partialcorrelationcoefficient
of 0.20, 95% CI of0.05-0.36)and AAP (partialcorrelation coefficientof 0.21 and 95% CI of
0.05-0.36) were observed. Significantdose-effectrelationships were also found for these two
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biomarkers. Urinary cadmium levels were not significantlyassociated with elevated levels of ß2-
microglobulinor albumin.

Nogawaet al. (1980)examined 878 males and 972 femalesaged 250 years living in the
Kakehashi River basin in Japan; the KakehashiRiver, cadmium polluted from an upstream mine,
was used to irrigate rice fields. ß2-Microglobulinmeasured in morningurine samples was used
as a biomarker of renal dysfunction and cadmiumintake was estimatedfrom rice samples
collected in 1974. Cadmium levels in rice were consideredto be representative ofcadmium
intake becauseover 70% of the total cadmium intake has been shown to come from rice.
Cadmium in the rice ranged from 0.10 to 0.69 µg/g. ß2-Microglobulinlevels were significantly
higher in the study populationcompared to a referencepopulation of 113 males and 161 females
living in a nearby area. A significantdose-relatedassociationbetween total cadmium intake and
prevalence of abnormal ß2-microglobulinvalues (definedas ß2-microglobulinlevels of21,000
µg/g creatinine)was found. The total cadmium intake, which resulted in a prevalenceof
abnormalß2-microglobulinlevels equal to the control group, was 1,678 mg in males (prevalence
in controls was 6.0%) and 1,763 mg in females (prevalencein controls was 5.0%).A further
analysis of the exposed subjects(Hochiet al. 1995)found that the prevalence of abnormal ß2-
microglobulin levels (usinga cut-offlevel of 1,000 µg/g creatinine)exceeded the prevalence in
the referencepopulation when cadmium intake was 22 g and the subjectswere divided into
subgroups by age. The prevalenceofabnormal ß2-microglobulinlevels at a given cadmium
intake increasedwith age.

Yamanaka et al. (1998)examined 558 males and 743 females aged 250 years living in a

cadmium nonpolluted area in Japan. Urinary cadmium level was used as a biomarkerof exposure
and urinary ß2-microglobulin,total protein, and NAG as biomarkers ofrenal dysfunction. The
geometricmean urinary cadmium levels were 1.3 and 1.3 µg/g creatininein males and females,

respectively. Significantcorrelations (afteradjustmentfor age)betweenurinarycadmium levels
and total protein,ß2-microglobulin,and NAG were found. Abnormallevels of renal biomarkers
were defined as exceeding the 84% upper limit value calculated from a referent group of2,778
non-exposedindividuals;the cut-offvalues were 124.8 and 120.8 mg/g creatinine for total
protein in males and females,492 and 403 µg/g creatinine for ß2-microglobulin,and 8.0 and 8.5
U/g creatinine for NAG. Dose-responserelationshipsbetweenurinary cadmium levels and
prevalence of abnormal levels of ß2-microglobulin,total protein, and NAGwere found. The
odds ratios (95% CI) were 6.589 (3.383-12.833),3.065 (1.700-5.526),and 1.887 (1.090-3.268)
for protein, ß2-microglobulin,and NAG in males and 17.486 (7.520-40.660),5.625 (3.032-
10.435),and 2.313 (1.399-3.824)for protein, ß2-microglobulin,and NAG in females.

Another studyof residents living in a cadmium non-pollutedarea ofJapan examined346 males
and 529 femalesfrom one area (areaA) and 222 males and 413 females in another area (areaB);
all subjectswere 250 years of age and were not occupationally exposedto heavy metals (Ooet
al. 2000).The geometric mean urinary cadmium levels were 2.2 and 2.8 µg/L in males and
females in area A and 3.4 and 3.9 µg/L in area B. Significantcorrelations (with adjustmentfor
age)were found betweenurinary cadmium and urinary levels ofprotein, ß2-microglobulin(not
significant in males in area B) and NAG levels. A significant association between urinary
cadmium levels and the prevalence(cut-off levels from same referent population as Yamanakaet
al. 1998)ofabnormal levels ofurinary protein (cut-offlevel of 113.8 and 96.8 µg/L in males and
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females),ß2-microglobulin(378and 275 µg/L)(only significant in females in area A), andNAG
(8.0 and 7.2 µg/L).The odds ratios (95%CI) for an increase in prevalenceofabnormal renal
biomarkerswere 8.810 (3.401-22.819)and 11.282 (3.301-38.362)for protein in males in areas

A and B, respectively,8.234 (3.696-18.343)and 23.901 (8.897-64.210)for protein in females in
areasA and B; 2.558 (1.246-5.248)for ß2-microglobulinin femalesin area A; 47.944 (14.193-
161.954)and 9.940 (3.153-31.340)forNAG in males in areas A and B; and 72.945 (21.873-
243.263)and25.374 (9.452-68.117)for NAG in females in areasA and B.

In a re-examinationof the populationsstudiedby Yamanaka et al. (1998)and Oo et al. (2000),
Suwazonoet al. (2000)measured cadmiumlevels in blood and urine and urinary levels of total

protein,ß2-microglobulin,and NAG in 1,105 males and 1,648 females over the ageof 50 years.
The geometric meanconcentrationsofcadmium in urine were 1.8 and 2.4 µg/g creatinine in
males and females, respectively, andblood cadmium levels were 2.0 and 1.8 ng/g in malesand
females. Afteradjustmentfor age, significant associationsbetweenurinary cadmiumlevels and

urinaryprotein and ß2-microglobulinin males and females were found. Additionally,blood

cadmium levels were significantlyassociatedwithurinary protein and NAG levels in malesand
urinaryprotein, ß2-microglobulin,andNAG levels in females. Cut-off levels (definedas the
84% upper limitvaluesfrom 424 male and 1,611 femalenonsmokingsubjects)of 157.4 and
158.5 mg/gcreatinine for protein in males and females, respectively,507 and 400 µg/g creatinine
for ß2-microglobulinin malesand females, respectively,and 8.2 and 8.5 µg/g creatinine for
NAG in males and females, respectively,were used to evaluatethe prevalenceofabnormal
levels of renalbiomarkers.Logistic regression analysis demonstratedsignificantassociations
betweenurinarycadmiumlevels and increased prevalenceofabnormal levels of total protein
(oddsratio of 3.923,95% CI of2.2028-7.590)and ß2-microglobulin(oddsratio of2.259,95%
CI of 1.372-3.717)in males; in females, significant associations were found for total protein
(oddsratio of7.763; 95% CI of4.231-14.243),ß2-microglobulin(oddsratio of2.259, 95% CI of
1.879-4.281),and NAG (oddsratio of 1.882, 95% CI of 1.311-2.702).For blood cadmium
levels, the only significant associationfound was for an increased prevalenceofabnormal total
protein levels in females (oddsratioof3.490, 95% CI of 1.661- 7.331).

Jin et al. (2002)examinedthreepopulations living various distances from a nonferrous metal
smelter. The geometricmean levels ofurinarycadmiumwere 11.18 and 12.86 µg/g creatinine in

males (n=294)and females (n=171)in the highly polluted area, 3.55 and4.45 µg/g creatinine in
males (n=243)and females (n=162)in the moderatelypollutedarea, and 1.83 and 1.79 µg/g
creatinine in males (n=253)and females (n=155)in the controlarea. Significantcorrelations
were found betweenurinary(andblood)cadmium levelsand renalbiomarkers(ß2-
microglobulin,retinolbinding protein, and albumin).Cut-offvalues for ß2-microglobulin,
retinol binding protein, and albumin of 300 µg/g creatinine, 300 µg/g creatinine, and 15 mg/g
creatinine, respectively,were used to assess possibledose-responserelationships (no additional
informationwas provided);although 300 µg/g creatinine was reported as the cut-offvalues for
ß2-microglobulin,subsequentanalysis of this data set (Jinet al. 2004c)reported a cut-offvalue

of800 µg/g creatinine.Significantdose-responserelationshipsbetweenurinary(andblood)
cadmium and the prevalenceofabnormal levels ofrenal markers ofkidney dysfunction were
found.
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Unlike the studiesdiscussed above, Hellströmet al. (200l) used the incidenceof renal
replacementtherapy (dialysisor kidney transplantation)as an indicatorof renal dysfunction, in
particular, end-stage renal disease. Residents ofKalmar County, Sweden were divided into four
exposuregroups: high exposure (workersat cadmium batteryproduction facility), moderate
(residentsliving within 2 km of the cadmium battery facility), low (residentsliving between2

and 10 km of the facility),and no exposure (residentsliving at least 10 km from the facility); all
subjectswere 20-79 years of age. The Mentel- Haenszel rate ratio (MH-RR) for renal
replacement therapy in the cadmium exposed group was 1.8 (95%CI 1.3-2.3);amongthe
environmentally exposed group, the MH-RRwas 1.7 (95% CI 1.3-2.3).The age SRRswere 1.9

(95% CI 1.3-2.5)and 1.9 (95% CI 1.2-2.6) for subjectsin the moderate exposure groupaged
20-79 years or 40-79 years, respectively. The trend for increasingMH-RR with increasing
exposure was statisticallysignificant. The age SRRs were not significantlyelevatedin the low
exposuregroup. The investigatorsnoted that the causes ofend stage renal disease were similar in
the cadmium exposed and unexposed groups. When only primaryrenal diseases (excludesrenal
failure secondary to diabetes or vascular or systemic diseases)were considered,the MH-RR was
1.7 (95% CI 1.1-2.6) for all cadmium exposed individualsand 2.1 (95% CI 1.4-3.2) for
cadmium exposed individualsaged 40- 79 years. Althoughurinary cadmiumlevels were not
assessed in this study, other studies in this area found meanurinary cadmium levels of 1.0 and
0.46 µg/g creatinine in residents living within 0.5 and 0.5- I km, respectively, of the battery
facility (Järupet al. 1995a)and 0.38 and 0.55 µg/g creatinine in men and women, respectively,
living in the contaminatedarea (Alfvén et al. 2000).

Although there is strongevidenceto suggest a relationship between urinarycadmium excretion
and excretion of renal biomarkers (particularly low molecularweightproteins such as ß2-
microglobulin,pHC,and retinol binding protein), there is less agreementabout the significance
of the early renal changes and the thresholdurinary cadmium levels associated with renal
damage. Several studiesmonitoringpopulations following a decrease in cadmium exposure have

attemptedto address the question of the reversibilityofearly renal changes. In Japan, cadmium-
contaminatedsoil used in rice paddieswas replacedresulting in decreasingurinary cadmium
levels in residents consumingrice grown in these fields (Caiet al. 2001; Iwata et al. 1993;
Kobayashi et al. 2008).Although,cadmium exposure decreasedover the same time period, the
levels of renal biomarkers increased (Cai et al. 2001; Iwata et al. 1993; Kido et al. 1988;
Kobayashi et al. 2008)and the prevalence ofabnormalvalues remained higher comparedto the
referencepopulation (Caiet al. 2001).Although significantdecreases in urinary cadmium levels
were observed over time, cadmium burdens still remainedhigh; urinarycadmium levels at the
later time periods were 6.03-9.6 µg/g creatinine (Caiet al. 2001; Iwata et al. 1993; Kido et al.
1988).Kobayashi et al. (2008)found significantcorrelations (afteradjustmentfor age)between
the amountof time since soil replacementand increases in urinary levels ofretinol binding
protein, total protein,and glucose(malesonly). In contrast, a follow-up study ofa portion of the
populationexaminedby Buchet et al. (1990) foundsmall, but statisticallysignificant, decreases
in urinary cadmium levels and urinary levels of ß2-microglobulin,NAG, and retinol binding
protein (Hotzet al. 1999).Urinary cadmium levels in this study (0.6-0.9 µg/g creatinineat
baselineand 0.5-0.8 µg/g creatinine at follow-up)were much lower than levels in the Japanese
studies. Although the data are inconclusive, there is some indication of reversibilityof renal
damage associated with exposureto low levels of cadmium following a substantialdecreasein
cadmium intake.
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NeurologicalEffectsA few studies have reported an association betweenenvironmental
cadmiumexposure and neuropsychologicalfunctioning. These studies used hair cadmiumas an
index ofexposure(seeSection3.g.1 for a discussionof the limitations ofusing hairas an
indicatorofexposure).End points that were affected includedverbal IQ in ruralMaryland

children (Thatcheret al. 1982),acting-out and distractibilityin rural Wyomingchildren
(Marloweet al. 19g5),and disruptive behavior in Navy recruits (Struempleret al. 1985).The

usefulnessof the data from these studies is limitedbecauseof the potentialconfoundingeffects

of lead exposure; lack ofcontrol for otherpossible confoundersincluding homeenvironment,
caregiving,and parentalIQ levels; and an inadequate quantificationofcadmium exposure.

ReproductiveEffects. Several studies have examinedthe possible associationbetween

increasedcadmiumexposureand malereproductive toxicity; however,most studiesfocusedon
sex steroid hormonelevels and the resultsappearto be inconsistent.Akinloye et al. (2006)found

significant associations between increasingbloodcadmium levels and increasing levels ofserum
luteinizinghormone, folliclestimulating hormone,prolactin, and testosteroneamong infertile
men (spermcounts <20 million/cm3or no spermatozoain semen).A significantassociation
between increasedblood cadmium levels and increased serum testosteronewas also found in a

group ofworkerswith slight to moderatelead exposure (Teli.manet al. 2000);however,neither
study controlled for smoking. A studyby Jurasovi. et al. (2004)found significantassociations
betweenbloodcadmiumlevelsand increased serumestradiol, folliclestimulating hormone,and
testosterone levels in infertilemen after adjustingfor age, smoking, alcohol consumption,and
biomarkersof lead, copper,zinc, and selenium.In contrast,a studyofChinese men living in
areaswithhigh levels ofcadmiumin rice did not find significantcorrelations betweenurinaryor
blood cadmium levels.andserumtestosterone,follicle stimulating hormone,or luteininzing
hormone levels after adjustingfor BMI, age, smoking, and alcohol consumption(Zenget al.
2004a).However, they did find that the prevalence ofabnormally elevatedserum testosterone
levels (>95thpercentile for controls)increased with exposure to cadmium.UsingNHANESIII
data, Menke et al. (2008)foundsignificant associationsbetweenurinary cadmiumlevels and

serum testosterone and estradiol levels, but the associationswere no longer significant after
adjustingfrom smokingstatusand serum cotinine levels. Differencesin study populations(e.g.,
infertilemen, backgroundcadmium exposure,high cadmium dietary exposure)and confounding
factors (e.g.,smoking, lead exposure)limit the interpretation ofthese results.

Threestudies examinedthe possibleassociationbetween cadmiumexposure and spermquality.
In infertilemen, increasingserum cadmiumlevelswere significantlyassociatedwithabnormal
sperm morphologyand decreasedsperm counts, spermmotility, and sperm viability (Akinloye et
al. 2006).Another study foundsignificant associationsbetween bloodcadmiumlevelsand
abnormal spermmorphologyand decreasedsperm motility in workerswith slight to moderate
lead exposure (Teli.manet al. 2000).As noted previously, neither study adjustedfor smoking.
No significant correlationsbetweenblood cadmiumlevels and sperm quality were observed in
infertile men with or withoutadjustmentfor smoking(Jurasovi.et al. 2004).Amongmen
exposed to high levels ofenvironmentalcadmium,blood cadmiumlevels were significantly
higherin men with abnormaldigital rectal examinationsof the prostateand trend analysis
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showed a dose-response relationship between cadmium exposure and the prevalence of abnormal
prostate specific antigen (Zenget al. 2004b).

Toxicological Profile for Lead

For the generalpopulation,exposure to lead occursprimarilyvia the oral route, with some
contribution from the inhalation route, whereas occupationalexposure is primarily by inhalation

with some contributionby the oral route. Because the toxic effects of lead are the same
regardless of the route ofentry into the body, the profile will not attempt to separatehumandose
data by routes of exposure.The dose data for humans are generallyexpressedin termsof
absorbed dose and not in termsof external exposure levels, or milligramsper kilogramper day
(mg/kg/day).The most common metric of absorbed dose for lead is the concentration of lead in
the blood (PbB),although other indices, such as lead in bone, hair, or teeth also are available
(further informationregarding these indices can be found in Section 3.3.2 and Section3.6.1).
The concentration of lead in blood reflects mainly the exposure historyof the previous few
months and does not necessarily reflect the larger burdenand much slowerelimination kinetics
of lead in bone. Lead in bone is considereda biomarker ofcumulativeor long-termexposureto
lead because lead accumulates in bone over the lifetime and most of the lead body burden resides
in bone. For this reason, bone lead may be a better predictor than blood lead of some health
effects.

Due to the extentof the lead database, it is impossible to cite all, or even most, of the studies on a

specific topic. We acknowledgesthat all studies that add a new piece of informationare
valuable, but the relative impact on the overall picture regarding lead toxicity varies among
studies. Given that the goal of this section is to providean overall perspective on the toxicology
of lead, some sections focus on studies that have provided majorcontributions to the
understandingof lead toxicity over those that only add a small piece of information into a very
big puzzle or that only reiterate findingspreviouslypublished.

Death

Few studies of the general populationhave been conducted. McDonaldand Potter (1996)studied
the possible effects of lead exposure on mortality in a series of454 children who were
hospitalized for lead poisoning at Boston's ChildrenHospital between 1923 and 1966 and who
were traced through 1991. Of the 454 patients eligible for the study, 88% had a history ofpaint
pica or known lead exposure; 90% had radiologicevidence of skeletalchanges consistent with
lead poisoning; and 97% had characteristicgastrointestinal, hematologic, and/or neurologic
symptoms. The averagePbB level in 23 children tested was 113 µg/dL; PbB tests were
performedroutinelyat the hospital only after 1963. A total of 86 deaths were observed, 17 of
these cases were attributed to lead poisoning. Althoughthe distributionofcauses of mortality
generally agreedwith expectations, there was a statisticallysignificantexcessofdeath from
cardiovasculardisease (observed/expected[O/E], 2.1; 95% confidence interval [CI], 1.3-3.2).
Three of four deaths from cerebrovascularaccidents occurred in females, and 9 of 12 deaths
from arteriosclerotic heart disease occurred in males. Two men died from pancreaticcancer
(0/E, 10.2; 95% CI, 1.1-36.2)and two from non-Hodgkin'slymphoma (O/E, 13.0; 95% CI, 1.5-
46.9).
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Lustbergand Silbergeld (2002)used data from the Second NationalHealth and Nutrition
Examination Survey (NHANESII) to examinethe associationof lead exposure and mortality in
the United States. A total of4,292 blood lead measurementswere available from participants
aged 30-74 years who were followed up through December 31, 1992. After adjustingfor
potential confounders, individualswith PbB between 20 and 29 µg/dL had 46% increasedall-
cause mortality, 39% increasedcirculatorymortality, and 68% increasedcancer mortality
comparedwith thosewith PbB <10 µg/dL. The results also showed that nonwhitesubjectshad

significantly increasedmortality at lower PbB than did white subjects,and that smoking was
associatedwith higher cancer mortality in those with PbB of20-29 µg/dL compared with those

with PbB <20 µg/dL. Recently, Schoberet al. (2006)used data from NHANES III (1988-1994)
to determinerelativerisk ofmortality from all causes, cancer, and cardiovasculardisease in
9,757participants who were240 years ofage. After adjustingfor covariates, relative to PbBs<5

µg/dL, the relative risks ofmortality from all causes for thosewith PbB 5-9 and 210 µg/dL were
1.24 (95%CI, 1.05-1.48)and 1.59 (95% CI, 1.28-1.98), respectively. Similar observationswere
reported for deathsdue to cardiovascular disease and cancer, and tests for trend were statistically
significant(p<0.01)for both causes ofdeath. Of interest also is a study that describes trends in
lead poisoning-related deaths in the United States between 1979 and 1998 (Kaufmannet al.
2003).Reviews of death certificates revealedthat approximately 200 lead poisoning-related
deaths occurred from 1979 to 1998. The majoritywere among males (74%),AfricanAmericans
(67%), adultsof age 245 years (76%), people living in the South region of the United States

(70%),and residentsin cities with populations<100,000habitants (73%).Lead poisoning was
the underlyingcause of death in 47% of the deaths. The authors also found that alcohol
(moonshineingestion)was a significantcontributingcause for 28% of adults.

SystemicEffects

Cardiovascular Effects.Effects on Blood Pressure.Numerousepidemiological studies have

examined associations betweenlead exposure (as indicated by PbB or bone lead concentration)
and blood pressure. Meta-analyses of the epidemiologicalfindings have found a persistenttrend
in the data that supports a relatively weak, but significant association. Quantitatively, this

association amountsto an increase in systolic blood pressureofapproximately1 mmHg with
each doubling ofPbB (Nawrot et al. 2002; Schwartz 1995; Staessen et al. 1994).The resultsof
more recentepidemiology studies indicate that the lead contributionto elevatedblood pressure is

more pronounced in middle age than at youngerages. Numerouscovariablesand confounders
affect studiesof associationsbetweenPbB and blood pressure, including age, body mass, race,

smoking, alcohol consumption,ongoingor familyhistoryof cardiovascular/renaldisease, and

various dietary factors (e.g.,dietary calcium). Includingconfounders in a regressionmodel will
attenuate the apparent associationbetweenlead exposureand the measured health outcome (e.g.,
Mollerand Kristensen 1992).For example, adjustingfor alcoholconsumption will decreasethe

apparentassociation between blood lead concentration and blood pressure, if alcohol
consumption contributes to lead intake and, thereby,blood lead concentration (Bost et al. 1999;

Hense et al. 1993; Hertz-Picciottoand Croft 1993; Wolfet al. 1995).Conversely, failure to
account for important effect modifiers(e.g.,inherited disease)will result in overestimationof the

apparent strengthof the association. Varying approaches and breadthof inclusion of these may
account for the disparity of results that have been reported.Measurementerror may also be an
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important factor. Blood pressureestimatesbased on multiple measurementsor, preferably, 24-
hour ambulatorymeasurements,are more reproduciblethan single measurements (Staessenet al.
2000).Few studies have employed such techniquesand, when used, have not foundsignificant
associations betweenPbB and blood pressure(Staessenet al. 1996b).

An additional limitationofblood lead studies, in general, is that PbB may not provide the ideal
biomarker for long-termexposure to target tissues that contributea hypertensiveeffect of lead.
Bone lead, a metric of cumulative or long-termexposureto lead, appears to be a betterpredictor
of lead-inducedelevations in blood pressurethan PbB (Chenget al. 2001; Gerr et al. 2002; Hu et
al. 1996a; Korricket al. 1999; Rothenberg et al. 2002a).In a recentprospectiveanalysis of the
NormativeAging Study, higher patellar lead levels, but not PbB, were associated with higher
systolicbloodpressureand abnormalitiesin electrocardiographicconduction (Chenget al. 1998,
2001).

Meta-analyses.A recent meta-analysis of 31 studies publishedbetween 1980 and 2001, which
included a total of 58,518 subjects(Nawrotet al. 2002),estimatedthe increase in systolic
pressureper doublingof PbB to be 1 mmHg (95%CI, 0.5-1.5) and the increase in diastolic
pressure to be 0.6 mmHg (95% CI, 0.4-0.8) (Table3-2; Figures 3-1 and 3-2). This outcome is

similar to two other meta-analyses.A metaanalysisreportedby Staessen et al. (1994)included 23

studies (publishedbetween 1984 and 1993; 33,141 subjects)and found a 1 mmHg (95%CI, 0.4-
L6) increase in systolic blood pressureand 0.6 mmHg (95% CI, 0.2-LO) in diastolicpressure
per doublingof PbB. Schwartz (1995)conducteda meta-analysis that encompassed a similar
time frame (15 studies publishedbetween 1985 and 1993)and found a 1.25 mmHg (95%CI,
0.87-1.63)increasein systolic blood pressureper doublingofPbB (diastolic not reported).The
latter analysis included only those studies that reported a standard error on effectmeasurement
(e.g.,increase in bloodpressure per doubling ofPbB). Of the 15 studies included in the Schwartz
(1995)analysis, 8 were also included in the Staessen et al. (1994)analysis.

Longitudinal Studies-General Populations--Adults. The NormativeAging Study is a
longitudinalstudy of health outcomes in males, initially enrolled in the Bostonarea of the United
States between 1963 and 1968. At enrollment, subjectsranged in age from 21 to 80 years (mean,
67 years)and had no history ofheart disease,hypertension,cancer, peptic ulcer, gout, bronchitis,
or sinusitus.Physical examinations, includingseated bloodpressure and medical history follow-
ups, have been conductedat approximately3-5-year intervals. Beginning in 1991, PbB and bone
x-ray fluorescence(XRF)measurements (mid-tibia and patella)were included in the
examinations.Data collectedfor a subsetof the study population (840subjects)observed
between 1991 and 1997 were analyzedfor associationsbetweenblood pressure and blood or
bone lead concentrations(Chenget al. 2001).Mean baselinePbB was 6.1 µg/dL (standard
deviation [SD], 4.0) for the entire study groupand 5.87 µg/dL (SD, 4.01) in the normotensive
group (n=323).Meanbone lead concentrations in the normotensivesubjects(n=337)were: tibia,
20.27 µg/g (SD, 11.55);patella, 28.95 (SD, 18.01).Based on a cross-sectionallinear multivariate
regressionanalysis of 519 subjectswho had no hypertensionat the time of first bone and blood
lead measurement,covariate-adjustedsystolic blood pressurewas not significantlyassociated
with PbB or patella lead concentration;however, increasing tibia lead concentrationwas
associated with increasingsystolic blood pressure.Follow-up examinationswere completedon
474 subjects,allowinga longitudinal analysisofhypertensionrisk. Covariate-adjustedrisk (risk
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ratio, RR; proportionalhazardsmodel)ofhypertension (systolic >160 mm Hg or diastolic>95
mm Hg) was significantlyassociatedwith patella bone lead concentrations(RR, 1.29; 95% CI,
LO4-1.61),but not with PbB (RR, 1.00; 95% CI, 0.76-1.33) or tibia bone lead concentration
(RR, 1.22; 95% CI, 0.95-1.57). Increases in patella lead concentration from 12.0 µg/g (mid-point

of lowest quintile) to 53.0 µg/g (mid-pointofhighest quintile)were associatedwith a rate ratio of
1.71 (95%CI, 1.08-2.70).Covariates considered in the analyses included age and body mass
index; race; family historyofhypertension;education;tobaccosmoking and alcohol
consumption; and dietary intakesof sodium and calcium. A cross-sectional case-controlanalysis
of the Normative Aging Study also foundsignificantassociationsbetween bone lead

concentration and risk ofhypertension (seediscussionofHu et al. 1996a).The observation that

risk ofhypertension in middleagedmales increasedin association with increasingpatellabone
lead concentration, but not tibia bone lead or PbB, is consistent with a similar finding in middle-
aged females, derived from the Nurses Health Study (Korrick et al. 1999).Associationsbetween
PbB and hypertension risk in middle-agedwomenhave been found in largercross-sectional
studies (Nashet al. 2003).These observations suggestthat, in some populations, blood pressure
increases may be more stronglyassociated with cumulative lead exposure (reflected in bone lead
levels)than more contemporaneousexposures (reflectedin blood lead concentrations).

A random sample from the general population ofBelgium (728subjects,49% male, age 20-82
years old) was studied during the period 1985 through 1989 (baseline;from Cadmibel study,
Dolene et al. 1993)and reexaminedfrom 1991 through 1995 (follow-up)(Staessenet al. 1996b).
Multipleseated bloodpressuremeasurements were taken during the baselineand follow-up
periods; multiple ambulatorymeasurementswere taken during the follow-up period. The
baselinePbB for the study group was 8.7 µg/dL (range,1.7- 72.5).Based on a linear multivariate
regressionanalysis (with log-transformedblood lead concentrations),covariate-adjustedtime-
integrated systolic or diastolic blood pressure,or changes in systolic or diastolicblood pressure
(follow-upcomparedto baseline)were not significantlyassociated with PbB or zine
photoporphyrin(ZPP)concentrations.The covariateadjustedrisk for hypertensionof doubling

of the baselinePbB was not significantly >l. Covariates consideredin the above analyses
included gender,age, and body mass index; menopausalstatus; smoking and alcohol
consumption;physicalactivity; occupational exposure to heavy metals; use ofantihypertensive
drugs,oral contraceptives,and hormonal replacementtherapy; hematocritor blood hemoglobin

concentration; and urinary sodium, potassium, and y-glutamyltransferaseactivity.

A random sample of the general population ofDenmark(451 males, 410 females,age 40 years)
was studied in 1976 (baseline)and reexaminedin 1981 (Grandjeanet al. 1989).Baseline and
follow-up observationsincludedsittingbloodpressure measurements,physicalexamination and
health histories, and PbB measurements.The medianbaselinePbB was 13 µg/dL (90th
percentile, 20) and 9 µg/dL (90th percentile, 13) in males and females,respectively. Covariate

adjustedlinear regressioncoefficients for relating systolic or diastolicblood pressure with PbB
(log-transformed)were not statistically significantin males or females. Covariatesconsideredin
the analysis includedheight-adjustedweight index, exercise, smoking, alcohol intake,

occupation, bloodhemoglobin, serum cholesterol, and serum triglycerides. Similar conclusions
were reported from a prospective study of this same population; adjustmentfor cardiovascular
risk factors (i.e.,body mass index, tobaccosmoking, alcoholconsumption, physical fitness)
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attenuated an apparentassociationbetween PbB and systolic and diastolic blood pressure(Moller
and Kirstensen 1992).

LongitudinalStudies43eneral Population-Pregnancy. A longitudinal study examined
associationsbetween blood pressure and lead exposure during pregnancyand postpartum
(Rothenberget al. 2002b). The study included 667 subjects(age 1544 years)registeredat
prenatal care clinics in Los Angeles during the period 1995-2001, and who had no history of
renal or cardiovascular disease, postnatal obesity (body mass index>40), or use of stimulant
drugs (e.g.,cocaine, amphetamines).Measurements of sitting blood pressure and PbB were made
during the third trimester and at 10 weeks postnatal. Tibia and calcaneusbone lead

concentrations (XRF) were measured at the postnatalvisit. Mean (geometric)PbBs were 1.9

µg/dL (+3.6/-l.0,geometric standarddeviation [GSD])during the third trimesterand 2.3 µg/dL
(+4.3/-l.2,GSD)postnatal. Mean (arithmetic)bone lead concentrationswere 8.0 µg/g (11.4,SD)
in tibia and 10.7 µg/g (11.9,SD) in calcaneus. Covariate-adjustedrisk (oddsratio, OR)of
hypertension (2140 mmHg systolicor 290 mmHg diastolic) in the third trimesterwas
significantlyassociated with increasingcalcaneous bone lead concentration (OR, 1.86; 95% CI,
1.04-3.32).A 10 µg/g increase in calcaneous bone lead concentration was associatedwith a 0.77

mmHg(95% CI, 0.04-1.36) increase systolicbloodpressure in the third trimesterand a 0.54
mmHg (95%CI, 0.01-1.08) increase in diastolicblood pressure. Covariates included in the final
model were age and body mass index, parity,postpartum hypertension, tobacco smoking, and
education.

LongitudinalStudies-Occupational. A population of496 current and former employeesofan
organic lead manufacturingfacility (meanage, 55.8 years) located in the eastern UnitedStates,

was studiedduring the period 1994-1996with follow-up examinationsat approximately 4-14-
month intervals through 1998 (Glennet al. 2003).Multipleseated blood pressure measurements
were taken at each examination.PbB was measured at the initial examination(baseline)and tibia
bone XRF measurements were taken in 1997. The mean PbB was 4.6 µg/dL and the mean tibia
bone lead concentration was 14.7 µg/g. Based on a generalizedestimating equationmodel,
covariate-adjustedsystolic blood pressurewas significantly associated with baseline PbB or tibia
bone lead concentration. A one standard deviation increase in PbB was associated with a 0.64
mmHg (95% CI, 0.14-1.14) increase in systolic blood pressureand a 0.009 (95% CI, -0.24-0.43)
increase in diastolic blood pressure.A one standard deviation increase in tibia bone lead

concentrationwas associatedwith a 0.73 mmHg (95%CI, 0.23-1.23) increase in systolic blood
pressureand a 0.07 mmHg (95% CI, -0.29-0.42) increase in diastolic blood pressure.Covariates
considered in the analyses included race; age and body mass index; diagnosisof diabetes,

arthritis, or thyroid disease; education; and bloodpressure measurement interval.

Case-control Studies-GeneralPopulation.A case-control study examinedpotential
associations between blood pressureand blood and bone lead concentrations in a populationof
middle-agedwomen (meanage, 61 years; Korricket al. 1999).Cases (n=89) and age-matched
controls (n=195)were a subset of women who resided in the Boston area of the United States
(recruitedduring the period 1993-1995)who were enrolled in the National Nurses Health Study
(NHS). Cases were selectedbased on selfreportedphysician diagnosis ofhypertensionas part of
the NHS. Potential controls were excluded from considerationif they had a history of
hypertensionor other cardiovascular disease, renal disease, diabetes, malignancies,obesity, or
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use ofantihypertensiveor hypoglycemic medication. Controls were stratified based on measured
bloodpressure: low normal (<115 mm Hg systolic and <75 mmHgdiastolic), or high normal
(>134 and <140 mmHg systolic or >85 and <90 mmHg diastolic).Multiplesitting blood pressure
measurements,PbB, and tibia and patella bone lead concentrationmeasurementswere taken at
the beginningof the study. Self-reported informationon medical historywas provided as part of
the NHS every 2 years. The mean PbB (casesand controls combined)was 3 µg/dL (range,<1-14
µg/dL). Mean bone lead concentrationswere: tibia, 13.3 µg/g and patella, 17.3 µg/g. Risk of
hypertension was assessedusing a logisticregression model. Covariate-adjustedrisk of
hypertension(definedas systolic pressure2140 mm Hg or diastolic 290 mm Hg) was

significantlyassociatedwith increasingpatella lead concentration,but not with tibia bone

concentration or PbB. An increase from the 10th to the 90th percentile ofpatella bone lead

concentration (from 6 to 31 µg/g) was associatedwith an increase in the odds ofhypertensionof
1.86 (95%CI, 1.09-3.19).Covariatesconsidered in the regression models included: age and
body mass index; dietarycalciumand sodium intakes; alcoholconsumptionand tobacco

smoking, and familyhistoryofhypertension. Of these, age and body mass index, dietary sodium
intake, and family history ofhypertensionwere includedin the final model. The OR (oddsof
being a case/odds of being in control group)of hypertensionwith increasingpatella lead

concentration was 1.03 (95%CI, 1.00-1.05).When stratified by age, the ORs were 1.04 (95%
CI, 1.01-1.07)in the >55 years of age groups and 1.01 (95% CI, 0.97-1.04) in the age group 555

years. Stratificationby menopausalstatus resulted in ORs of 1.04 (95%CI, 1.01-1.06)for the

postmenopausalgroupand 0.98 (95%CI, 0.91-1.04) for the premenopausalgroup (78 of 89 of
the cases, 93%, were postmenopausal).The observationthat risk ofhypertension in women
increased in association with increasingpatellabone lead concentration, but not tibia bone lead

or PbB, is consistent with a similar finding in men, derived from the longitudinalNormative
Aging Study (Chenget al. 2001). Associationsbetween PbB and hypertension risk in

postmenopausalwomen also have been found in larger cross-sectionalstudies (Nashet al. 2003;

see below).

As part of the NormativeAging Study, a case-control study examinedpotential associations
between blood pressureand blood and bone lead concentrationsin a populationofmiddle-aged
males (meanage, 66 years; Hu et al. 1996a).The NormativeAging Study is a longitudinalstudy

ofhealth outcomesin males, initially enrolled in the Boston area of the United States between
1963 and 1968. At enrollment, subjectsranged in age from 21 to 80 years (mean,67 years)and
had no history of heart disease, hypertension,cancer,pepticulcer, gout, bronchitis,or sinusitus.
Physical examinations, including seatedbloodpressure and medical history follow-ups,have
been conducted at approximately 3-5-year intervals. Beginningin 1991, PbB and bone x-ray
fluorescence (XRF) measurements(mid-tibia and patella)were included in the examinations.
Cases (n=146)and age-matched controls (n=444)were a subset of the study groupwho resided
in the Boston area of the United States (recruitedduring the period 1993-1995)who were
observedbetween 1991 and 1994. Hypertension cases were takingdaily medication for the
management ofhypertensionand/or had a systolic bloodpressure >160 mmHg or diastolic

pressure>96 mmHg. The mean PbBs in cases and controls were 6.9 µg/dL (4.3,SD) and 6.1

µg/dL (4.0, SD), respectively.Mean bone lead concentrations in cases and controls were: tibia,
23.7 µg/g (14.0,SD) and 20.9 µg/g (11.4,SD), respectively; and patella, 35.1 µg/g (19.5,SD)
and 31.1 µg/g (18.3,SD), respectively.Risk ofhypertension(OR) was assessed using a logistic
regressionmodel.Covariateadjustedrisk ofhypertension was significantly associated with
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increasingtibia lead concentration, but not withpatella bone concentrationorPbB. An increase
in tibiabone lead concentration from the mid-pointofthe lowestquintile(8 µg/g) to the mid-
pointofthe highest quintile (37µg/g)was associated with an OR of 1.5 (95%CI, 1.1-1.8).
Covariatesin the final regressionmodel included body mass index and familyhistoryof
hypertension.A longitudinal analysis of the NormativeAging Studyalso found significant
associationsbetween bone lead concentrationand riskofhypertension(seediscussion ofCheng

et al. 2001).

A case-control studyexamined the association betweenPbB and hypertension risk in middle-
aged and menopausalwomen(Al-Salehet al. 2005).Hypertensioncases (n=100;age, 47-92
years)andcontrols (n=85;age, 45-82years)were selected from the King FaisalHospital
HypertensionClinic (SaudiArabia)during the period 2001-2002. Hypertension case inclusion
criteria were: takingmedication,or >160 mm Hg systolicpressure, or >95 mm Hg diastolic
pressure.Control inclusioncriteria were: average systolic/diastolicpressure <120/80 mm Hg,
and no record of>130/85mmHg).Mean PbB of the case groupwas 4.8 µg/dL (range,1.4-28)
and of the control group was 4.6 µg/dL(range,1.2-18).CovariateadjustedORs in association
with a medianPbB>3.86µg/dL was 5.27 (95%CI, 0.93-30; p=0.06).

Cross-sectionalStudies-GeneralPopulation. Several analysesofpossible associations
between blood pressure and PbB havebeen conducted with data collected in the NHANES(II
and III). The NHANESIII collected data on blood pressureand PbB on approximately20,000
U.S. residentsduring the period1988-1994.The results of two analysesof the NHANES III data

on adult subjectsprovides evidence for an associationbetween increasingPbB and increasing
blood pressurethat is morepronouncedin blacks than whites (DenHondet al. 2002; Vupputuri
et al. 2003).Den Hond et al. (2002)analyzed datacollectedon 13,781 subjectsofage 20 years or
older who were white (4,685males;5,138 females)or black (1,761males;2,197 females).
Median PbBs (µg/dL,inter-quartilerange)were: white males, 3.6 (2.3-5.3);white females, 2.1

(1.3-3.4);black males, 4.2 (2.7-6.5); and black females, 2.3 (1.4-3.9).Based on multivariate
linearregression (with log-transformedblood lead concentration),the predicted covariate-
adjustedincrements in systolic blood pressureper doubling ofPbB (95%CI) were: white males,
0.3 (95%CI, -0.2-0.7,p=0.29);white females, 0.1 (95%CI, -0.4-0.5,p=0.80);black males, 0.9
(95%CI, 0.04-1.8, p=0.04);and black females, 1.2 (95%CI, 0.4-2.0,p=0.004).The predicted
covariate-adjustedincrementsin diastolicblood pressureper doublingofPbB (95%CI) were:
whitemales, -0.6 (95% CI, -0.9--0.3,p=0.0003);white females, -0.2 (95%CI, -0.5--0.1,
p=0.13);black males, 0.3 (95% CI, -0.3-1.0,p=0.28);and black females, 0.5 (95%CI, 0.01-1.1,
p=0.047).Covariates included in the regression models were: age and body mass index;
hematocrit,total serum calcium, and protein concentrations;tobacco smoking;alcohol and
coffeeconsumption; dietary calcium,potassium, and sodium intakes;diabetes; and use of
antihypertensivedrugs. Poverty index was not includedas a covariatein the above predictions
because its independenteffect was not significant; however,when included in the regression
model for black males, the effectsizewas not significant.

Vupputuri et al. (2003)analyzedthe NHANES HI subsetof 14,952 subjectsofage 18 years or
older who were white (5,360males; 5,188 females)or black (2,104males;2,197 females).Mean
PbBs (µg/dL,±SE)were: white males,4.4±0.1;white females,3.0±0.1; black males, 5.4±0.2;
and black females, 3.4±0.1. Based on multivariate linear regression,the predictedcovariate-
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adjustedincrements in systolicblood pressure per one standarddeviation increaseofPbB (95%
CI) were: white males, 0.29 (95% CI, -0.24-0.83,p20.05); white females,0.34 (95% CI, -0.49-
1.17, p20.05);black males, 0.83 (95% CI, 0.19-1.44, p<0.05); and black females, 1.55 (95% CI,
0.47-2.64,p<0.010).The predictedcovariate-adjustedincrements in diastolicbloodpressure per
one standard deviation increase in PbB (95% CI) were: white males,0.01 (95% C1, -0.38-0.40,
p20.05);white females, -0.04 (95%CI, -0.56-0.47,p20.05); black males, 0.64 (95%CI, -0.08-
1.20, p<0.05);and black females, 1.07 (95% CI, 0.37-1.77, p<0.01). Covariates included in the

regressionmodelswere: age and body mass index; alcohol consumption; dietary calorie,
potassium, and sodium intakes; and physical activity. The analysesof Den Hond et al. (2002)
and Vupputuri et al. (2003) suggestan association betweenblood pressure and PbB in blacks but

not in whites; among blacks, the association was significant for women and or borderline

significancefor men.

A more recentanalysis of the NHANES III data focusedon femalesbetween the ages of40 and
59 years (Nashet al. 2003).The study group (n=2,165)had a mean age of48.2 years and mean
PbB of 2.9 µg/dL (range,0.50-31.1).Basedon multivariate linear regression, covariate-adjusted
systolicand diastolicblood pressurewas significantlyassociated with increasing PbB. Increasing
PbB from the lowest(0.5- 1.6 µg/dL) to highest (4.0-31.1 µg/dL) quartile was associated with a
1.7 mmHg increase in systolicpressure and a 1.4 mmHg increase in diastolic pressure.The study
group was stratified by blood lead concentration (quartile), and into pre- and postmenopausal
categories.Increasedrisk of diastolic (but not systolic) hypertension (systolic2140 mmHg
diastolic 290 mmHg) was significantlyassociated with increasedblood lead concentration.
When stratified by menopausalstatus, the effect was more pronounced in the postmenopausal
group. Covariates included in the models were race, age, and body mass index; tobaccosmoking,
and alcohol consumption. The NursingHealth Study (Korrick et al. 1999)foundsignificant
associationsbetweenhypertension risk and patella lead concentration in postmenopausalwomen,
but not with PbB. However, the Nash et al. (2003)study included 850 postmenopausalsubjects,
comparedto 78 in the Korricket al. (1999)case-control study.

Relationships between PbB and hypertension were evaluatedin a surveyof 7,731 males, aged
40- 59 years, from 24 British towns in the British Regional Heart Study (BHRS) (Pococket al.
1984, 1988).The PbB distributions in the study group were approximately:<12.4 ìg/dL, 27%;
12.4-16.6 ig/dL, 45%; 18.6-22.8 ig/dL, 19%; and >24.9 ig/dL, 8%. The most recent,
multivariate analysisof the data from this survey (Pococket al. 1988),found that covariate-
adjustedsystolic blood pressure increased by 1.45 mmHg and diastolic blood pressure increased

by 1.25 mmHg for every doubling in PbB. Covariates included in the regressionmodel included
age, body mass index, alcohol consumption,cigarette smoking, and socioeconomic factors.
Covariate-adjustedrisk of ischemic heart disease (OR) was not significantly associated with
PbB. PbBs in cases (n=316)of ischemic heart disease were not statisticallydifferent, when
comparedto those of the rest of the study group, after adjustmentwas made for age, numberof
years smoking cigarettes,and townof residence.

A more recent surveyconductedin Great Britain (Health Survey for England, HSE)collected
data annually on blood pressureand PbB. An analysis of the HSE data collected in 1995

included 2,563 males (meanage, 47.5 years)and 2,394 females (meanage, 47.7)(Bost et al.
1999).Multiple seated blood pressure measurementswere taken. Mean (geometric)PbBs were
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3.7 ig/dL in males and 2.6 lg/dL in females. Based on multivariatelinear regression(with log-
transformedPbB), increasingcovariateadjusteddiastolic bloodpressurewas significantly
associated with increasingPbB in males, but not in females. Covariates included in the above
model were: age and body mass index, alcohol consumption and tobaccosmoking,
socioeconomic status, and region of residence; subjectswho were on antihypertensive agents
were excluded.

A cross-sectional study of potential associationsbetween blood and bone lead, and blood
pressure in older adults was conductedas part of the longitudinalBaltimoreMemoryStudy
(Martin et al. 2006).The study group consisted of 964 adults (age,50-70 years, 65% female)
who were evaluatedfor blood pressureand PbB during the period 2001-2002,and tibia lead
during the period 2002-2004. Mean PbB concentrationin the study group was 3.5 ig/dL
(SD±2.3)and tibia lead was 18.8 ig/g (SD±12.4).IncreasingPbB (but not tibia lead)was
significantlyassociated (linearregressionmodel)with increasing covariate-adjustedsystolic (â,
0.99 mm Hg per ig/dL; 95% CI, 0.47-1.51;p<0.0 I) and diastolic blood pressure (â, 0.51; 95%
CI, 0.24-0.79; p<0.01).Covariates included in the model included age, gender, body mass index,
sodiumand potassium intakes, SES, and race/ethnicity).Covariate-adjustedORs for
hypertension(>140 mm Hg systolicpressureor >90 mmHg diastolic pressure)were significantly
associated with tibia lead (but not PbB)only when the multivariatelogisticmodel excluded SES
(OR, 1.21; 95% CI, 1.02- 1.43; p=0.03)or SES and race/ethnicity(OR, 1.24; 95% CI, 1.05-
1.47; p=0.01) from the model. When SES and race/ethnicitywere included in the model, the
odds ratios were not significantfor tibia lead (OR, 1.16; 95% CI, 0.9&-1.77; p=0.09)or PbB
(OR, 1.01; 95% CI, 0.86-1.19).

The potential effects of childhood exposure to lead on bone lead-bloodpressurerelationships in
adulthood have been examined in a cohort study (Gerret al. 2002).The exposedcohort consisted
of251 people (ages19-24 years in 1994),who resided in any of five towns near the former
BunkerHill smelter in SilverValley, Idaho and were betweenthe ages of9 months and 9 years
during the period 1974-1975, when uncontrolled emissions from the smelter resulted in
contaminationof the region and elevatedPbB in local children. The referencecohort consisted of
257 Spokane,Washington residentsin the same age range as the exposed cohort. Individuals
were excluded from participatingin the study if they were black, pregnant, had a historyof
hypertensionor chronic renal failure, or had a PbB exceeding 15 ig/dL at the initial examination.
Subjectswere given a physical examination,which includedmedical history, multiple
measurementsofsittingblood pressure,PbB measurement,and XRF measurement of tibia bone
lead concentration. Relationshipsbetween blood pressureand bone lead were assessed using the
general linear model, in whichbone lead was expressed categorically(ig/g): <1, 1-5, >5-10, and
>10. Covariate-adjustedsystolic and diastolic blood pressureswere significantlyhigher in the
highest bone lead category compared to the lowest category; the differencesbeing 4.26 mmHg
(p=0.014)systolicpressure and 2.80 mmHg (p=0.03)diastolicpressure. Covariates retained in
the final models included gender, age and body mass index; blood hemoglobinand serum
albumin concentrations;education; tobacco smokingand alcohol consumption;current use of
birth controlpills; income; and currentPbB. While residence (exposedvs. reference)was not a
significantvariable in predictingblood pressure, 82% ofsubjectsin the highest bone lead group
were members of the exposed group (i.e., residents of the contaminated towns in 1974-1975).
Mean PbB during the exposure period, 1974-1975, was also higher in the high bone lead group
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(65 ig/dL) comparedto the lower bone lead groups (2-2.4 ig/dL). Similar findings were reported
by Hu et al. (1991a) in a pilot study ofsubjectswith well-documented lead poisoning in 1930-
1942 in a Boston area. Exposed subjects(meancurrent age, 55 years; mean current PbB, 6 ig/dL)

and controls were matched for age, race, and neighborhood. Comparisonof 21 matched pairs
showed that the risk ofhypertension was significantly higher in subjectswho had experienced
plumbism(RR,7.0; 95% CI, 1 2-42.3).Kidney function, evaluatedby measurementsof
creatinine clearancerate was significantly higher in subjectswith plumbismthan in controls, but
serum creatinine was not significantlydifferent than in controls subjects.The results from these

two studies (Gerret al. 2002; Hu 1991a)suggest the possibility that high childhoodexposures to
lead may contributeto higher blood pressure in adulthood. However, epidemiological studies of
children have not found significantassociationsbetween increasingPbB and bloodpressure
(Factor-Litvak et al. 1996; Friedlander1981; Rogan et al. 1978; Selbstet al. 1993).

HematologicalEffects. Lead has long been known to alter the hematological system. The

anemia inducedby lead is microcytic and hypochromic and results primarily from both
inhibition ofheme synthesis and shorteningof the erythrocyte lifespan. Lead interfereswith
heme synthesisby altering the activitiesofS-aminolevulinic acid dehydratase(ALAD)and
ferrochelatase.As a consequenceof these changes, heme biosynthesis is decreased and the

activity of the rate-limiting enzyme of the pathway, S-aminolevulinicsynthetase (ALAS), which
is feedback inhibited by heme, is subsequently increased.The end results of these changes in

enzymeactivitiesare increased urinary porphyrins,coproporphyrin,and S-aminolevulinicacid
(ALA); increased bloodand plasmaALA; and increased erythrocyteprotoporphyrin (EP).

Studies of lead workers have shownthat ALAD activity correlatedinversely with PbB (Alessio
et al. 1976; Gurer-Orhan et al. 2004; Hernberg et al. 1970; Meredith et al. 1978; Schuhmacheret
al. 1997; Tola et al. 1973; Wada et al. 1973),as has been seen in subjectswith no occupational
exposure (Secchiet al. 1974).ErythrocyteALAD and hepaticALAD activitieswere correlated
directly with each other and correlated inverselywith PbBs in the range of 12-56 µg/dL (Secchi
et al. 1974).

Generalpopulation studies indicate that the activityofALAD is inhibitedat very low PbB, with
no thresholdyet apparent.ALAD activity was inversely correlatedwith PbB over the entire
range of 3- 34 µg/dL in urban subjectsneverexposedoccupationally (Hernbergand Nikkanen
1970).Other reports have confirmed the correlationand apparent lack of threshold in different
age groups and exposure categories (children-Chisolm et al. 1985; Roels and Lauwerys 1987;

adults-Roels et al. 1976).Studies ofchildren in Indiaand Chinaalso have reported significant
decreases in ALAD activity associated with PbB>10 µg/dL (Ahamedet al. 2005; Jin et al.
2006).Inverse correlations betweenPbB and ALAD activity were found in mothers (at delivery)
and their newborns (cordblood). PbB ranged from approximately3 to 30 µg/dL (Lauweryset al.
1978).In a study in male volunteersexposed to particulate lead in air at 0.003 or 0.01 mg
lead/m3 for 23 hours/dayfor 3-4 monthsmean PbB increased from 20 µg/dL (pre-exposure)to
27 µg/dL at the 0.003 mg/m3 exposure level and from 20 µg/dL (preexposure)to 37 µg/dLat the
0.01 mg/m3 exposure level. ALADdecreasedto approximately80% of preexposure values in
the 0.003 mg/m3 group after 5 weeks of exposure and to approximately 53% ofpreexposure
values in the 0.01 mg/m3 group after 4 weeks of exposure (Griffin et al. 1975).Similar

observations were made in a study ofvolunteerswho ingested lead acetateat 0.02 mg
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lead/kg/dayevery day for 21 days (Stuik 1974).The decrease in erythrocyte ALADcould be

noticedby day 3 of lead ingestion and reached a maximumby day 14. Mean PbB was
approximately 15 µg/dLbeforeexposure and increased to approximately40 µg/dL during
exposure.Cools et al. (1976) reported similar results in a study of 11 volunteers who ingested
lead acetate that resulted in a mean PbB of40 µg/dL; the mean preexposurePbB was 17.2 µg/dL.

Inhibition ofALAD and stimulationofALAS result in increased levels ofALA in blood or
plasma and in urine. For example, in a case reportofa 53-year-old man with an 11-year

exposure to lead from removing old lead-basedpaint from a bridge, a PbB of55 µg/dL was
associated with elevated urinary ALA (Pollock and Ibels 1986).The resultsof the Meredith et al.
(1978)study on lead workersand controls indicated an exponential relationship betweenPbB

and blood ALA. Numerousstudies reporteddirect correlationsbetweenPbB and log urinary
ALA in workers. Some of these studies indicated that correlations can be seen at PbB of<40
µg/dL (Lauweryset al. 1974; Selander and Cramer 1970; Solliwayet al. 1996),although the
slope may be different(lesssteep)than at PbBs >40 µg/dL. In a study of98 occupationally
exposedsubjects(meanPbB, 51 µg/dL) and 85 matched referents(meanPbB, 20.9 µg/dL), it
was found that log ZPP and log ALA in urine correlatedwell with PbB (Gennartet al. 1992a).In
the exposed group, the mean ZPP was 4 times higher than in the comparison group, whereas
urinary ALA was increased 2-fold.

Correlationsbetween PbBs and urinaryALA similar to those observed in occupationally exposed
adultshave also been reported in nonoccupationally exposed adults (Roelsand Lauwerys 1987)
and children (unpublisheddata ofJ.J. Chisolm,Jr., reportedby NAS 1972).Linear regression
analyses conducted on data obtained from 39 men and 36 women revealedthat increases in
urinaryALA may occur at PbB >35 µg/dL in women and >45 µg/dL in men (Roelsand
Lauwerys 1987).A significantlinearcorrelation between PbB and log ALA was obtained for
data in children 1-5 years old with PbBs25-75 µg/dL. The correlationwas seen primarily at
PbBs >40 µg/dL,but some correlationmay persist at <40 µg/dL (NAS 1972).

Many studies havereported the elevationofEP or ZPP as being exponentially correlatedwith
PbBs in children. However, peak ZPP levels lag behind peak levels of PbB. The thresholdfor
this effect in children is approximately 15 µg/dL (Hammondet al. 1985; Piomelli et al. 1982;
Rabinowitzet al. 1986; Roels and Lauwerys 1987; Roels et al. 1976),and may be lower in the
presenceof iron deficiency (Mahaffeyand Annest 1986; Marcus and Schwartz 1987).A studyof
95 mother-infantpairs from Toronto showed a significant inverse correlationbetweenmaternal
and umbilicalcord lead levels and FEP (Korenet al. 1990).Most (99%) infants had cord PbBs
below 7 µg/dL; in 11 cases, the levels were below the detection limit. The cord bloodFEP levels
were higher than the maternal levels. This may reflect immature heme synthesis and increased
erythrocytevolume rather than lead poisoning,or perhaps an early effectof lead poisoning.

The PbB thresholdfor decreasedhemoglobin levels in children is judgedto be approximately 40
µg/dL (EPA 1986a; WHO 1977),based on the data ofAdebonojo(1974),Betts et al. (1973),
Pueschel et al. (1972),and Rosen et al. (1974). In a pilot study ofsubjectswho suffered lead
poisoningin 1930-1942 in a Boston area, hemoglobin and hematocrit were significantly
decreasedcomparedto unexposed matchedcontrols(Hu 1991a).The mean current age of the
subjectswas 55 years and the mean current PbB was 6 µg/dL. No differencewas noticed in red
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blood cell size or shape betweenexposedand control subjects.Hu et al. (1991a)suggested that
the effect observed may have represented a subclinical effect ofaccumulatedbone lead stores on
hematopoiesis.

Other studies have shown that adverseeffects on hematocritmay occur at even lower PbBs in

children (Schwartzet al. 1990).Anemia was defined as a hematocrit of<35% and was not
observedat PbB below20 µg/dL. Analyses revealedthat there is a strong negativenonlinear
dose-responserelationship between PbBsand hematocrit. Between 20 and 100 µg/dL, the
decrease in hematocritwas greater than proportional to the increase in PbB. The effect was

strongest in the youngest children. The analysis also revealed that at PbBs of 25 µg/dL, there is a

dose-relateddepressionof hematocrit in young children. Similar results also have been reported
by others (Kutbi et al. 1989).

Lead also inhibits the enzyme pyrimidine-5'-nucleotidasewithin the erythrocyte,which results in
an accumulation ofpyrimidinenucleotides (cytidine and uridine phosphates)in the erythrocyte
or reticulocyteand subsequent destructionof these cells. Erythrocytepyrimidine-5'-nucleotidase
is inhibitedin childrenat very low PbBs. A significantnegative linear correlation between

pyrimidine-5'-nucleotidase and PbB level was seen in 21 children with PbBs ranging from 7 to
80 µg/dL (Angle and McIntire 1978).Similar results were seen in another study with 42 children
whose PbB ranged from <10 to 72 µg/dL (Angle et al. 1982).Additional findings included a
direct correlationbetween cytidine phosphate levels and PbBs (log-log). There was no indication

of a threshold for these effects of lead in these two studies.

In summary,of all the parameters examined,ALAD activity appears to be the most sensitive
indicator of lead exposure. In studies of the generalpopulation,ALAD activity was inversely

correlated with PbBs over the entire range of 3-34 µg/dL. In contrast, the threshold PbB for
increase in urinaryALA in adults is approximately 40 µg/dL; for increases in blood EP or ZPP,

the threshold in adults is around 30 µg/dL, and the threshold for increasedZPP in children is

about 15 µg/dL in children. Threshold PbBs for decreasedhemoglobin levels in adults and

children have been estimated at 50 and 40 µg/dL, respectively.Althoughthe measurementof
ALAD activity seems to be a very sensitivehematological marker of lead exposure, the
inhibition of the enzyme is so extensive at PbBs>30 µg/dL that the assay cannot distiriguish
between moderate and severe exposure.

MusculoskeletalEffects. A study of the associationbetween lead exposure and bone density in

children was recently published (Campbellet al. 2004). The cohort consistedof 35 African
Americanchildren 8-10 years ofage from Monroe County, New York Stàte.The cohort was
divided into two groups, one (n=16)with mean cumulative PbB of 6.5 µg/dL (low-exposure

group) and the other (n=19)with mean cumulative PbB of 23.6 µg/dL (high-exposuregroup).
The groups were similar by sex, age, body mass index, socioeconomicstatus, physical activity,
or calcium intake. Contrary to what was expected,subjectswith high cumulativeexposurehad a

higher bone mineral density than subjectswith low-lead cumulativeexposure. Among 17 bony

sites examined, four were significantlydifferent (p<0.05).Campbellet al. (2004)speculated that
lead accelerates skeletal maturation by inhibiting proteins that decrease the rate of maturation of
chondrocytes in endochondralbone formation.A lower peak bone mineral density achieved in

young adulthood might predispose to osteoporosisin later life.
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The studies that have examined relationships between lead exposure, as reflected by PbB, and
the occurrence of dental caries in children have, for the most part, found a positiveassociation
(Campbellet al. 2000a; Gemmel et al. 2002; Moss et al. 1999).Moss et al. (1999)conducteda
cross-sectionalanalysis ofmeasurementsofPbB and dental caries in 24,901 people, including
6,541 children 2-11 years of age, recordedin the NHANES III (1988-1994). Mean (geometric)
PbBs were 2.9 µg/dL in children 2-5 years ofage and 2.1 µg/dL in children 6-11 years of age.
Increasing PbB was significantlyassociated with increased numberof dental caries in both age
groups, after adjustmentfor covariates.An increase in PbB of 5 µg/dL was associated with an

adjustedOR of 1.8 (95% CI, 1.3-2.5) for the age group 5-17 years. Covariates included in the
models were age, gender, race/ethnicity, poverty income ratio, exposure to cigarette smoke,
geographicregion, educationallevel ofhead ofhousehold, carbohydrateand calcium intakes,
and dentalvisits. A retrospective cohort study conducted in Rochester,NewYork comparedthe
risk ofdental caries among 154 children 7-12 years ofage associated with PbB less than or
exceeding 10 µg/dL, measuredat ages 18 and 37 monthsof age (Campbellet al. 2000a).The OR
(adjustedfor age at examination, grade in school, and number of dental surfacesat risk) for
caries on permanent teeth associated with a PbB exceeding 10 µg/dL was 0.95 (95%CI, 0.43-
2.09; p=0.89)and for deciduousteeth, 1.77 (95%CI, 0.97-3.24;p=0.07).Othercovariates
examined in the models, all ofwhichhad no significanteffect on the outcome,were gender,
race/ethnicity, SES, parental educationand residence in communitysupplied with fluoridated
drinking water, and variousdental hygiene variables. Gemmel et al. (2002)conducteda cross-
sectionalstudy ofassociationsbetweenPbB and dental caries in 543 children, 6-10 years of age,
who resided either in an urban (n=290)or rural (n=253)setting. Increasing PbB was significantly
associated with the numberof caries in the urban cohort, but not in the rural cohort. The mean
PbBs were 2.9 µg/dL (SD,2.0) in the urban group and 1.7 µg/dL (SD, 1.0)in the rural group.
Covariates examinedin the models were gender, race/ethnicity, SES, maternal smoking, parental
education, and various dental hygienevariables.

Dye et al. (2002)conducteda cross-sectional analysis of measurements of blood lead
concentration and indices ofperiodontal bone loss in 10,033 people, 20-69 years of age,
recorded in the NHANES III (1988-1994).Mean (geometric)PbB was 2.5 µg/dL (SE,0.08).
Increasingblood lead concentrationwas significantly associatedwith periodontalbone loss, after
adjustmentfor covariates. Covariates examined in the analysis included age, gender,
race/ethnicity,education,SES, age of home, smoking, and dental furcation (an indicatorof
severeperiodontal disease)as well as an interaction term for smoking and dental furcation.

HepaticEffects. In children, exposure to lead has been shown to inhibit formation of the
hemecontainingprotein cytochromeP-450, as reflected in decreasedactivity ofhepatic mixed-
function oxygenases. Two children with clinical manifestationsofacute lead poisoningdid not
metabolize the test drug antipyrineas rapidly as did controls (Alvares et al. 1975).Anotherstudy
found a significantreduction in 6ß-hydroxylationof cortisol in children who had positive urinary
excretion of lead (>500µg/24hours) upon ethylenediamine tetraaceticacid (EDTA)provocative
tests comparedwith an age-matchedcontrol group (Saengeret al. 1984).These biochemical
transformations are mediatedby hepatic mixed-functionoxygenases.

29



Effects on GlomerularFiltration Rate. In humans, reducedglomerular filtration rate (i.e.,
indicated by decreases in creatinine clearanceor increases in serumcreatinineconcentration)has

been observed in associationwith exposuresresulting in average PbBs <20 µg/.

The resultsofepidemiological studies ofgeneralpopulations have shown a significant effect of
age on the relationship betweenglomerular filtration rate (assessedfrom creatinineclearanceof
serum creatinine concentration)and PbB (Kim et al. 1996a; Muntner et al. 2003; Payton et al.
1994; Staessen et al. 1990, 1992; Weaveret al. 2003a, 2005b).Furthermore, hypertension can be

both a confounder in studies ofassociationsbetween lead exposure and creatinine clearance
(Pernegeret al. 1993)and a covariable with lead exposure (Harlan et al. 1985; Muntner et al.
2003; Payton et al. 1994; Pirkle et al. 1985; Pocock et al. 1984, 1988; Tsaih et al. 2004; Weiss et
al. 1986).These factors may explain some of the variableoutcomes ofsmallerstudies in which
the age and hypertension effects were not fully taken into account.When age and other
covariablesthat might contributeto glomerular diseaseare factored into the doseresponse

analysis, decreased glomerular filtration rate has been consistently observed in populations that
have averagePbB <20 µg/dL. In the Kim et al. (1996a)and Muntner et al. (2003) studies, a

significantrelationshipbetween serum creatinine and PbB was evident in subjectswho had PbB
below 10 µg/dL (serumcreatinine increased 0.14 mg/dL per 10-fold increase in PbB).Assuming
a glomerular filtration rate of approximately90-100 mL/minute in the studiesreported in, a

change in creatinine clearanceof 10-14 mL/minute would represent a 9-16% change in

glomerularfiltration rate per 10-fold increase in PbB. Estimating the change in glomerular
filtration rate from the incremental changes in serum creatinine concentrationreported in is far
less certain because decrements in glomerularfiltration do not necessarily give rise to

proportionalincreasesin serum creatinineconcentrations.A 50% decrementin glomerular
filtration rate can occur without a measurable change in serum creatinine excretion(Bradyet al.
2000).Nevertheless, the changes reported in (0.07- 0.14 mg/dL) would represent a 6-16%
increase,assuming a mean serum creatinine concentration of0.9- 1.2 mg/dL. This suggests at
least a similar, and possibly a substantially larger, decrementin glomerular filtrationrate. The

confoundingand covariable effects ofhypertension are also relevant to the interpretation of the

regressioncoefficientsreported in these studies. Given the evidence for an associationbetween
lead exposure and hypertension,and that decrementsin glomerular filtration rate can be a

contributorto hypertension, it is possible that the reportedhypertension-adjustedregression
coefficients may underestimatethe actual slope of the blood lead concentration relationship with
serum creatinine concentrationor creatinine clearance.

The above observationssuggest that significant decrements in glomerularfiltration rate may
occur in associationwith PbB below 20 µg/dL and, possibly, below 10 µg/dL (Kim et al. 1996a;

Muntneret al. 2003).This range is used as the basis for estimates of lead intakes that would
place individualsat risk for renal functional deficits.

LongitudinalStudies-GeneralPopulation. Three studiesofglomerular function and lead

exposure were conductedas part of the NormativeAging Study, a longitudinalstudy ofhealth

outcomes in 2,280 males, initiallyenrolled in the Boston area of the United States between 1963

and 1968. At enrollment,subjectsranged in age from 21 to 80 years (mean,67),and had no
historyofheart disease, hypertension,cancer, peptic ulcer, gout, bronchitis, or sinusitus. Physical

examinations, includingseatedblood pressure and medical history follow-ups, were conducted at
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approximately 3-5-year intervals. Beginning in 1987, participantswere requested to provide24-
hour urine samples for analysis, includingurine creatinine; and beginning in 1991, blood and
bone concentrationswere included in the examinations. Data collected from a subsetof the study
population(744 subjects,observedbetween 1988 and 1991)were analyzedfor associations
betweenserum creatinine, renal creatinineclearance, and blood lead concentrations (Paytonet al.
1994).Mean age of the study group was 64.0 years (range,43- 90).MeanbaselinePbB was 8.1

ig/dL (range,<4-26 ig/dL). Based on multi-variatelinear regression(with log-transformedPbB),
covariate-adjustedcreatinine clearance was significantlyassociated with blood lead
concentration (regressioncoefficient, -0.0403; SE, 0.0198; p=0.04).A 10-fold increase in PbB
was associatedwith a decrease in creatinineclearance of 10.4 mL/minute. This would represent a
decrease in creatinine clearanceof approximately11% from the groupmean of 88 mL/minute.
Covariatesincluded in the regressionmodel were age and body mass index; systolicand diastolic
blood pressure; alcohol consumptionand tobacco smoking; and analgesic or diuretic
medications.

In a subsequentlongitudinal study, data collected from a randomsubset of the NormativeAging
Study population (459subjects,observed between 1991 and 1994)were analyzed for
associationsbetween serum creatinine and PbB (Kimet al. 1996a).Mean age of the study group
was 56.9 years (range,37.7- 87.5).Mean PbB was 9.9 µg/dL (range,0.2-54. I µg/dL). Based on
multivariate linear regression (with log-transformedPbB),covariate-adjustedserum creatinine
concentration (mg/dL) was significantlyassociatedwith PbB. A 10-fold increase in PbB was
associated with an increaseof0.08 mg/dL in covariate- adjustedserum creatinine (95%CI,
0.02-0.13). This would representan increase of approximately 7% from the group meanof 1.2

mg/dL. When subjectswere stratifiedby PbB, the associationwas significant for three blood
lead categories:540, 525, and 510 µg/dL. In subjectswho had PbB 510 µg/dL, serum creatinine
was predicted to increase0.14 mg/dL per 10-fold increase in PbB (approximately 11% increase
from the unstratifiedgroup mean).Covariatesincluded in the models were age and body mass
index; hypertension;alcohol consumption and tobaccosmoking;and education.

A prospective study included 707 subjectsfrom the Normative Aging Study who had serum
creatinine, blood lead and bone lead measurements taken during the period 1991-1995
(baseline),and a subset of the latter group (n=448)for which follow-upserum creatinine
measurements made 4-8 years later (Tsaihet al. 2004).Mean age of the study group was 66
years at the time ofbaselineevaluationand 72 years at follow-up. Mean PbB was 6.5 µg/dLat
baseline and 4.5 at follow-up. Baselinebone lead concentrations were: tibia, 21.5 µg/g and
patella, 32.4 µg/g and were essentiallythe same at follow-up.Associations between covariate-
adjustedserum creatinineconcentrations and lead measures were significant(p<0.05)in the
studygroup only for blood lead and follow-up serum creatinine.Covariates included in the
modelswere age and body mass index; diabetes and hypertension;alcohol consumption and
tobaccosmoking; and education. When stratified by diabetes and hypertensionstatus,significant
associationsbetweenserum creatinine concentration and lead measures (blood or bone lead)
were found in the diabetic (n=26)and hypertensive groups (n=115),suggesting the possibilityof
interactions between lead exposure, glomerular function,diabetes, or hypertension.An increase
in tibia bone lead concentration from the mid-pointof the lowest to the highest quintile (9-34
µg/g) was associated with a significantlygreater increment in serum creatinine concentration
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among diabetics(1.08mg/dL per 10 years)compared to nondiabetics(0.062 mg/dL per 10

years).

Cross-sectionalStudies-GeneralPopulation. The NHANES III collected data on serum
creatinine concentrationsand PbB on approximately20,000U.S. residentsduring the period
1988-1994. Muntner et al. (2003)analyzed data collected on 15,211 subjectsofage 20 years or
older. Subjectswere stratifiedinto normotensive (n=10,398)or hypertensivecategories
(n=4,813;2140 mmHg systolic pressureor 290 mmHg diastolicpressure).Mean PbB was 3.30

µg/dL in the normotensivegroup and 4.21 µg/dL in the hypertensivegroup. Associations
between PbB and risk ofelevatedserum creatinine concentrationsor chronic renal disease (i.e.,
depressed glomerular filtrationrate)were exploredusing multivariateregression. Elevated serum
creatinine concentration was defined as 21.5 or >1.3 mg/dL in non-Hispanic Caucasianmales
and females, respectively;21.6 mg/dL (males)or 1.4 mg/dL (females)for non-HispanicAfrican
Americans; or 21.4 mg/dL (males)or 21.2 mg/dL (females)for MexicanAmericans.Glomerular
filtration rate was estimatedfrom serum creatinine concentrationusing a predictive algorithm
(Levey et al. 1999).Chronicrenal disease was defined as glomerularfiltrationrate <60
mL/minute per 1.73 m2 ofbody surface area. Covariate-adjustedORs were estimatedfor PbB

quartiles 2 (2.5-3.8 µg/dL), 3 (3.9- 5.9 µg/dL), and 4 (6.0-56.0 µg/dL), relative to the I st

quartile (0.7-2.4 µg/dL). The ORs for elevatedserum creatinine concentration and chronic renal
disease, but not in the normotensivegroup, exceeded unity in all quartiles ofPbB and showeda

significantupward trend with PbB. Covariate-adjustedORs for chronic renal disease were: 2nd

quartile, 1.44 (95%CI, 1.00-2.09);3rd quartile, 1.85 (95% CI, 1.32- 2.59);and 4th quartile,
2.60 (95%CI, 1.52-4.45).A 2-fold increase in PbB was associated with an OR of 1.43 (95%CI,
1.20-1.72)for elevatedserum creatinine concentration or 1.38 (95% CI, 1.15-1.66)ofchronic
renal disease. Covariatesincluded in the models were age, genderand body mass index; systolic
bloodpressure;cardiovasculardisease and diabetes mellitus; alcohol consumption and cigarette
smoking; and householdincome, marital status, and health insurance.A strongerassociation
betweenPbB and depressed glomerularfiltration rate (i.e., creatinine clearance)also was found
in people who have hypertension,comparedto normotensive people, in the smaller prospective
study (Tsaihet al. 2004).

An analysisof relationshipsbetweenPbB and renal creatinineclearancewas conductedas part of
the Belgian Cadmibel Study (Staessenet al. 1992).The Cadmibel Study was a cross-sectional
study, originally intended to assesshealth outcomesfrom cadmiumexposure. Subjectsrecruited
during the period 1985-1989 resided for at least 8 years in one of four areas (two urban, two
rural) in Belgium. One of the urban and rural areas had been impacted by emissionsfrom heavy

metal smelting and processing.PbB and creatinine clearance measurements were obtained for
965 males (meanage, 48 years)and 1,016 females (meanage, 48 years).Mean PbB was 11.4

µg/dL (range,2.3-72.5) in males and 7.4 µg/dL (range,1.74>.0)in females. Based on

multivariate linear regression(with log-transformed PbB), covariate- adjustedcreatinine
clearancewas significantly associatedwith PbB in males. A 10-fold increase in PbB was
associated with a decrease in creatinine clearance of 13 mL/minute in males and 30 mL/minute
in females. This would represent a decrease in creatinine clearanceof approximately 13% from
the group meanof99 mL/minutein males, or 38% from the group meanof 80 mL/minute in
females. Covariatesincluded in the regressionmodel were age and bodymass index; urinaryy-
glutamyltransferaseactivity; and diuretictherapy. A logistic regression model was applied to the
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data to examine the relationshipbetween risk of impaired renal function, defined as less than the
5th percentile value for creatinine clearance in subjectswho were not taking analgesicsor
diuretics (<52 mL/minute in males or 48 mL/minute in females).A 10-fold increase in PbB was
associatedwith a covariate-adjustedrisk for impaired renal functionof3.76 (95% Cl, 1.37-10.4;
p=0.01).Covariatesincluded in the logistic model were age and body mass index; urinaryy-
glutamyltransferase activity; diabetes mellitus; and analgesicor diuretic therapy.

A cross-sectional studyof civil servants in London examinedrelationships betweenPbB and
serumcreatinine concentration (Staessenet al. 1990).Participantsincluded 398 males (mean
age, 47.8 years)and 133 females (meanage, 47.5 years).Mean PbB was 12.4 µg/dL in males and
10.2 µg/dL in females.Serum creatinine concentration was significantly(p=0.04, linear
regressionwith log-transformed PbB)associated with PbB in males, but not in females. The
associationwas no longersignificantafter excluding two subjectsfrom the analysiswho had
serum creatinine concentrations exceeding 180 µmol/L (2 mg/dL). The predictedincrease in
serum creatinine concentrationper 25% increase in PbB was 0.6 µmol/L (95%CI, -0.2-1 36).
Althoughseveral covariates were consideredin the analysis of the blood lead concentrationdata,

covariates included in the regressionmodel for serum creatinineconcentration were not reported.

Neurological Effects

In studieswhere adults were exposedoccupationallyto lead, a number ofneurobehavioral
parameters were reportedly affectedat high lead levels. Althoughas Goodman et al. (2002)
pointedout, the lack of true measures ofpre-morbid state, observerbias, and publication bias

affect the overall assessment,the preponderanceof the evidence indicates that lead is associated
with neurobehavioralimpairment in adult workers at PbBs below 70 µg/dL.

Krieg et al. (2005)useddata from the NHANES III to assess the relationshipbetweenPbB in
adults and performance on the three computerizedneurobehavioraltests includedin the survey:
simple reaction time, symbol-digitsubstitution, and serial-digit learning. The age of the
participants ranged from 20 to 59 years old and a total of4,937 completed all three tests. The
study also evaluated 26 previously publishedcross-sectionaloccupational studiesconductedin
various countries that used the same neurobehavioraltests included in the survey. Potential
confounders evaluatedin the analysis included sex, age, education, family income,
race/ethnicity, computeror video game familiarity,alcohol use, test language,and survey phase.
In the NHANES III, the PbB of those taking the neurobehavioraltests ranged from 0.7 to 42
µg/dL and the geometric and arithmetic means were 2.5 and 3.3 µg/dL, respectively. The results
showedno statisticallysignificantrelationshipsbetween PbB and neurobehavioraltest
performance after adjustmentfor confounders.In the occupational studies, the mean PbB in the
controls was 11.4 µg/dL (range,3.7-20.4 µg/dL), whereasthe mean in the exposedgroups was
41.1 µg/dL (range,24.0-72 µg/dL). The groups exposed to lead in the occupational studies
consistently performed worse than control groups on the simple reaction time and digit-symbol
substitution tests. Somepossible explanationsfor the lack ofassociationbetween PbB and
neurobehavioral scores in the surveymentionedby Krieg et al. (2005) include lack of toxicityoflead in adults at the levels investigated, a sample size or study design that did not allow enough
precision to detect a relationship, or neurobehavioraltests that are not sensitiveto the toxicity oflead at the levels investigated.
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The effectsof lead exposure on neurobehavioralparameters in nonoccupationalcohorts of older
persons also have been evaluated. Muldoon et al. (1996) conducted a wide range of cognitive
tests designed to assessmemory, language, visuo-spatial ability, and general intellectual status,
as well as sensorimotor functionin a group of 530 female participants in the Study of
OsteoporoticFractures.The cohortconsisted of 325 rural dwellersand 205 urban dwellerswith
geometric mean PbB of4.5 µg/dL and 5.4 µg/dL, respectively; the overall rangewas 1-21

µg/dL. The correspondingmean ages were 71.1 and 69.4 years. For the group, the scores on the

various tests were average,consistentwith normal values reported for older women. PbB showed
a significantinverse associationwith performanceonly among the rural dwellers.After adjusting
for age, education, and tobacco and alcohol consumption,women with PbB;>8 µg/dLperformed
significantly worse in tests ofpsychomotorspeed, manual dexterity, sustainedattention, and

mental flexibility than women with PbB 53 µg/dL. Similar results were found for reaction time
tests after furtheradjustingfor history ofdiabetesand/or arthritis. A similar study was conducted
in a cohortof 141 men participants in the NormativeAging Study (Paytonet al. 1998).In this
study, in addition to PbBs, lead in bone (tibia and patella)was also measured. The mean PbB

among the participants was 5.5 µg/dL (rangenot provided),and the mean age was 66.8 years.
Tibial and patellar bone lead showeda strongercorrelationwith each other than eitherof them

with blood lead. After adjustingfor age and education, the results showed that men with higher
PbB recalled and defined fewer words, identified fewer line-drawnobjects,and required more
time to attain the same level of accuracyon a perceptual comparison test as men with the lowest
level ofPbB. In addition,men with higher blood and tibial lead copied spatial figures less

accurately, and men with higher tibial lead had slowerresponse for patternmemory. The results
showed that PbB was the strongestpredictorofperformance on most tests. Also of interest was
the finding that lead in the tibia, which changes at a slower rate, showedmore significant
relationshipswith cognitive test scores than patellar bone lead, which changesmore rapidly.

A more recent study of526 participants of the Normative Aging Study with a mean age of 67.1

years and mean PbB of 6.3 µg/dL reportedthat patellar lead was significantly associatedwith
psychiatricsymptomssuch as anxiety, depression, and phobic anxiety (Rhodeset al. 2003).In an
additional study ofNormativeAging Study participants (meanPbB, 4.5 µg/dL; mean patella Pb,
29.5 ppm), it was found that both bone and blood lead were associated with poor test

performance (Weisskopf et al. 2004; Wright et al. 2003c).Accordingto the investigators, these
fmdingsare consistent with the theory that bone lead chronicallyremobilizes into blood, thus

acceleratingcognitivedecline. In yet an additional study, Shih et al. (2006)reported that in a

group of 985 of sociodemographicallydiverse urban-dwellingadults in the United States (mean
age, 59.4 years)higher tibia lead levels were consistently associated with worseperformance in
tests of cognitive function after adjustingfor confounders;no such associationwas found with
PbB. Mean tibia lead was 18.7 ppm (SD±11.2ppm) and mean PbB was 3.5 µg/dL (SD±2.2
µg/dL). An increase in one interquantil range of tibia lead was equivalentto 2.241 more years

of age across the tests conducted, the average tibia lead effectswas 36% of the age effect. Shih et
al. (2006)suggested that, in the population studied, a proportionofwhat was termed normal age-
relateddecrementsin cognitive function may be attributable to neurotoxicants such as lead.

PeripheralPhysiological Effects in Adults.There are numerous studies available on peripheral
nerve function that measured the conduction velocity ofelectricallystimulatednerves in the arm
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or leg of lead workers. Representative studies are summarized below. A prospective occupational
study found decreased nerve conduction velocities(NCVs) in the median (motor and sensory)
and ulnar (motor and sensory)nerves ofnewly employed high-exposureworkers after 1 yearof
exposure and in the motornerve conduction velocity of the median nerve of this group after 2 or
4 years ofexposure (Seppalainenet al. 1983);PbBs ranged from 30 to 48 µg/dL. Althoughthe
severity of the effectson NCV appearedto lessen with continued exposure, severalof the high-
exposureworkers in this study quit 1 or 2 years after starting. Thus, the apparent improvement in
NCVs may have been due to a healthy workereffect. A similarhealthy worker effect may have
accounted for the negative results of Spivey et al. (1980) who testedulnar (motor and slow fiber)
and peroneal (motor) nerves in 55 workers exposed for 1 year or more and whose PbBs ranged
from 60 to 80 µg/dL. The studies differed in design; one prospectively obtainedexposurehistory,
while the other did it retrospectively. The end points that were measuredalso differed;Spivey et
al. (1980)did not test the mediannerve, which was the most sensitiveend point in the study by
Seppalainen et al. (1983).Ishida et al. (1996) found no significant association betweenPbBs of
2.1- 69.5 µg/dL and median nerve conduction velocity among a group of58 male and 70 female
ceramic painters.

In cross-sectionaloccupationalstudies, significant decreases in NCVs were observedin fibular
(motor) and sural (sensory)nerves as a function ofPbB with duration ofexposure showing no
effect (Rosenand Chesney 1983).In anotherstudy, decreases in NCVs ofulnar (sensory,distal)
and median (motor)nerves were seen primarily at PbBs >70 µg/dL (Triebig et al. 1984).
Durationof exposure and number of exposedworkers in these two studies were 0.5-28years
and 15 workers (Rosenand Chesney 1983),and 1-28 years and 133 workers (Triebig et al.
1984).Results ofan earlier study by Araki et al. (1980)suggest that the decrease in NCV is
probably due to lead since median (motor) NCVs in workers with a mean PbB of48.3 µg/dL
were improved significantlywhen PbB was lowered through CaNa2EDTA chelation therapy. A
study by Muijser et al. (1987)presented evidenceof improvementofmotorNCV after cessation
of exposure. After a 5-month exposure, the PbB was 82.5 µg/dL and decreased to 29 µg/dL 15

months after the terminationofexposure, at which time, NCVs were not differentfrom a control
group.

The resultsof these studies indicate that NCV effects occur in adults at PbBs <70 µg/dL, and
possibly as low as 30 µg/dL.Ehle (1986),in reviewing many of the studiesofNCV effects,
concluded that a mild slowing of certain motor and sensory NCVs may occur at PbBs <60
µg/dL, but that the majority of studies did not fmd correlations betweenPbB and NCV below 70
µg/dLand that slowing ofNCV is neither a clinical nor a subclinical manifestation of lead
neuropathy in humans. Other reviewers have pointed out that decreases in NCV are slight in
peripheralneuropathies(suchas that inducedby lead)that involveaxonal degeneration(Le
Quesne1987),and that although changes in conductionvelocityusually indicate neurotoxicity,
considerablenerve damage can occurwithout an effect on conduction velocity (Anderson1987).
EPA (1986a)noted that although many of the observedchanges in NCV may fall within the
rangeof normal variation, the effects represent departures from normal neurological functioning.
NCV effects are seen consistentlyacross studiesand although the effects may not be clinically
significantfor an individual, they are significantwhen viewed on a population basis. This is
further supported by the meta-analysisof 32 studies ofeffects of lead exposure on NCV (Davis
and Svendsgaard 1990).
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More recent studies also have producedmixed results. Chia et al. (1996a)measuredNCV in a

group of72 male workers from a lead battery-manufacturing factory and 82 unexposedreferents.
Measurements ofNCV in the median and ulnar nerves, as well as ofPbB were performed every
6 months over a 3-yearperiod. The geometric mean PbB for the exposedworkers at the
beginning of the study was 36.9 µg/dLcompared to 10.5 µg/dL for the referents.Baseline

measurementsrevealedsignificantslower NCV in workers,mostly in the median nerve. Serial

measurements in the exposedworkers over the 3-yearperiod showeda peak in PbB in the third
test whichwas followed by a decrease in median sensory conduction velocity and ulnarsensory

nerve conduction velocity in the fourth test. Evaluation at the end of the study of28 workerswho
completedthe 3-year period showed significant associationsbetweenPbB and five out of the

eight parametersmeasured.The same was observed when only workerswith PbB >40 µg/dL
were included in the analysis, but no significant association was found amongworkerswith PbB

<40 µg/dL. Yeh et al. (1995)evaluatednerve conduction velocityand electromyographic(EMG)

activity in a groupof31 workers from a battery recyclingfactory and 31 sex- and age-matched
controls. The mean durationof exposure to lead was 30.4 months and the mean PbB was 63

µg/dL (range,17-186 µg/dL); PbB was not measured in the control group. Eighty percent of the

workers (n=25)had extensor weaknessof the distal upper limbs and six of these workers had

weaknessin dorsiflexionof the foot; data for the control group were not provided.These 25

workers were classified as the lead neuropathy subgroupand the remaining 6 as the lead

exposuresubgroup.Studiesofmotor nerve conduction experimentsshowed a significantly
increased distal latency in the mediannerve from exposedworkers relative to controls, but no
such effect was seen in the ulnar, peroneal,and tibial nerves. Studies of sensorynerve

conduction did not reveal any significantdifferences betweenexposed and control workers.
Ninety-four percentof the exposed workers had abnormalEMG, but no mention was made

regarding the controlgroup. After controlling for age and sex, the authors found a significant
positiveassociation between an index ofcumulative exposure to lead (ICL) and the distal motor
latenciesof tibial nerves and significant negative associationbetween ICL and the NCVs of sural
nerves. No correlation was found betweencurrentPbB or duration of exposure and

neurophysiological data. Taken together, the data available suggestthat in lead workersslowing
ofNCV starts at a mean PbB of 30-40 µg/dL.

Other PhysiologicalEffects in Adults. Studies also have shown that exposure to lead affects
postural balance. For example, Chia et al. (1996b)evaluated the possible associationbetween

postural sway parametersand current PbB, cumulativePbB at differentyears of exposure, and an
index of total cumulativeexposure to lead in a group of 60 workers; 60 unexposedsubjects
served as a control group. The current mean PbB was 36 µg/dL (range,6.4-64.5µg/dL)among
the workers and 6.3 µg/dL (range,3.1-10.9µg/dL) among the referents.Exposedand referents
differedsignificantly in posturalsway parameters when the tests were conductedwith the eyes

closed, but not with the eyes open. Although the postural sway parameterswere not significantly
correlatedwith current PbB or with total cumulative lead exposure, a significantcorrelation
existed with exposure during the 2 years prior to testing. The authors speculatedthat the lack of
correlationbetweenpostural sway and cumulative lead exposurecould be due to underestimation

ofcumulativeexposure and/or to the effects of lead being reversible.A similar study of49 male
lead workers employed at a chemical factory producing lead stearate found that an increase in

postural swaywith the eyes open in the anterior-posteriordirectionobserved in exposed workers
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was related to current PbB (mean,18 µg/dL) (Yokoyama et al. 1997).Also, an increasein sway
with the eyes closed in the right-leftdirectionwas significantlyrelated to the mean PbB in the
past. Accordingto Yokoyama et al. (1997),the change in the vestibulo-cerebellum seemed to

reflect current lead absorption, whereas the change in the anteriorcerebellar lobe reflected past
lead absorption.Changes in postural balance observed in a group of 29 female lead workers with
a mean PbB of55.7 µg/dL in a more recent study from the same group of investigators led them
to suggest that lead affects the anteriorcerebellar lobe, and the vestibulo-cerebellar and
spinocerebellarafferent systems (Yokoyamaet al. 2002).Other studies also have reported
decreasedpostural stability in lead workers (Dick et al. 1999; Iwata et al. 2005; Ratzon et al.
2000),but whether the alterations are associated with current measures of exposure or measures

of cumulativeexposure remains to be elucidated.

The effectof lead exposure on somatosensory evokedpotentials has been evaluated in numerous
studies of lead workers. Comprehensive reviews on this topic are available (Araki et al. 2000;
Otto and Fox 1993).For example, delayed latenciesofvisual evoked potentials have been

reported in several studies of lead workers with PbB of approximately 40 µg/dL (Abbateet al.
1995; Araki et al. 1987; Hirata and Kosaka 1993).In contrast,no significantassociationwas
found betweenexposure to lead and the latencies of visual and brainstemauditoryevoked
potentials in a group of36 female glass workerswith a mean PbB of 56 µg/dL and mean
exposure duration of 7.8 years (Murata et al. 1995).Also, in a similarstudy of 29 female lead

workers with a mean PbB of 55.7 µg/dL (range,26-79 µg/dL) and a mean employment duration

of 7.9 years in a glass factory,Yokoyama et al. (2002) reportedno significantdifferences in the
latencies of brain auditory evoked potentials (BAEP) betweenthe workers and 14 control
workers (meanPbB, 6.1 µg/dL). Counter and Buchanan (2002)reported delayedwave latencies

consistent with sensory-neuralhearing impairmentin adults with chronic exposure to lead
through ceramic-glazingwork and with mean PbB of47 µg/dL, and suggested that this fmding
may be attributable to occupationalnoise exposure in combination with lead intoxication.
Bleecker et al. (2003)found dose-dependent alterations in BAEP among lead workers with a

mean PbB of28 µg/dL and a mean-employment duration of 17 years. Analysisof the results led
them to suggest that current lead exposure preferentiallyaffected conduction in the distal
auditorynerve while chronic lead exposure appearedto impair conduction in the auditory nerve
and the auditory pathways in the lower brainstem.

An additional parameter that has been studied in lead-exposedworkers is the
electrocardiographicR-R intervalvariability, a measureofperipheral autonomicfunction. R-R
interval variability was significantly depressed in a group of 36 female glass workers compared
to a group of 17 referentswith no known occupationalexposure to lead (Murataet al. 1995).The

mean PbB was 55.6 µg/dL and the meanexposure duration was 7.8 years. However,Gennartet
al. (1992a)found no association betweenexposure and R-R interval variations in the

electrocardiogram.The study group consistedof98 workers from a lead acid battery factory
(exposuregroup) and 85 people who had no occupation exposure to lead (referencegroup).The
mean duration ofoccupational exposure was 10.6 years. Mean PbB at the time of the
examinationwas 51 µg/dL (range,40-75 mg/dL) in the exposure group, and 20.9 µg/dL (range,
4.4- 39 mg/dL) in the reference group. More studies are needed to establish whether this
parameter is truly affectedby lead exposure, and if so, to evaluatethe shape of the dose-response

relationship.
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NeurobehavioralEffects in Children. The literature on the neurobehavioraleffects of lead in

children is extensive. With the improvementin analyticalmethods to detect lead in the various
biologicalmedia in recent years and in study design, the concentrations of lead, particularly in
blood, associatedwith alterations in neurobehavioraloutcomes keep decreasing. In fact, the

results of some recent studies suggestthat there may be no threshold for the effects of lead on
intellectual function. Due to the enormous size of the databaseon neurobehavioral effects of lead

in children, below are summaries of representativeand/or majorstudies published on specific
areas. For further information,the reader is referred to recent reviewson this topic (Bellinger
2004; Koller et al. 2004; Lidsky and Schneider2003; Needleman2004).

Many studiesconducteddecadesago reported negative associationsbetween intellectual
function, usuallymeasuredas IQ on various intelligencescales, and increasedPbB, although
other exposure indices were sometimes used. For example, de la Burde and Choate (1972)

reporteda mean Stanford-Binet IQ decrementof 5 points, fine motordysfunction,and altered
behavioral profiles in 70 preschoolchildrenexhibitingpica for paint and plasterand elevated
PbBs (mean,58 fÊg/dL), when comparedwith results for matchedcontrol subjectsnot engaged
in pica for paint and plaster. A follow-up study on these children (ages1.3 years)at 7.8 years of
age reported a mean Wechsler Intelligence Scale for Children (WISC) full-scaleIQ decrementof
3 pointsand impairmentin learning and behavior, despite decreases in PbB since the original
study (de la Burdeand Choate 1975).Rummo et al. (1979) observedhyperactivityand a
decrementofapproximately16 IQ points on the McCarthyGeneralCognitiveIndex (GCI)
among children who had previouslyhad encephalopathyand whose averagemaximumPbB at
the time of encephalopathywere 88 µg/dL (averagePbB, 59.64 fEg/dL). Asymptomaticchildren
with long-term lead exposuresand averagemaximumPbB of 68 µg/dL (averagePbB level,
51.56 µg/dLversus 21 µg/dL in a controlgroup) had an averagedecrementof 5 IQ points on the
McCarthyGCI. Their scoreson several McCarthy Subscales were generallylower than those for
controls, but the difference was not statisticallysignificant. Children with short-termexposure
and averagemaximumPbB of 61 µg/dL (averagePbB, 46.50 fEg/dL) did not differ from

controls. PbB in the referent group averaged21 fEg/dL, which is high for so-called
gcontrols. h Fulton et al. (1987)providedevidenceofchanges in intellectualfunctionat lower

PbB in a study of 501 children,6.9 years old from Edinburgh,Scotland, exposed to lead

primarily via drinkingwater. The geometric mean PbB of the studypopulation was 11.5 fÊg/dL,

with a range of 3.3.34 µg/dL and ten children had PbB >25 fEg/dL. Multipleregression analyses

revealeda significantrelationbetween tests of cognitiveability and educationalattainment
(BritishAbility Scales [BAS]) and PbB after adjustmentfor confounding variables.The

strongestrelationwas with the reading score. Stratificationof the children into 10 groups of
approximately 50 each based on PbB and plotting the group mean lead values against the group
mean difference from the school mean score revealed a doseeffectrelationshipextending from
the mean PbB of the highest lead groups (22.1 fEg/dL) down through the mean PbB of the
lowest-leadgroup(5.6 fEg/dL), without an obvious threshold. It should be mentioned, however,

that the size of the effecton the score was small comparedwith the effect of other factors. For
the combinedBAS score, only 0.9% of a total 45.5% variance explained by the covariates in the

optimal regressionmodel could be attributed to the effect of lead.
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Needleman et al. (1979)examined the relationshipbetween intellectualfunction and lead in
dentin in a group of 158 first- and second-gradechildren. In comparison with children having
dentin lead levels <10 ppm, children having dentin lead levels >20 ppm had significantlylower
full-scale WISC-Revisedscores; IQ deficits ofapproximately 4 points; and significantlypoorer
scores on tests ofauditory and verbal processing,on a test ofattention performance, and on a
teachers' behavioral rating. A concentration of lead in dentin of 20 ppm corresponds to a PbB of
approximately30 µg/dL (EPA 1986a).Furtheranalysisof Needleman fs data showedthat for
children with elevated lead levels, the observedIQ was an average 3.94 points below the
expected based on their mother fs IQ scores, whereas for children with low lead levels, it was
1.97 points greater than the expected IQ (Bellingerand Needleman 1983).This meant that the

children in the elevated lead grouphad a lower mean IQ than those in the low lead group when
maternal IQ was partialled out. When 132 children from the initial study were reexamined 11

years later, impairment ofneurobehavioralfunction was still related to the lead contentof teeth
shed at the ages of6 and 7 years (Needlemanet al. 1990).Higher lead levels in childhood were
significantlyassociated with lowerclass standing in high school, increased absenteeism, lower
grammatical-reasoningscores, lower vocabulary,poorerhand-eyecoordination, longerreaction
times, and slower finger tapping. However,no significant associationswere foundwith the
resultsof 10 other tests ofneurobehavioralfunctioning. These later effects could stem from a

poor academic start as opposed to effects of lead exposure; however, it could also be that the
early lead exposureresulted in long-termconsequences.Other studies of lead dentin and
intellectual functionssupportNeedleman fs findings in that deficitshave not been found below
lead dentin concentrations ofapproximately10 ppm (Damm et al. 1993; Hansen et al. 1989;
Pococket al. 1987).The associationbetweenbone lead and intellectualfunctionalso has been

studied. A study of 156 male adolescents, 11.14 years of age, in the Pittsburgh school system
reported that increasing bone lead levels (10.53ppm) was significantly associated with poorer
performanceon complex languageprocessing tasks (e.g.,4-syllable NonwordRepetition Task,

subset 8 ofRevised Token Task, respondingto spoken commands)(Campbellet al. 2000b).
Covariates consideredin the analysis includedchild age, race, SES, and maternal IQ.

Low LeadLeveland IntellectualFunction. Several studies have been published in recent years
that support the view that there is no apparent threshold in the relationshipbetweenPbB and
neurobehavioral functions. Most of these studies have been cross-sectionalstudieswith the
inherent limitation that such type of study of school-agechildrenmight reflect latent damage
done by a higher PbB at an earlierage, which could only be reliably detected at schoolage.
However, recent data from Chenet al. (2005)showed that the effect of concurrentPbB on IQ
may be greater than currentlybelieved. These investigatorsanalyzed data from a clinical trial of
780 children who were treated for elevatedPbB (20.44 fEg/dL) at approximately2 years ofage
and followeduntil 7 years ofage with serial IQ tests and measurements ofPbB. Mean PbB at 5

and 7 years ofage was 12 and 8 fÊg/dL, respectively. The results showedthat concurrentPbB
always had the strongest associationwith IQ and, as the childrenaged, the relationshipgrew
stronger. The peak PbB from baseline(approximately2 years old) to 7 years of age was not
associated with IQ at 7 years ofage. Futhermore, in the model includingboth prior and
concurrentPbB, concurrentPbB was always more predictive of later IQ scores. The results were
interpretedas support for the idea that lead exposurecontinuesto be toxic to children as they
reach schoolage, and that not all of the damage is done by the time the child is 2 or 3 years old.
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Lanphear et al. (2000a)analyzeddata on blood lead concentrations and various assessmentsof
cognitive abilities conductedon 4,853 U.S. children, ages 6.16 years, as part of the NHANES III,
1988.1994. Four cognitive measureswere tested: arithmetic skills, reading skills, nonverbal
reasoning (block design), and short-term memory(digit span).Potential confounders that were
assessed included gender, racial/ethnic background,child fs serum ferritin levels, serum
cotinine level, region of the country, marital status and education level ofprimary caregiver, and
poverty index ratio. Althoughno data were available on importantpotentialconfounding factors

such as maternal IQ or directobservationsofcaretakingquality in the home, control for the

poverty index ratio and education of the primary caregiver may have served as surrogate. The

geometric mean PbB of the sample was 1.9 µg/dL and 2.1% exceeded 10 fEg/dL. After
adjustmentfor potentialcovariables, an inverse associationbetweenPbB and cognitive scores

was evident, which was significant for all end points when PbBsof only <10 µg/dL were
included in the analysis.When the PbB range was restricted to <7.5 fEg/dL, the inverse

relationship was significantfor arithmeticskills, reading skills, and nonverbal reasoning; when
restricted to <5.0 fEg/dL, the inverse relationshipwas significant for arithmeticskills and
reading skills.

Canfieldet al. (2003)reported the resultsofevaluations of 172 childrenfrom the Rochester
Longitudinal Study. Fifty-eightpercent of the children had PbBs below 10 fEg/dL. PbB was
measured at ages 6, 12, 24, 36, 48, and 60 months. IQ ofchildren was assessedwith the
Stanford-Binet IntelligenceScale at the age of3 and 5 years. The highest mean PbB was
observed at age 2 years (9.7 fÊg/dL) and the lowestat the age of 6 months (3.4 fÊg/dL). The

mean PbB at 5 years ofage was 6.0 fEg/dL. Afteradjustmentfor covariables,an increase in
lifetime averagePbB of 1 µg/dL was associatedwith a decrease in IQ of0.46 IQ points (95%
CI=-0.76.0.15).Similar findingswere obtainedwhen the children were tested at 3 and 5 years of
age. When the analysiswas limited to children whosehighest observedPbB were <10 fÊg/dL,
an increase in the lifetimeaverage PbB of 1 µg/dL was associatedwith a decrease in IQ of 1.37

IQ points (95%Cl=-2.56.0.17).The results also showed a nonlinear relationshipbetween IQ and
PbB (i.e., an increase from 1 to 10 µg/dL was associated with a decline of8.0 points in IQ,
whereas, an increase from 10 to 30 µg/dL was associatedwith a decline ofapproximately2.5

points).At the age of 5.5 years, the children were given the Working Memory and Planning
Battery of the CambridgeNeuropsychological Test AutomatedBattery to evaluate specific
cognitivefunctions (Canfield et al. 2004).The resultsshowedthat children with the greatest
exposure performed more poorly on tests ofspatial working memory,spatial memoryspan,
intradimensional and extradimensional shifts, and an analog of the Tower of London task.

Evidence for absenceofa lower-bound thresholdfor postnatal lead exposure also was provided
in a study of237 African-American,inner-citychildren 7.5 years of age with a current mean PbB

of 5.4 µg/dL (Chiodo et al. 2004).The childrenwere assessed in areas of intelligence,reaction
time, visual-motorintegration,fine motor skills, attention (including executive function), off-task
behaviors,and teacherreportedwithdrawnbehaviors.A total of21 variableswere considered as

potential confounders. Multiple regression analysisshowednegativeassociation with lead

exposure in the areas ofoverall IQ, performance IQ, reaction time, visual-motor integration, fine

motor skills, and attention includingexecutive function, off-taskbehaviors,and teacher-reported

withdrawnbehavior. Regressionanalyses in which lead exposurewas dichotomizedat 10 µg/dL
were no more likely to be significant than analyses dichotomizingexposure at 5 fÊg/dL. Chiodo

40



et al. (2004)indicatedthat data on maternaland childnutritional status, includingiron
deficiency,were not available so that theirpossible influenceon the associationbetween lead

neurobehavioral outcomescould not be controlled.

Kordas et al. (2006)studied the associationbetweenlead and cognitive function in 594 first-
gradechildren exposed to lead from a metal foundry in Torreon, Mexico.Their ages ranged from
6.2 to 8.5 years and theirmeanPbB was 11.4 µg/dL (SD }6.1 fEg/dL).Fifty-onepercentof the
childrenhad PbBs

.10 fÊg/dL. Children were assessedon performanceon 14 tests ofglobal or
specific cognitive function. Examiners were experienced testing childrenand were unawarethe
children fs PbB. The nature ofthe lead-cognitionrelationwas described using both linear and
spline (segmented)regression methods. Covariates included in the analyseswere age, gender,
SES, maternal formal education, parental involvementin schoolingfamily structure,birthorder,
arsenicexposure,and hemoglobinconcentration.Also, all modelswere adjustedfor the tester

administeringcognitivetasks and the school eachchild attended.Afteradjustingfor covariates,
PbB was significantlyassociated(p<0.05)with poorer scores measuringmath abilities,
vocabulary,and visual short-termmemory. Usingsegmentedregressions, the investigators
observed that the slope describing the associations ofPbB with the math and vocabulary test

scores below a cutoffof 12 and 10 fEg/dL, respectively,were steeper than slopes above those

cutoffpoints. Examinationofsegmentedlead coefficientsusing a stratifiedanalysisat various
levelsofcovariates showedthat the patternof steeper estimates at low PbBs vs. higherPbBs was
generally conserved. Furthermore, the data showed that the nonlinearrelationshipwas most
pronouncedfor children who already tended to be at risk for poorerperformance(fewerfamily
resources, lowermaternaleducation,and lowerparental involvement in schoolwork). Although
some importantcovariates such as HOME inventoryand maternal IQ were not controlled for in
the study, controlfor other family backgroundcharacteristics may have served as surrogates.

Using data from a prospectivestudyconducted in MexicoCity, Mexico,Tellez-Rojoet al.
(2006)evaluated the relationshipbetweenPbB and neurodevelopmentin 294 children at 12 and
24 months ofage. Two cohortscomprised the sample: one recruitedat the time ofdeliveryand
anotherrecruitedprenatally.To be included in the study, children neededto have a PbB<10
µg/dLat both 12 and 24 monthsofage, a gestationage of 37 weeks or longer, and a birth weight
>2,000 g. MDI and PDI scoresofa Spanish version of the Bayley Scales of Infant Development
II (BSID II) were the primarydependentvariables.Non-leadvariablesthat were related to BDID
II scoresat p<0.1 in bivariateanalysiswere included in multivariatemodels.Also includedin the
multivariate modelswere maternal age and IQ and children fs gender and birth weight.
Adjustingfor covariates, children fs PbBs at 24 months were significantlyinversely associated
(p<0.01)withboth MDI andPDI scores at 24 months. PbB at 12 monthsofage was not
associatedwith concurrentMDIor PDI, or with MDI scores at 24 months ofage, but was
significantly associated (p<0.01)with PDI scores at 24 months. An increase of 1 logarithmicunit
in 24-month PbB was associatedwith a reduction of4.7 points in MDI score at 24 months.For
both the MDI and PDI scores at 24 months ofage, the coefficientsthat were associatedwith PbB

were significantlylarger (p.0.01)among children with PbBs <10 µg/dL than in childrenwith
PbBs >10 fEg/dL. Moreover, for MDI scores, the slope ofthe associationwas steeperover the
rangeup to 5 µg/dL than between5 and 10 fEg/dL.
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Perhaps the strongest evidence for an association between low PbB and intellectualimpairment
in children as well as for a nonlineardose-responseis providedby a pooled analysisof 1,333

children who participatedin seven internationalprospectivecohort studies and were followed
from birth or infancy until 5.10 years of age (Lanphearet al. 2005).The participant sites
included Boston,Massachusetts; Cincinnati,Ohio; Cleveland,Ohio; Rochester,New York;
Mexico City; Port Pirie, Australia; and Kosovo,Yugoslavia. The full-scale IQ score was the

primaryoutcome measured. The median lifetime PbB was 12.4 µg/dL (5th.95thpercentiles,
4.1.34.8 fÊg/dL), while the concurrent mean PbB was 9.7 µg/dL (5th.95th percentiles,2.5.33.2

fEg/dL); 244 children(18%)had PbBs that neverexceeded 10 fEg/dL. Four measuresofblood
lead were examined: concurrent PbB (PbB closest to the IQ test),maximumPbB (peakPbB

measuredat any time before IQ test),average lifetime PbB (meanPbB from 6 months to

concurrentPbB tests),and early childhoodPbB (meanPbB from 6 to 24 months). In the

subsequent analyses,concurrentPbB and average lifetime PbB were generallystronger

predictorsof lead-associatedintellectualdeficits than the other two indices. Potential

confounding effects of other factors associatedwith IQ scores were examinedby multiple
regression analysisand included HOME inventory,child fs sex, birth weight,birth order,
maternal education, maternal IQ, maternalage, marital status, prenatal smoking status, and

prenatalalcohol use. Using various models, including the linear model, cubic spline function, the

log-linearmodel, and the piece-wisemodel, Lanphearet al. (2005)determined that the nonlinear
model was a better fit for the data. Using a log-linearmodel, the investigators found a 6.9 IQ

point decrement(95% CI, 4.2.9.4)for an increase in concurrentPbB from 2.4 to 30 fÊg/dL.
However, the decrease in IQ points was greatest in the lowestranges ofPbB. The estimated IQ
decrementsassociatedwith increases in PbB of2.4.10, 10.20, and 20.30 µg/dL were 3.9 (95%
CI, 2.4.5.3), 1.9 (95%CI, 1.2. 2.6), and 1.1 (95%CI, 0.7.1.5),respectively. To further
investigatewhetherthe lead-associated decrementwas greaterat lower PbBs, the investigators
divided the data at two cut-offpoints a priori, a maximalPbB of7.5 and 10 fÊg/dL. They then

fit separate linear models to the data in each of those ranges and comparedthe PbB coefficients
for the concurrentPbB index. The coefficientfor the 103 children with maximalPbB <7.5 µg/dL
was significantlygreater than the coefficient for the 1,230 children with maximal PbB

.7.5 µg/dL
(linear fÀ=-2.94 [CI 95%, -5.16.-0.71])vs. -0.16 (95% CI, -2.4.-0.08).The coefficientfor the
244 children who had maximal PbB<10 µg/dL was not significantlygreater than that for 1,089

children who had maximal PbB
.10 fEg/dL. Potential limitationsacknowledgedby the authors

includedthe fact that the HOME inventoryand IQ tests had not been validated in all cultural or
ethnic communities, lack ofexamination ofother predictors ofneurodevelopmentaloutcomes
such as maternaldepression, and the unique limitations of each individualstudy.

A nonlinear relationship between first trimesterofpregnancyblood lead and the MDI at 24

months was recentlyreportedby Hu et al. (2006).In the study, the investigators measured lead in

maternal plasma and whole blood lead duringeach trimesterin 146 pregnant women in Mexico
City. Measurements were also conducted in cord blood at delivery and when the infants were 12

and 24 months old. The primaryoutcome was the MDI scores at 24 monthsofage. The criteria
for inclusion in the study were: child born with at least 37 weeksofgestational age; at least one

valid measurement ofplasmalead during any of the three visits made during pregnancy;

complete information on maternal age and IQ; and child fs PbB at 24 months, sex, weight,and
height. Potential confoundersincluded in the analyses were child fs sex, PbB at 24 months of
age, height for age and weight, and maternalage and IQ. Mean maternal PbB during the first,
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second, third trimester, and delivery ranged from 6.1 µg/dL (SD }3.2 fEg/dL) to 7.3 pg/dL
(SD }4.3 fEg/dL); plasma lead during pregnancyranged between 0.014 and 0.016 fEg/dL.
MeanPbB in the cord, at 12 months, and 24 months were 6.2 µg/dL (SD }3.9 fEg/dL), 5.2

µg/dL (SD }3.4 fEg/dL), and 4.8 µg/dL (SD }3.8 fEg/dL), respectively. The results of the
analysesshowedthat both maternal plasma and whole blood lead during the first trimester (but
not in the second or third trimester)were significantpredictors (p<0.05)ofpoorerMDI scores.
Also, in models combining all three trimester measures and using standardizedcoefficients,the

effect of first-trimestermaternal plasma was substantially greater than the effects of second- and
third-trimesterplasma lead. A one standard deviationchange in first-trimesterplasma lead was
associatedwith a reduction in MDI scoresof 3.5 points (p=0.03).Inspection of the relationship
between first-trimesterplasma lead and MDI at 24 monthsshowed that the slope was steeperat
plasma lead levels corresponding to whole blood lead levels <10 µg/dL than at higher plasma
lead concentrations, as observed also in the studies summarizedabove. As a possible
explanation, Hu et al. (2006) speculatedthat lead mightbe affecting the process ofneuronal
differentiation, which is primarily a first-trimester event. Limitationsof the study acknowledged
by the investigators include the relatively small sample size, the lack ofcontrol for a measure of
home conditions, and the fact that infant PbB at 24 months did not significantlypredict lower
MDI score (asobserved, for example, in Tellez-Rojoet al. [2006]).Anotherrecent study that
reported an association between prenatal lead exposure and intellectual function is that of
Schnaas et al. (2006)who reported that IQ of6.10-year-oldchildren decreased significantly
(p<0.0029;95% CI, -6.45.-l.36) only with increasingnatural-logthird trimester PbB, but not
with PbB at other times during pregnancy or postnatalPbB measurements. However,because

their observationsbegan after the 12th week ofpregnancy, the effects of the first trimesterPbB

could not be examined.As with other studies, the dose-response PbB-IQ function was log-linear,

with a steeper slope at PbB <10 fEg/dL.

Otherstudies that have reported cognitive impairments associated with low lead exposure
include Al- Saleh et al. (2001),BellingerandNeedleman(2003),Carta et al. (2003),Emory et al.
(2003),Gomaa et al. (2002),and Shen et al. (1998).Although individuallyall of these studies
have limitations, collectively,they support the associationbetween low blood lead and
intellectualimpairmentin children.

Major Prospective Studies. The Port Pirie, Australia,prospectivestudy examinedcohorts of
infants born to mothers living in the vicinity of a large lead smelting operation in Port Pirie and
infants from outside the Port Pirie area. The study populationconsistedinitially of723 singleton
infants. The children were followed from birth to age 11.13 years old; at this later age, 375

children remained in the cohort.

Maternal blood and cord lead levels were slightly, but significantly,higher in the Port Pirie
cohort than in the cohort from outside Port Pirie (e.g.,mean cord blood lead was 10 vs. 6
fÊg/dL).The main outcomemeasures were the Bayley Mental Developmental Index (MDI) at
age 2 years, the McCarthy GCI at age 4 years, and IQ from the Wechsler IntelligenceScale at
ages 7 and 11.13 years (Baghurstet al. 1987, 1992, 1995; McMichaelet al. 1988, 1994; Tong et
al. 1996).Covariates in the models included: child gender, birth weight, siblings, infant feeding
style and duration ofbreast feeding; maternal IQ, age at child fs birth and marital status;
parental tobaccouse; SES, and HOME score. Analysisof the associationsbetweenblood lead
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concentrations (tertiles) in children ofages 2 or 11.13 years, and developmental status showed
that the covariate-adjusteddifferences in development scores betweenthe top and bottom tertiles
were 4 points on the MDI at age 2; 4.8 points on the McCarthy GCI at age 4; and 4.9 and 4.5 IQ

points at age 7 and 11.13 years, respectively. At age 7 years, both prenatal and postnatal PbB

were inversely associatedwith visual motorperformance (Baghurstet al. 1995). Analysis of the

relationship between individual changes in PbB and individual changes in measuresof cognitive
development during the life of the cohort found that the mean PbB in the childrendecreased

from 21.2 µg/dL at age 2 years to 7.9 µg/dL at age 11.13 years; however, cognitivescores in

children whose blood lead concentration declined the most were generallynot improvedrelative
to the scoresof childrenwhose PbB declined least (Tong et al. 1998).Changes in IQ and
declines in PbB that occurredbetweenthe ages of 7 and 11. 13 years suggested better cognition
among children whose PbB declined most. The overall conclusionwas that the cognitive deficits
associatedwith exposure to lead in early childhoodappearedto be only partially reversedby a

subsequent decline in PbB. Throughout the various assessments, it was noted that childrenfrom
disadvantagedbackgroundswere more sensitive to the effects of lead than those of a higher

socioeconomicstatus, and that girls were more sensitive to the effects of lead than boys (Tong et

al. 2000).

The Mexico City, Mexico, Prospective Study evaluatedchildren born to mothers residing in
Mexico City (Rothenberget al. 1989, 1994a; Schnaas et al. 2000).The study recruited 502

pregnantwomen; 436 ultimatelywere included in the study. An analysis ofa subset of 112

children for whom complete data were available for evaluation ofGCI (McCarthy scales)at 6-

month intervals betweenages 36 and 60 monthsrevealedsignificantassociationsbetweenPbB

and GCI, after adjustingfor covariates. Mean PbBswere 10.1 µg/dL at 6.18 months, 9.7 µg/dL at
24.36 months, and 8.4 µg/dLat 42.54 months ofage. Increasing PbBs at 24.36 months, but not
6.18 months or prenatal, were associated with significantdeclines in GCI at 48 months;
increasing PbBs at 42.54 months were associated with decreasedGCI at 54 months. Covariates
included in the models were child gender, 5-minute Apgar score,birth weight, and birth order;
maternal education and IQ; and family SES. HOME scores were not included and were assumed
to have been accounted for by maternal IQ because of the strong correlationbetween the latter
and HOME score. The main finding of this series of studieswas that postnatal, but not prenatal,
PbBs were associated with intellectual functionand that the strengthof the associationbetween

mean PbB and GCI increases with age up to 4 years, after which, it becomes less strong and

continues to decrease..

The YugoslaviaProspective Study evaluatedchildren born to women from two towns in Kosovo,
Yugoslavia; Kosovska Mitrovica (K. Mitrovica), the site of a lead smelter, ref'mery, and battery

plant; and Pristina, a town 25 miles to the south ofK. Mitrovica,which was considerednot to
have been impactedby industrial lead emissions(Factor-Litvaket al. 1991, 1999; Wassermanet
al. 1992).A total of 1,502 womenwere recruitedat mid-pregnancy: 900 women from Pristina
and 602 from K. Mitrovica. A sampleof392 infants was selected for follow-upbased on

umbilical cord lead, townof residence, and parental education.The infants from K. Mitrovica
were assigned to one of three groups based on cord PbB: low (<15 fÊg/dL),middle (15.20
fÊg/dL), and high (>20 fÊg/dL). Outcomesexaminedin the followup included measures of
intelligenceat ages 2 (MDI of the Bayley Scales),4 (McCarthy Scales ofChildren Abilities),and
7 years (WechslerIntelligence Scale for Children-III),and behaviorproblems at age 3 (Child
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BehaviorChecklist)and 12 years (WechslerIntelligence Scale for Children-III).Covariates
includedin the models were childgender, birth weight, iron status (bloodhemoglobin),siblings
and ethnicity(languagespoken in home);maternalage, education and Raven test score; and
HOMEscore. The geometricmean PbB in children in K. Mitrovica increased from 22.4 fÊg/dL,
at birth, to 39.9 fÊg/dL, at age 4; in children from Pristina, it increased from 5.4 to 9.6 µg/dL
over this same age range (Wassermanet al. 1994).PbB was significantly associatedwith poorer
intellectualfunction at ages 2 years(Wassermanet al. 1992),4 years (Wassermanet al. 1994),
and 7 years (Wassermanet al. 1997).

An increase in PbB from 10 to 30 µg/dLwas predictedto be associatedwith loss in intellectual
function of 2.5 points at age 2 years,4.5 points at age 4 years, and4.3 points at age 7 years. In
both towns combined, PbB measuredconcurrentlywith the ChildBehavior Checklist was
associatedwith small increases in behavioralproblems, which the authors consideredsmall
comparedwith the effects ofsocial factors (Wassermanet al. 1998).In a subsequentpublication,
Wassermanet al. (2000a)observed that while postnatal elevations that occurredbefore the age of
2 years and continuedafterwardswere associatedwith the largest decrements in IQ (50%
increase in postnatal lead associatedwith 2.71 point IQ loss),elevations in PbB that occurred
only after the age of2 years were also associatedwith decrements. Thus, prenataland postnatal
exposuresthat occurredat any time during the first 7 years were independentlyassociatedwith
small decrements in later IQ scores (Wassermanet al. 2000a);identification ofa particularly
criticalperiod ofvulnerability during brain growthand maturationwithin this age range was not
evidentfrom this analysis.

In addition, evaluationof283 childrenat the age of54 monthsshowed that PbB was
significantlyassociatedwith poorer fine motor and visual motor function, but was unrelatedto
gross motor coordination.An estimated 2.6 and 5.8% of the variance in fine motor composite
and visual motor integrationwas due to PbB, respectively.At age 12, the assessmentof the
children includedmeasurementsof tibial bone in addition to currentPbB (Wassermanet al.
2003).At this age, mean PbB in the exposedchildren was approximately31 µg/dL and mean
tibialbone lead was 39 ppm, both measures significantlyhigher than those ofa comparison
group. Both bone lead andPbB were associatedwith intelligencedecrements, but the bone lead-
IQ associations were strongerthan those for PbB. For each doublingof tibial bone, Full Scale,
Performance, and Verbal IQ decreasedby an estimated5.5, 6.2, and 4.1 points, respectively.
Analyses conductedin a subsamplestratifiedby quartiles showed that the greatest decrementsin
intelligence appeared to occur at relativelylow lead exposure, from quartile 1 to quartile 2.
Thesetransitionscorresponded to tibial lead up to 1.85 ppm, mean serialPbB up to 7 fÊg/dL,
and currentPbB up to 5.6 fEg/dL.
The Boston, Massachusetts,study examined the association between lead exposure and
neurobehavioralparameters in 249 middle-class and upper-middleclass Boston children
(Bellinger et al. 1984, 1985a, 1985b, 1986a, 1986b, 1987a, 1987b, 1989a, 1989b, 1991, 1992),
Cord PbBs were determined at delivery and MDI and PDI scores were measured every 6 months
thereafter. Infantsborn at <34 weeks ofgestation were excludedfrom the study. Cord PbBs were
<16 µg/dL for 90% of the subjects,with the highestvalue being 25 fEg/dL. On the basis ofcord
PbBs, the children were dividedinto low-dose (<3 fÊy,/dL;mean, 1.8 fÊg/dL), medium-dose
(6.7fÊg/dL; mean, 6.5 fEg/dL), and high-dose (.10fEg/dL; mean, 14.6 fEg/dL)exposure
groups.Multivariateregression analysis revealed an inversecorrelationbetweencord PbB and
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MDI scores at 6, 12, 18, and 24 monthsof age (Bellinger et al. 1985a, 1985b, 1986a, 1986b,

1987a).The high-lead group had an averagedeficit of 4.8 points on the covariate-adjustedMDI
score as compared with the low-lead group. MDI did not correlatewith postnatal PbB lead

levels.

No correlations between PDI and cord or postnatal blood lead levels were seen. Subsequent

studiesof this cohortshowedthat the younger the infants, the more vulnerable they are to lead-
induced developmental toxicity (Bellingeret al. 1989a, 1989b).Infants in lower socioeconomic
groups showeddeficitsat lower levels ofprenatalexposure (meanPbB, 6.7 fÊg/dL)than

children in highersocioeconomic groups. The early postnatal PbBs (range, 10.25 fEg/dL) were
also associated with lower MDI scores,but only amongchildren in lower socioeconomic groups.
Evaluationof the children at approximately5 years of age showedthat deficits in GCI scores

correlated significantlywith PbB at 24 months of age (mean7 fEg/dL), but not withprenatal
PbB (Bellinger et al. 1991).These resultssuggest that prenatal PbB is a better predictorof
cognitivedevelopmentin infants than in 4.5-year-old children and that early developmental
deficitsassociated with elevatedPbB may not persist to 4.5 years ofage, especially in

socioeconomicallyadvantagedfamilies. Evaluationof 148 of the Boston cohort children at age
10 years showed that all postnatal blood lead levels were inversely associatedwith Full Scale IQ
measured at age 10; however, only the associations involving PbB at ages 10 years, 57 months,
and 24 monthswere statistically significant(Bellinger et al. 1992).This was also seen for both
Verbal and Performance IQ scores.After adjustingfor confounding,only the coefficient
associatedwith 24-month blood lead level remainedsignificant. It was also shown that the

associationbetween24-month PbB and Full Scale IQ at age 10 years was not due simply to the
high correlation between GCI scores at age 5 years and IQ. The decline in Full Scale IQ

correspondedto 5.8 pointsper 10 µg/dL of increase in 24-month PbB. PbB at 24 months was
also significantlyassociated with Verbal IQ and five WISC-R subtest scores. Only PbBs at 24

monthswere significantlyassociatedwith adjustedK-TEA scores. For each 10 µg/dL of increase

in 24-month PbB, the battery composite score declined 8.9 points. The results suggested that
timing ofexposure may be more important than magnitude alone and supported the hypothesisof
an age-specificvulnerability.Reanalyses of data, from 48 children whose PbB neverexceeded
10 µg/dL at birth or at any of the evaluationsthroughout the study, showedthat an inverse

associationbetween IQ and PbB persistedat PbBs below 5 µg/dL and that the inverse slope was
greater at lower PbBs than at higher PbBs (Bellinger and Needleman2003).

The Cincinnati, Ohio, study sample consisted of305 mothers residing in predesignatedlead-
hazardous areas of the city (>80% black) (Dietrich et al. 1986, 1987a, 1987b).MaternalPbBs

were measured at the first prenatal visit; cord PbB was measured at delivery; infant PbB was
measuredat 10 days and at 3 months of age; and neurobehavioraltests were performedat 3 and 6

months ofage. Mean PbBs were as follows: prenatal (maternal),8.0 µg/dL (range,1.27 fÊg/dL);
umbilical cord, 6.3 µg/dL (range,1. 28 fEg/dL); 10-day-oldand 3-month-old infants, 4.6 and 5.9

µg/dL (range,1.22 µg/dL for each).Multipleregression analyses,with perinatalhealth factors

such as birth weight and gestational age treated as confounders, showed inverse correlations
between prenatalor cord PbB and performance on the MDI at 3 months,and between prenatal or
10-day neonatal PbB and performanceon the MDI at 6 months. No significant correlationof
PbB with PDI was seen. Male infants and low socioeconomic status infants appeared to be more
sensitive to the effect on the MDI Multiple regression analyses for male or low socioeconomic
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status infants showed covariate-adjusteddecrements of 0.84 or 0.73 MDI points per µg/dL of
prenatal or 10-dayneonatal PbB, respectively (i.e.,an approximate8-point deficit for a 10-µg/dL
increase in PbB) (Dietrich et al. 1987a).Cognitivedevelopment of258 childrenwas assessed by
the Kaufman Assessment Battery for Children(K-ABC)when the children were 4 years old
(Dietrich et al. 1991).Higherneonatal PbBs were associated with poorerperformance in all K-
ABC subscales;however, there was a significant interaction betweenneonatal PbB and
socioeconomic status, which suggested that children from less advantagedenvironments express
cognitive deficitsat lower PbBs than do children from families of relativelyhigher
socioeconomicstatus. Prenatal (maternal)PbBswere not related to 4-year cognitive status. No
statisticallysignificanteffectsofpostnatal PbB on any of the K-ABC subscales was found after
covariate adjustment.Evaluationof253 children at 6.5 years ofage showed that when PbB

regressioncoefficientswere adjustedfor HOME score, maternal IQ, birth weight, birth length,
child sex, and cigarette consumption during pregnancy, postnatal PbB continuedto be associated
with lower Performance IQ (Dietrich et al. 1993a).Also, examination of the PbB concentration
for the group from 3 to 60 months of age showed that PbB peakedat approximately2 years of
age and declined thereafter.It was also found that, of the various cofactors, maternal IQ was
usually the strongest predictor of a child fs Full Scale IQ. Further analysisof the results
suggested that average lifetime PbB concentrationsin excessof 20 µg/dL were associated with
deficits in PerformanceIQ on the order of about 7 points when comparedwith children with
mean PbB concentrations .10 fEg/dL.At 72 months of age, 245 children were evaluatedfor
motor developmentstatus (Dietrichet al. 1993b).The authors hypothesizedthat measuresof
motor developmentmay be less confoundedwith socio-hereditarycofactors in lower
socioeconomic statuspopulations than cognitiveor other language-based indices.

After adjustingfor HOME scores, maternal IQ, social class, and child sex and race, both
neonatal and postnatal PbB were associated with poorerperformanceon a measure ofupper-limb
speed and dexterityand a composite index of fine motor coordination. Prenatal (maternal)PbB

was not related to motor proficiency.Furtheranalysis of the results revealed that children having
a mean lifetime PbB of .9 µg/dL appeared to experience a deficit on both the Bilateral
Coordination subtests and Fine Motor Compositerelative to children in the lowestPbB quartile.
Information collectedat approximately6.5, 11, and 15 years of age showed that children with the
highest PbB at age 15 years (mean,2.8 fEg/dL; range, 1. 11.3 fEg/dL)had lower verbal
comprehensionscores over time and greater decline in their rate ofvocabulary developmentat
age 15 than children with lower PbB (Cosciaet al. 2003).The study also showed that
socioeconomic status and maternal intelligencewere statistically significantlyassociated with
growthpatterns in both tests scores, independentof the effects of lead. The most recent
publication in this series provides the resultsofa neuropsychological evaluation of 195

adolescents age 15. 17 years old from this cohort (Ris et al. 2004).The neuropsychologicaltests

yielded five factors labeledMemory, Learning/IQ,Attention, Visual Construction, and Fine-
Motor. The results showeda significanteffect ofPbB at 78 monthson the Fine-Motorfactor.
The results also showed a stronger associationbetween lead exposure and Attention and
Visuoconstructionin males than in females. The study also confirmed that adolescents from
disadvantagedhomes had increasedvulnerabilitytoward the effects of lead.

The Cleveland,Ohio, study evaluatedneurodevelopmental effects in a sampleofurban,
disadvantaged, mother-infant pairs (33%black) (Ernhartet al. 1985, 1986, 1987).The mean
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PbBs at the time ofdelivery were 6.5 µg/dL (range,2.7.11.8 fEg/dL) for 185 maternal samples
and 5.8 µg/dL (range,2.6.14.7 fEg/dL) for 162 cord samples. There were 132 mother-infant
pairs with complete data. The infants were evaluated for anomalies using a systematic, detailed

protocol and for neurobehavioraleffects using the NBAS and part of the Graham-Rosenblith
Behavioral Examination for Newborns (G-R), includinga Neurological Soft Signs scale.
Hierarchical regression analysiswas performed.No evidence of an association betweenPbB and

morphologicalanomalies was found. Using the complete set of data, abnormal reflexes and

neurological soft signs scaleswere significantly related to cord PbB and the muscle tonicityscale

was significantlyrelated to maternal PbB. Using data from the mother-infantpairs, the only
significantassociation that was foundwas between the NeurologicalSoft Signs score and cord
PbB, which averaged5.8 µg/dL and ranged up to only 14.7 fEg/dL; no association with maternal
PbBs was seen (Ernhart et al. 1985, 1986).A later analysis relatedPbBs obtained at delivery
(maternaland cord blood) and at 6 months, 2 years, and 3 years ofage to developmental tests

(MDI, PDI, Kent Infant DevelopmentScale [KID], and Stanford-BinetIQ) administeredat 6

months, 1 year, 2 years, and 3 years of age, as appropriate (Ernhartet al. 1987).Aftercontrolling
for covariates and confounding risk factors, the only significantassociationsofPbB with
concurrent or later developmentwere an inverse association betweenmaternal (butnot cord)
PbB and MDI, PDI, and KID at 6 months, and a positive associationbetween6-month PbB and
6-month KID. The investigatorsconcluded that, taken as a whole, the resultsof the 21 analyses

ofcorrelationbetweenPbB and developmental test scores were "reasonably consistent with what
might be expectedon the basis of sampling variability," that any associationofPbB with
measuresofdevelopmentwas likely to be due to the dependence ofboth PbB and development

on the caretaking environment,and that if low-level lead exposure has an effect on development,
the effect is quite small. Ernhart et al. (1987) also analyzed for reverse causality(i.e., whether
developmentaldeficit or psychomotorsuperiority in infantsat 6 months ofage contributes to
increases in subsequent blood lead levels).No significantcorrelations were observedwhen
covariates were controlled. Greene and Ernhart (1991)conducted further analysesof the 132

mother-infantpairs in the ClevelandProspective Study searchingfor a potential relationship
between prenatal lead exposure and neonatal size measures (weight, height, and head

circumference)and gestationalage. No such relationshipwas observed. Table 3-5 presents a

summary of the major prospective studies.

While the majority of the available studies ofneurobehavioraleffects of lead in children have

observedassociations between increasing lead burden and measures ofcognitive development,a

smallernumberofstudies failed to detect such effects. Harveyet al. (1988) found no significant
correlationbetweenPbB (mean 13 fÊg/dL) and measuresof IQ in a study of 201 children 5.5

years of age in England. Similar resultswere reportedby McBride et al. (1982), Smith et al.
(1983),Lansdownet al. (1986),Ernhart and Greene(1990),Wolfet al. (1994),Minder et al.
(1998),and Prpi.-Maji. et al. (2000).In the former five studies, the mean PbB was between 10

and 16 fÊg/dL, whereas in the Minderet al (1998)and Prpi.-Maji.et al. (2000)studies, the

mean PbBs were 4.4 µg/dL (range,0.8.16 fEg/dL) and 7.1µg/dL(range,2.4. 14.2 fEg/dL),
respectively. Finding divergingresults in the assessmentofsuch complexparameters is not
totallyunexpectedgiven the differences in methodology and the statisticalissues involved (see
Chapter 2 for furtherdiscussion).
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Meta-analyses.Needlemanand Gatsonis (1990)did a meta-analysisof 12 studies, 7 ofwhich
used blood lead as a measure ofexposureand 5 used tooth lead. Covariates examinedby the
studies were SBS; parental factors (i.e.,parent healthscore);parent IQ; parentalrearing
measures; perinatal factors (i.e.,birth weight, length ofhospitalstay afterbirth); physical factors
(i.e.,age, weight,medicalhistory),and gender. The t-value ofthe regression coefficient for lead

was negativein all but one study,and ranged from -0.36 to 0.48 in the PbB group and from -3 to

-0.03 in the tooth lead group. Their analysis also showed that no singlestudy appeared to be

responsible for the significanceof the final finding. Somewhat unusual in this analysis is the fact
that the evaluation is basedon accumulatedp values rather than accumulated effect sizes. Pocock
et al. (1994)analyzed 5 prospectivestudies, 14 cross-sectionalstudies ofblood lead, and 7 cross-
sectionalstudiesof tooth lead separatelyand together.Only studies published since 1979 were
included in the analysis.Analysesof the prospective studies showed no associationofcord blood
leador antenatal maternalblood lead with subsequentIQ. PbB at aroundage 2 had a small and
significant inverseassociation with IQ, whichwas greaterthan that for meanPbB over the
preschool years; the estimated mean change was -1.85 IQ points for a change in PbB from 10 to
20 ig/dL. For the cross-sectionalstudies ofPbB, the combinedestimatefor meanchange in IQ
for a change in PbB from 10 to 20 ig/dL was -2.53 IQ points. For the cross-sectionalstudies of
tooth lead,'the mean change in IQ for a change in tooth lead from 5 to 10 ig/g was -1.03 IQ
points. Comparisonofthe associationwith and withoutadjustmentfor covariatesshowedthat,
with few exceptions, adjustingreduced the associationby <1.5 points. Analysis of the 26 studies
simultaneouslyindicated that a doublingofPbB from 10 to 20 ig/dL or of tooth lead from 5 to
10 ig/g is associatedwith a mean deficit in Full Scale IQ ofaround 1-2 IQ points. A threshold
belowwhich there is negligible influence of lead could not be determined.

An analysis carriedout by Schwartz (1994)includeda total ofeight studies, three longitudinal
and five cross-sectional, relating blood lead to Full Scale IQ in school age children. To evaluate
potential confounding,the baseline meta-analysiswas followedby sensitivityanalyses in order
to contrast resultsacrossstudiesthat differ on key factors that are potential confounders.The
analyses showedan estimateddecreaseof2.57 IQ points for an increase in PbB from 10 to 20
ig/dL. Analysesthat excludedindividualstudies showed that no single study appearedto
dominate the results. For longitudinal studies, the loss was 2.96 IQ points and for cross-sectional
studies, the loss was 2.69 IQ points. For studies in disadvantagedpopulations, the estimated IQ
loss was 1.85 IQ points versus2.89 IQ points in nondisadvantaged populations.Also of interest
in Schwartz'sanalysiswas the fact that a trend towards a higher slope at lowerblood lead levels
was seen. Directanalysisof the Bostonprospectivestudy (Bellinger et al. 1992),which had the
lowestmean PbB concentration(6.5ig/dL) showed no evidence ofa threshold for the effects of
lead on IQ.

The EuropeanMulticenterStudy (Winnekeet al. 1990)combined eight individual cross-
sectional studies from eight Europeancountriesthat shareda common protocol with inherent
quality assuranceelements.A total of 1,879 children, age 6-11 years, were studied.PbB
concentrationwas usedas a measure ofexposure,and the range was 5-60 ig/dL. The overall
statistical analysis was done using a uniform predetermined regression modelwith age, gender,
occupationalstatus ofthe father,and maternaleducationas confoundersor covariates. The
results of the analyses showed an inverse association between PbB and IQ ofonlyborderline
significance(p<0.1),and a decrease of3 IQ points was estimated for a PbB increase from 5 to 20
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ig/dL. Much higher and significant associationswere found for tests of visual-motor integration
and in serial choice reaction performance. Yet, the outcome variance explained by lead never
exceeded0.8% of the total variance. No obvious threshold could be located on the doseeffect

curves.

A Task Group on EnvironmentalHealth Criteria for InorganicLead conductedseparatemeta-
analyseson four prospective studiesand four cross-sectional studies (IPCS 1995).The European
Multicenter Studywas one of the cross-sectional studies includedin the analyses.The outcome
measuredwas Full Scale IQ at age 6-10 years old, and the measure of exposure was PbB. In the
analyses ofprospective studies, when cumulative exposure rather than lead at a specific time was
used as measureof exposure, the associationbetween changes in PbB and changes in IQ did not
reach statistical significance (p>0.05).However,weighing studies according to the inverseof
their varianceproduced a weighed mean decrease in Full Scale IQ of 2 points for a 10 ig/dL
increase in PbB. When PbB at specific times were considered,the inverseassociationvaried
from significant and very strong to less strong and ofborderline significance, depending on the

specific time chosen. Analyses of cross-sectionalstudies showeda significant inverse association
between increase in PbB and decrease in IQ in only 2 out 10 studies; however, there was no
evidence ofstatistical heterogeneity. The meta-analysis estimated that Full Scale IQ was reduced
by 2.15 IQ points for an increaseon PbB from 10 to 20 lg/dL. IPCS (1995)also confirmedthe

positive association between lead measuresand indicators of social disadvantage.When social
and other confounding factors are controlled, the effect in most cases was to reduce the strength
of the association between lead measures and IQ without,however, changing the direction. IPCS
(1995)concludedthat their analysis revealeda consistencybetween studies whichpointed
towards a "collectively significant" inverse associationbetween PbB and full-scale IQ. IPCS
(1995)also noted that below the 10-20 lg/dL PbB range, "uncertainties increased, concerning
firstly the existence ofan associationand secondly estimates of the magnitude ofany putative
association."

Thacker et al. (1992)reviewed35 reports from five prospective studies that examined the

relationshipbetween PbB and mental development in children. However, efforts to pool the data

with meta-analytic techniques were unsuccessfulbecause the methods used in the studies to
analyzeand report data were inconsistent. Specific issues mentionedby Thacker et al. (1992)
included (a) IQ and PbB were not always measuredat comparabletimes in different studies, (b)
there were differencesamong studies in independentvariable, data transformations, and
statistical parameters reported, (c) results conflicted when measurement intervalswere
comparable,(d) patterns of regressionand correlation coefficients were inconsistent, and (e) data

were insufficient to interconvert the parameters reported.

Lead andDelinquentBehavior. The possible associationbetweenlead and antisocial behavior
has been examined in severalstudies. In 1996, Needleman and coworkers published the results
of a study of 301 youngmales in the Pittsburgh School System. After adjustmentfor covariates,
the investigatorsfound that bone lead levels at 12 years ofage were significantly related to

parents and teacher's Child Behavior Checklist ratings ofaggression,attention, and delinquency.

A later study from the same group of investigators reported the results of a case-control study of
194 youths aged 12-18, arrested and adjudicatedas delinquent by the Juvenile Court of
AlleghenyCounty, Pennsylvania, and 146 nondelinquent controlsfrom high schools in the city
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of Pittsburgh(Needlemanet al. 2002).The associationbetweendelinquent status and bone lead
concentrations was modeled using logistic regression.Also, separateregressionanalyseswere
conductedafter stratificationby race. Care was taken to insure that unidentifieddelinquents did
not populate the control group. Bone lead was significantlyhigher in cases than in controls (11.0
vs. 1.5 ppm) and this also applied to both racial categories,white and African American. After
adjustingfor covariatesand interactions, and removal ofnoninfluentialcovariates,adjudicated
delinquents were 4 times more likely to have bone lead concentrations higher than 25 ppm than
controls. Covariates included in the modelswere child race; parental educationand occupation;
absenceof two parental figures in the home; numberofchildren in the home; and neighborhood
crime rate. Limitationsof the study include the lack ofblood lead data and definition of dose-

effect relationships.Also, explicit informationon SES factors was not providedand there were
large differences in social confounders between cases and controls.

Dietrich et al. (200l) examined the relationshipsbetweenprenatal and postnatal exposure to lead

and antisocial and delinquentbehaviors in a cohort study of 195 urban, inner city adolescents
recruited from the CincinnatiProspective Lead Study between 1979 and 1985. At the time of the
study, the subjectswere betweenapproximately15 and 17 years ofage; 92% were African-
American and 53% were male. The mean prenatal (maternal)PbB concentration was 8.9 lg/dL.
Blood was sampledshortlyafter birth and on a quarterlybasis thereafter, until the children were
5 years old. From birth to 5 years of age, 35% of the cohort had PbBs in excess of25 ig/dL, 79%
>15 ìg/dL, and 99% >10 ig/dL. As adolescents, the mean PbB was 2.8 ig/dL. After adjustment
for covariablesthat were independentlyassociated with delinquent behavior, prenatal blood lead

concentration was significantly associatedwith an increase in the frequencyofparent-reported
delinquent and antisocial behaviors,while prenatal and postnatal blood lead concentrations (i.e.,
at 78 months or childhoodaverage)were significantlyassociated with an increase in the
frequency of self-reporteddelinquent and antisocial behaviors, includingmarijuanause.
Limitations of the study are the inclusion of only four variables in the covariate analysis despite
the fact that nine were selected, only total scoreswere reported omitting the results for all
delinquencyvariables, and maternal levels but not cord levels were used in the analysis.

Two ecological investigationscorrelated leaded gasoline sales or ambient lead levels with crime
rates. Streteskyand Lynch (2001)examined the relationship between air lead concentrations and
the incidenceof homicides across 3,111 counties in the Unites States. The estimated air lead
concentrations across all counties ranged from 0 to 0.17 ig/m3. After adjustingfor sociologic
confoundingand nine measuresof air pollution, they reported a 4-fold increase in homiciderate
in those counties with the highest air lead levels comparedto controls. Nevin (2000) found a

statistical association between sales of leaded gasoline and violent crime rates in the United
States after adjustingfor unemploymentand percent ofpopulation in the high-crime age group.
As with most ecological investigations, the results are difficult to interpretbecause there are no
measurementsof individual exposure levels or controlsofconfounders.

PeripheralNeurologicalEffects in Children.Effects of lead on peripheral nerve function have
been documentedin children. Frank peripheral neuropathyhas been observedin children at PbBs

of60. 136 µg/dL (Erenberget al. 1974).Ofa total of 14 cases ofchildhood lead neuropathy
reviewed by Erenberg et al. (1974),5 also had sickle cell disease (4 were black), a finding that
the authorssuggestedmight indicate an increasedsusceptibility to lead neuropathyamong
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children with sickle cell disease. Seto and Freeman (1964)reportedsigns ofperipheral
neuropathy in a child with a PbB of 30 fEg/dL, but lead lines in the long bones suggested past

exposures leading to peak PbB of .40.60 µg/dL and probably in excessof 60 µg/dL (EPA 1986a).
NCV studies have indicated an inverse correlationbetween peroneal NCV and PbB over a PbB

range of 13.97 µg/dL in children living near a smelter in Kellogg, Idaho (Landrigan et al. 1976).
These data were reanalyzed to determine whether a threshold exists for this effect. Three
differentmethodsofanalysis revealedevidence of a threshold for NCV at PbBs of 20. 30 µg/dL
(Schwartz et al. 1988).NCV in the sural and peroneal nerves from youngadults exposed to lead

during childhood (20 years prior to testing)while living near a lead smelter in the Silver Valley,
Idaho, were not significantlydifferent than in a control group. Current PbBs in the exposed and

control groups were 2.9 and 1.6 fEg/dL, respectively. Data from past blood lead surveillance
indicated a mean childhoodPbB of approximately45 fEg/dL.

OtherNeurologicalEffects in Children. Severalstudies ofassociationsbetween lead exposure
and hearing thresholds in children have been reported,with mixedresults. A studyof49 children
aged 6. 12 years revealedan increase in latenciesofwaves III and V of the BAEP associated

with PbB measured 5 years prior to the tests (mean,28 fEg/dL) (Otto et al. 1985).The current
mean PbB was 14 µg/dL (range,6.59 fEg/dL). Assessment of a groupofchildren from the
Mexico City prospective study revealedsignificantassociations betweenmaternal PbB at 20

weeksofpregnancy(geometricmean, 7.7 fEg/dL; range, 1.31 fEg/dL)and brainstem auditory
evoked responses in 9.39-day-old infants, 3-month-old infants, and children at 67 monthsof age
(Rothenberget al. 1994b, 2000). In the most recentassessment, LV and HLV interpeak intervals
decreased as PbB increased from 1 to 8 µg/dL and then increasedas PbB rose from 8 to 31

fÊg/dL. Rothenberget al. (2000) hypothesized that the negative linear term was related to lead

effect on brainstem auditorypathway length, and that the positive term was related to neurotoxic
lead effect on synaptic transmissionor conductionvelocity.

Robinson et al. (1985)and Schwartzand Otto (1987,1991)provided suggestiveevidence of a

leadrelateddecrease in hearing acuity in 75 asymptomatic black children, 3.7 years old, with a

mean PbB of26.7 µg/dL (range,6.59 fEg/dL). Hearing thresholdsat 2,000 Hertz increased

linearlywith maximumblood lead levels, indicating that lead adverselyaffects auditory function.
These results were confirmed in an examinationof a group of3,545 subjectsaged 6.19 years
who participatedin the Hispanic Health and NutritionSurvey (Schwartzand Otto 1991).An
increase in PbB from 6 to 18 µg/dLwas associated with a 2-dB loss in hearing at all frequencies,

and an additional 15% of the children had hearing thresholdsthat were below the standardat
2,000 Hz.

Osman et al. (1999) found a significantassociation betweenblood lead concentration (2.39
fÊg/dL)and hearing thresholds in a group of 155 children ages 4.14 years, after adjustmentfor

covariates. The association remained significantwhen the analysis was confined to 107 children
who had blood lead concentrationsbelow 10 fEg/dL. Osman et al. (1999) also reported
increasedlatency ofwave I of the BAEP in children with PbB above 10 µg/dL comparedto
children with PbB below 4.6 fEg/dL. Covariates includedin the regressionmodels were child
gender age, Apgar score, absence of ear and nasopharynxpathologies;history of ear diseases,

frequent colds, mumps, gentamycin use, or exposure to environmentalnoise; and maternal
smoking duringpregnancy. Increased BAEP interpeak latencies was also described in a study of
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Chinese childrenwith a mean PbB of 8.8 µg/dL (range,3.2.38 fÊg/dL) after controlling for age
and genderas confoundingfactors (Zou et al. 2003).

In contrastwith results of the studies mentionedabove, Counter et al. (1997a)found no
difference in hearing thresholdbetweengroups of children who had relatively low or higher
exposures to lead (mainly from local ceramicsglazing and automobile battery disposal).PbBs
were 6 µg/dL (range,4.12 fÊg/dL, n=14) and 53 µg/dL (10.I 10 fÊg/dL, n=62), respectively. In
a separate study of the same cohort, Counter et al. (1997b) found normal wave latenciesand
neural transmissiontimes, and no correlationbetween PbB and interpeak latencies in children
with a medianPbB of 40 µg/dL (range,6.2.128.2 fEg/dL).Furthermore, audiological tests
showednormal cochlear functionand no statistical relation betweenauditory thresholdsand PbB

concentration. Subsequent studies of these children showedno evidencethat PbB affected the

cochlea (Buchananet al. 1999)or BAEP interpeakconduction (Counter2002).It is worthnoting
that Counter and coworkersstudied children in small villages in the Andes mountains who may
not be very representative of the generalpopulation.

DevelopmentalEffects

This sectionsummarizes studies of the effects of lead exposure on end points other than

neurologicalin developing organisms exposedduring the period from conceptionto maturity.
Neurodevelopmental effects are summarized in anothersection.

No reports were found indicatinglow levels of lead as a cause of major congenital anomalies.
However, in a study of5,183 consecutive deliveries ofat least 20 weeks of gestation, cord blood
lead was associated with the incidenceofminor anomalies (hemangiomasand lymphangiomas,
hydrocele, skin anomalies, undescended testicles),but not with multiple or majormalformations
(Needlemanet al. 1984).In addition, no particulartype ofmalformationwas associated with
lead. Accordingto the investigators, the results suggested that lead may interact with other
teratogenic risk factors to enhance the probability of abnormal outcome.

AnthropometricIndices. Since the report by Nye (1929)ofrunting in overtly lead-poisoned

children, a number ofepidemiological studies have reported an association betweenPbB and
anthropometric dimensions. For example, a study of 1-month-oldMexican infants found that
infantPbB (measuredat birth in umbilical cord and at 1 month ofage)was inverselyassociated
with weight gain, with an estimateddecline of 15.1 grams per µg/dL ofblood lead (Saninet al.
2001).The mean infant (at 1 month)and maternal PbBs (1 month postpartum)were 5.6 and 9.7
fÊg/dL, respectively; mean umbilical cord lead was 6.8 fÊg/dL. They also found that children
who were exclusivelybreastfedhad significantlyhigher weight gains, but this gain decreased

significantly with increasinglevels of maternal patella lead.

An additional study from the same groups of investigatorsreported that birth length ofnewborns
decreasedas maternalpatella lead increased,and also that patella lead was significantly related
to the risk of a low head circumferencescore (Hernandez-Avilaet al. 2002).In the Mexico City
Prospective Study, an increase in PbB at 12 monthsof age from 6 to 12.5 µg/dL was associated
with a decrease in head circumferenceof0.34 cm (Rothenberget al. 1999c).Also, a study by
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Stanek et al. (1998)reported that in childrenaged 18.36 months, witha meanPbB of6.4 fÊg/dL,
PbB was inversely relatedwith head circumference.

In the Cincinnati ProspectiveStudy,higher prenatalPbB was associated with reducedbirth
weight and reducedgestationalage (Dietrichet al. 1987a).Analyses ofthe data indicatedthat for
each natural log unit increase in PbB, the decrease in birth weight averaged 114 g, but ranged
from 58 to 601 g dependingon the age of the mother (Bornseheinet al. 1989).The investigators

reportedthat the thresholdfor this effect could be approximately 12.13 µg/dLPbB. In addition,a
decrease in birth length of2.5 cm per natural log unit ofmaternalPbB was seen, but only in
white infants. In a later report, the prenatal PbB (mean,8.2 fÊg/dL; range, 1.27 fÊg/dL) was
related to lower birth weight (Dietrichet al. 1989).PbBs

.10 µg/dL also were significantly
associated(p<0.05)with a decreasein total daysofgestationand an increaserisk ofpreterm and
small-for-gestational-agebirth in a sample of262 mother-infantpairs from the general
population in California (Jelliffe-Pawlowskiet al. 2006).Lower mean birth weightand In a study
of705 women from Camden,New Jersey,withPbBs throughoutpregnancybelow 1.5 fÊg/dL,
PbB showed no significantassociationwith lowbirth weight, preterm delivery,Apgar scores, or
small-forgestationalage (Sowerset al. 2002a).In contrast, in a study of 148 Russian mothersand
114 Norwegian motherswith maternal and cord PbBs as low as 1.2 fÊg/dL,PbBs had a negative
impact on birth weightand child fs body mass index (BMI, weight in kg dividedby the square

of the height in meters)with or withoutadjustingfor gestational age (Odlandet al. 1999).In a

studyof 89 mother-infant pairs from Spain, higher placentallead levels were unrelated to smaller
birth weight, head and abdominalcircumference,or shorterlength at birth (Falconet al. 2003).

Analyses ofdata for 2,695 children .7 years old from the NHANESII study indicatedthat PbB
(range,4. 35 fÊg/dL) was a statisticallysignificantpredictorof children's height, weight,and
chest circumference, after controllingfor age, race, sex, and nutritionalcovariates (Schwartzet
al. 1986).The meanPbB of the children at the average age of59 months appearedto be

associatedwith a reductionof approximately 1.5% in the height that would be expected if the
PbB had been zero. An analysisofdata on PbB for 4,391 U.S. children, ages 1.7 years, recorded
in theNHANES III (1988.1994)showed that increasingPbB (1.72fÊg/dL)was significantly
associatedwith decreasingbody stature (lengthor height)andhead circumference,after
adjustingfor covariates(Ballew et al. 1999).An increasein PbB of 10 µg/dL was associated

with a 1.57 cm decrease in stature and a 0.52 cm decreasein head circumference. A studyof
1,454 Mexican-American childrenaged 5.12 who were participants in the Hispanic Healthand
NutritionExamination Survey(HHANES) conductedin 1982.1984 found that PbBs in the range

of2.8.40 µg/dL were relatedwith decreased stature (Frisanchoand Ryan 1991).The meanPbB
in males and femaleswas 10.6 and 9.3 fÊg/dL, respectively.Eighty-twopercentof the variance
in height in maleswas accountedby hematocrit and PbB; in females,the same 82% was
accounted by age, poverty index, and PbB. After adjustingfor these covariates, children whose
PbB was above the median for their age and sex (9. 10 µg/dL range)were 1.2 cm shorter than
childrenwith PbBs below the median. Angle and Kuntzelman (1989)also reported reduced rates

ofheight and weightfrombirth to 36 months in children with PbB of .30 fEg/dL.

Evaluationof260 infants from the Cincinnati Prospective Study revealed that postnatalgrowth
rate (stature)from3 to 15 months ofage was inverselycorrelated with increasesin PbB during
the same period,but this effect was significant only for infantswhosemothershad prenatalPbB
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>7.7 µg/dL (Shukla et al. 1989).Reevaluation of235 infants during the second and third years of
life revealed that mean PbB during the secondand third years was negativelyassociated
(p=0.002)with attainedheight at 33 months ofage (Shuklaet al. 1991).However, this
associationwas observed only among children who had mean PbBs greater than the cohort
median (10.8fÊg/dL)during the 3.15-month interval. It also appeared that the effect of lead

exposure (bothprenatal and during the 3.15-month interval) was transient as long as subsequent
exposure was not excessive.

An absence ofsignificant associationsbetween lead exposure and anthropomorphicmeasures
has also been reported. Evaluationof 359 mother-infantpairs from the Cleveland Prospective
Study foundno statistically significant effect ofPbBs on growth from birth through age 4 years
10 months after controlling for a variety of possible confounding factors (Greeneand Ernhart
1991).Also, a study of 104 children who suffered lead poisoning(PbB up to 470 fÊg/dL)
between the ages of 16 and 55 months and underwent chelation therapy showednormal height
when they were evaluatedat 8 and 18 years of age (Sachsand Moel 1989).At age 18, all patients
had PbBs <27 fEg/dL. A study by Kim et al. (1995) found that bone lead was not associated
with physical growth in a cohort ofchildren followed longitudinallyfor 13 years. The children
were first assessed in 1975.1978and then in 1989.1990. However,the study found that dentin
lead was positivelyassociated with BMI as of 1975.1978 and increased BMI between 1975.1978

and 1989.1990.Confounderscontrolled for includedage, sex, baselinebody size, and mother fs

socioeconomicstatus. According to the investigators, the results suggested that chronic lead

exposure duringchildhood may result in obesity that persists into adulthood.

SexualMaturation.Two studiesprovide informationon the effectof lead exposure on sexual
maturation in girls. Selevan et al. (2003)performedan analysisofdata on blood lead
concentrations and various indices of sexual maturation in a group of2,741 U.S. female children
and adolescents,ages 8-18 years, recorded in the NHANES III (1988-1994).IncreasingPbB
was significantly associated with decreasing stature (height)and delayedsexual development
(lower Tannerstage, a numerical categorization of female sexual maturity based on breast and
pubic hair development),after adjustingfor covariates. The geometric mean PbB among the
three majorrace/ethnicity categoriesrecorded in the NHANES III was 1.4 µg/dL (95%CI, 1.2-
1.5)in non-Hispanic whites, 2. I µg/dL (95% CI, 1.9-2.3) in African Americans, and 1.7 µg/dL
(95% CI, 1.6-1.9) in Mexican Americans. ORs for differencesin breast and pubic hair
development,and age at menarche were significantin comparisonsmade at PbBs of 1 and 3

µg/dL in the African Americangroup. Delays in sexual development,estimated for Tanner
stages2-5, ranged from 4 to 6 months. ORs were significantfor breast and pubic hair
development, but not for age at menarche in the Mexican Americangroup. Covariatesincluded
in the models were age, height, body mass index;history of tobacco smoking or anemia; dietary
intakes of iron, vitamin C and calcium; and family income. Selevan et al. (2003)acknowledged
that other factors associated with body lead burden and pubertal developmentthat they did not
assess may be responsiblefor the observedassociations. In addition, they noted that reportingof
past events, such as age at menarcheand dietary history, could have been subjectto errors in
recall. Finally, potential confoundersthat were measured at the time of the study may have
differed duringperiodscritical for pubertal developmentor other unmeasuredconfoundersmay
have affected the results.
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An additional study of the same cohort also found a significantand negative association between
PbB and delayedsexual maturation(Wu et al. 2003a).The study included 1,706girls 8-16 years

old with PbB ranging from 0.7 to 21.7 µg/dL. PbBs were categorized in three levels: 0.7-2, 2.1-
4.9, and 5.0- 21.7 µg/dL. Covariates included in the models were race/ethnicity, age, family size,
residence in a metropolitan area, poverty income ratio, and body mass index. Girls who had not
reached menarcheor stage 2 pubic hair had higherPbBs than did girls who had. Among girls in
the three levels ofPbB mentioned above, the unweighted percentagesof 10-year-oldgirls who
had attained Tannerstage 2 pubic hair were 60, 51, and 44%, respectively, and for 12-year-old

girls who reported reaching menarche,the values were 68, 44, and 39%, respectively.These

negative relationshipsremainedsignificant in logistic regressioneven after adjustmentfor the

covariatesmentionedabove. Interestingly,no significant association was found between PbB

and breast development, in contrastto the findingsof Selevanet al. (2003)who used the same
database.Wu et al. (2003b)concludedthat although they found a significantnegative association
between low PbB and some markers of sexual maturation, judicious interpretationof the results
is needed given the cross-sectionalstudy sample and limited attentionto othernutritionalor
genetic factors that may impact the findings.

ToxicologicalProfile for Selenium.

Much of the seleniumreleased to the environmentcomes from the burningofcoal and other
fossil fuels, and from other industrial processessuch as the production of rubber. Most of the

available toxicity informationfor oral exposures to seleniumcompoundscomes from domestic

or experimental animal exposures to selenite, selenate, seleniumsulfides (mixed),and organic
seleniumcompounds(selenocystine,selenomethionine).As indicated previously,we will only
present data from human studies.

Some epidemiological studies report data from populations exposed to selenium in the food

chain in areas with high selenium levels in soil. It is likely that selenite, selenate, and the

selenium found in food and in dietary supplementscomprise the majority ofselenium
compoundsto which oral, off-site selenium exposureswill occur at or near hazardouswaste

sites. Aside from the variation in effective dose, the healtheffects from exposure to selenate,

selenite,and dietary seleniumare not expected to differ greatly. However,oral exposures to

many other compoundsof selenium could occur (primarilythrough soil or edible plant ingestion)

if those compoundswere deposited at the site, or if local environmental conditions greatly favor
transformation to those forms. Heavy metal selenides, aluminum selenide, tungsten diselenides,

and cadmium selenide are used in industry and may end up in waste sites. Mobilization of
selenium, typically as selenate in water run-off, has the potential to impact nearby plants and

animals, thus potentiallyexposing people througheating game meat, local plants, and

agricultural or livestockfood products from the area.

SystemicEffects

GastrointestinalEffects. In humans, gastrointestinal distress, includingnausea,vomiting,
diarrhea, and abdominal pain, has been reported following ingestion of aqueous sodium selenate
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(Civil and McDonald 1978; Gasmi et al. 1997; Helzisouer et al. 1985; Koppel et al. 1986; Sioris

et al. 1980).Two studies provided an estimateof dose. In a case reportby Civil and McDonald
(1978),diarrheawas observedin a 15-year-oldgirl about 45 minutes after she swallowed sheep
drenchcontaining selenate at a dose of about 22 mg selenium/kg. This effect was observed
despite the induction ofvomiting shortly after the exposure. In a second case report ofa suicide
attempt, a 56-year-old man reportedthat vomiting, diarrhea,and abdominal pain occurred 1 bour

after he ingestedapproximately 1 I mg/kg selenium as sodium selenite (Gasmi et al. 1997).
Postmortem examinations following two deaths from selenium ingestion revealeddilationof the

stomachand small intestine (Carter1966)and erosive changesof the gastrointestinaltract
(Koppelet al. 1986).High (unspecified)levels ofdietary selenium compoundshavebeen

implicated as causing gastrointestinal disturbances in chronicallyexposed humans(Smithet al.
1936),but such symptoms are not specific to selenium intoxication.

Endocrine Effects. An examinationof thyroid hormone levels in lactating womenresiding in
areas ofVenezuelawith high levels of selenium in the soil (seleniumintake ranged from 250 to
980 µg per day as estimated from selenium contentofbreast milk) revealeda significant
decrease in serum T3 levels, as comparedwith women havingnormal selenium intakes (90-350

µg/day),but these hormone levels remained within the normal range (Brätterand Negretti De
Brätter 1996).Additionally, a significantinverse correlationfor seleniumand serum T3

concentration was found using the Spearman Rank test. The study authors noted that the effect of
selenium on T3 levels becamesignificantat dietary intake levels of 350-450 µg/day.No

significantalterations in serum T4 or TSH levels or correlations with selenium intake were
found.

Dermal Effects. Jensen et al. (1984)describedboth marked alopecia and the deformityand loss

of fingernails in a womanwho had consumed a selenium supplementcontaining 31 mg total
selenium (in the form of sodium selenite and elementalselenium)per tablet for 77 days. The

woman consumed one tablet each day in addition to vitamin supplements (vitaminsC, A, D, E, B

complex)and a mineral supplement "labeled as containingall 72 trace elementsin undefined
quantities " In epidemiological studies ofpopulationschronically exposed to high levelsof
seleniumin food and water, investigatorshave reporteddiscolorationof skin, pathological
deformityand loss ofnails, loss ofhair, and excessive tooth decay and discoloration (Smithet al.
1936; Yang et al. 1983, 1989a, 1989b).The 1989 studies by Yang et al. followup their original
1983 study ofChinesepopulations living in areas classifiédas having low-, medium-, and high-
selenium exposure based on local soils and food supplies. The averageand standard error of
selenium intakes in the low-, medium-, and high-intake regions were 0.0012±0.00009,
0.0037±0.0004,and 0.025±0.001mg/kg/day, respectively. The whole blood (average± standard

error)concentrations of selenium in the low-, medium-, and high-intake regionswere 0.16±0.00,
0.35±0.02,and 1.51±0.05 mg/L, respectively. The estimated daily dietary selenium intake

required to produce these symptoms in an area ofChinacharacterized by endemic selenosis was
at least 0.016 mg selenium/kg/day(Yanget al. 1989a).This correspondsto a blood concentration

of 1.054 mg/L and an estimateddaily intake of 0.91 mg/day, assuminga 55-kg Chinese man or
womanand using the regressionanalysis provided by Yang et al. (1989b).The NOAEL from the
highest intake population not affected by nail disease is 0.015 mg selenium/kg/day,which
corresponds to a blood concentration of0.97 mg/L. Foods that contributed the greatest levels of
selenium were smokedpork, coal-dried corn, chestnuts, pumpkin seeds, dried fruits, and garlic.
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It has been noted that the selenosisproblem in China began when coal with high levels of
selenium was burned as the main sourceof fuel (Whanger1989).Food was cooked and dried

over the open flame, adding selenium to the food. In addition, the people breathed large amounts

of smoke, but the contributionofvolatilizedselenium to the total dose of selenium has not been

adequately characterized(Whanger 1989).Coal was also burned on the fields as a fertilizer
source. Environmental seleniumconcentrationsin the low-, medium-, and high-intake regions
were 0.37-0.48,0.73-5.66, and 7.06-12.08 mg/kg in soil, and 370, 1,720, and 12,270 µg/L in

water, respectively (Yang et al. 1989b).

Neurological Effects

Following acute oral exposure to selenium compounds in humans,aches and pains and
irritability (Civil and McDonald 1978),as well as chills and tremors (Sioriset al. 1980)have
been reported. The dizzinessassociatedwith selenium inhalationexposure has not been
documentedafter selenium ingestion.

In a 1964 study, Rosenfeldand Beath reported listlessness, a general lack ofmental alertness,
and othersymptomsof selenosis in a family exposed for approximately3 months to well water
containing 9 mg selenium/L (0.26mg selenium/kg/day from drinking water).All of the

symptoms resolved after use of the seleniferous water was discontinued.BecauseRosenfeldand
Beath (1964)did not estimate the family'sexposure to dietary selenium, it is not possibleto
identify the total daily selenium dose associated with the symptomsof selenosis in this family.

ReproductiveEffects

Selenium levels in blood plasma began to changewithin 3 days ofstarting the low- and high-

seleniumdiets and progressively continued throughout the study (Hawkesand Turek 2001).By
week 17, meanplasma selenium concentrations had increased by 109% in the high-selenium

group and decreased by 38.5% in the low-selenium group. A similar pattern of changes occurred
in seminal plasma selenium, although selenium levels in sperm did not change significantlyin
eithergroup. Mean sperm motility was significantlydifferentin the low-seleniumsubjectsand
high-selenium groups at week 13, but not at weeks 8 or 17. The fractionofmotile sperm
increased an average of 10% in the low-seleniumgroupby week 13, and was essentially the
same as the baseline value at week 17. Spermmotilitydecreasedan averageof32% in the high-
selenium group at week 13, and ended 17% lower than baselinevalue at week 17. ANOVA
showeda significantmain effect of dietaryseleniumon sperm motility, as well as a significant
seleniumx time interaction, indicatingthat the group responsesdivergedover time. Baseline and
ending motile sperm fractions in the high-seleniumgroup were 0.588±0.161and 0.488±0.193,

respectively;;>50% motility is considered normal (FDA 1993).The decrease in sperm motility in
the high-selenium group cannotbe clearly attributed to seleniumbecause the effect was not
consistentover the duration of exposure, is unlikely to be adversebecause it is at the low end of
the normal range, and is not accompaniedby any significantchanges in other indicesofsperm
movement (progressionor forward velocity), or sperm numbersor morphology. Additionally,
there were no effects of selenium on serum levels of reproductivehormones, and changes in
thyroidhormones,which could affect sperm function, were not outsidenormal ranges.
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A nonsignificant increase in spontaneousabortions (relative risk [RR]=1.73; 95% CI=0.62-4.80)
was reported among births in the municipalityof Reggio Emilia, Italy, where women had been

exposedto drinking water containing 7-9 ug/L levels ofselenium (as selenate,reported
estimatedintake 10- 20 ug/day)between 1972 and 1988 (Vinceti et al. 2000a).This study is

limited by a level ofselenium in water that is not consideredhigh, lack of data on selenium
status, and insufficient information on confounding variables. Seleniumdeficiencyhas been
implicated as a risk factor for recurrent miscarriage in humans (Al-Kunani et al. 2001;
Barringtonet al. 1996, 1997; Güvenc et al. 2002; Kumar et al. 2002).
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