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Acronyms and Abbreviations

o alpha
aT the extent of DNA denaturation per cell
A Angstrom (10°° meter)
AA African American; arachidonic acid, atomic
absorption
AALM All Ages Lead Model
AAS atomic absorption (spectrophotometry,
spectrometry, spectroscopy)
Ab amyloid-beta peptide
ABL atmospheric boundary layer
ACE angiotensin converting enzyme
ACF Apalachicola, Chattahoochee, and Flint River
Basin
ACh acetylcholine
ACP acid phosphatase
ACR acute to chronic ratio
Acyl-CoA
acyl-coenzyme A
AD axial diffusivity
ADHD attention deficit hyperactivity disorder
ADP adenosine diphosphate
AE anion exchanger
AEC adenylate energy charge
AERMOD
atmospheric dispersion model
AF absorbed fraction; absorption fraction
aff’d affirmed
AIG albumin/globulin
Ag silver
AGL above-ground level
A-horizon:
Topsoil horizon (surface soil)
AKI acute kidney injury
Al aluminum
ALA aminolevulinic acid
ALAD aminolevulinic acid dehydratase;
ALAD 1-1:
aminolevulinate delta-dehydratase 1-1
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ALAD-2
aminolevulinate delta-dehydratase-2

ALD aldehyde dehydrogenase

ALM  Adult Lead Methodology

ALP alkaline phosphatase

ALS Amyotrophic Lateral Sclerosis (Lou Gehrig’s
disease)

ALT alanine aminotransferase

AM Alveolar macrophages

AMF  arbuscular mycorrhizal fungi

AMP  adenosine monophosphate

ANC  acid neutralizing capacity; absolute neutrophil
counts

ANF atrial natriuretic factor

Angll  renal angiotensin Il

ANOVA analysis of variance

ANPR advance notice of proposed rulemaking

AOP adverse outcome pathway

AP-1  activator protein-1

Apal polymorphism of the VDR in humans

APC antigen-presenting cell

APOE  Apolipoprotein E

APRT  adenine phosphoribosyltransferase

AQCD Air Quality Criteria Document

AQS (U.S. EPA) Air Quality System (database)

Ar argon

As arsenic

AST aspartate aminotransferase

ASV anode stripping voltammetry

ATLD ataxia-telangiectasia-like disorder

ATOFMS:
aerosol time-of-flight mass spectrometry

ATP adenosine-triphosphate

ATPase adenosine triphosphatase; adenosine
triphosphate synthase

ATS American Thoracic Society

ATSDR Agency for Toxic Substances and Disease

Research
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Au gold

avg average

AVS acid-volatile sulfides

a-wave initial negative deflection in the
electroretinogram

AWQC Ambient Water Quality Criteria

B Beta; Beta coefficient; regression coefficient;
standardized coefficient

3B-HSD
3-beta-hydroxysteroid dehydrogenase

17B-HSD:
17-beta-hydroxysteroid dehydrogenase

Ba barium

BAF bioaccumulation factors

BAL 2,3-dimercaptopropanol

BASC Behavior Assessment System for Children

BASC-PRS:
Behavior Assessment System for Children-
Parent Ratings Scale

BASC-TRS:
Behavior Assessment System for Children-
Teacher Rating Scale

BC black carbon, soot

BCB blood cerebrospinal fluid barrier

B-cell  Bone marrow-derived lymphocytes, B
lymphocyte

BCF bioconcentration factors

Bcl-x  member of the B-cell lymphoma-2 protein
family

Bel-xlI  B-cell lymphoma-extra large

B-horizon:
subsoil horizon

bio biological

Bi,S;  bismuth (111) sulfide

BK biokinetics

BLM  biotic ligand model

BMD  benchmark dose; bone mineral density

BMDL benchmark dose limit

BMI body mass index

BMP  bone morphogenetic protein

BMS  Baltimore Memory Study

BMW  battery manufacturing workers

BP blood pressure

Br bromine
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BR bronchial responsiveness
BrdU  bromo-2’-deoxyuridine

8-Br-GMPc:
8-bromo-cyclic guanosine monophosphate

Bs-horizon;
subsoil horizon with accumulation of
sesquioxides

BSI Brief Symptom Inventory
BSID-1lI Bayley Scale for Infant Development-I1

Bsml polymorphism of the VDR in humans
Bt20 Birth-to-age Twenty (cohort)
BUN blood urea nitrogen

bw body weight

b-wave initial positive deflection in the
electroretinogram

C carbon; Celsius; soil or dry sediment Pb
concentration; Caucasian; Cysteine

Ca calcium

Ca?*  calcium ion

CAA Clean Air Act

CaBP  calcium binding protein

CaCl, calcium chloride

CaCO;3; calcium carbonate; calcite

CaEDTA
calcium ethylenediaminetetraacetic acid

CaMKIlI
calmodulin-dependent protein kinase |1

cAMP  cyclic adenosine monophosphate

CASAC Clean Air Scientific Advisory Committee
CASM Comprehensive Aquatic Systems Model

CaSO, calcium sulfate

CaS0,-2H,0:
gypsum
CAT catalase
CBLI  cumulative blood Pb index
CBSA core based statistical area
CCSEM
computer-controlled scanning electron
microscopy
CD cluster of differentiation
Cd cadmium
Cd(ll)  cadmium (I1)
Cd**  cadmium ion
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http://en.wikipedia.org/wiki/Cluster_of_differentiation

CD3+ T lymphocyte

CD4+ T helper cell

CDC Centers for Disease Control

CEA carcinoembryonic antigen

CEC cation exchange capacity

cent central

cert. certiorari

cf correction factor; latin abbreviation for
conferre (used as "compared with)

CFL constant flux layer

CFR Code of Federal Regulations

cGMP cyclic guanosine monophosphate

C-H carbon-hydrogen (bond)

CHAD Consolidated Human Activity Database

ChAT  chlorine acetyltransferase

CHD  coronary heart disease

CHL Chinese hamster lung

CHO Chinese hamster ovary cell line

C-horizon:
Soil horizon underneath A- and B-horizons,
may contain lumps or shelves of rock and
parent material

CHV79 Chinese hamster lung cell line

Cl confidence interval

Cir. circuit

CKD  chronic kidney disease

CKD-EPI:
Chronic Kidney Disease Epidemiology
Collaboration

CL confidence limit

Cl chlorine

Ccr chlorine ion

Cl, molecular chlorine

CLACE 5:
Fifth Cloud and Aerosol Characterization
Experiment in the Free Troposphere campaign

CLS Cincinnati Lead Study

Cco carbon monoxide

CO, carbon dioxide

CO5>  carbonate ion

Co cobalt

CoA coenzyme A
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COD  coefficient of difference

Coeff  coefficient

COMP aT:
The percentage of sperm with increased
sensitivity to DNA denaturation

Con control

Conc.  concentration

Cong. congress

Corr correlation

COX  cyclooxygenase; cytochrome oxidase subunits

COX-2 cyclooxygenase-2

cPLA, cytosolic phospholipidase A,

CPRI  coarse particle rotary impactor

CPRS-R
Conners' Parent Rating Scale-Revised

Cr chromium; creatine

C-R concentration-response (relaltionship)

Crlll  chromium 11

CRAC Ca? release activated calcium

CRACI calcium release activated calcium influx

CREB cyclic adenosinemonophosphate (CAMP)
response element-binding

CRP C-reactive protein

CSF colony-stimulating factor

CSN Chemical Speciation Network

CT zinc-adequate control

Cu copper

Cu(ll)  copper (I1)

Ccv coefficient of variation

CVD  cardiovascular disease

CYP cytochrome

CYP 1A1, CyplALl:

cytochrome P450 family 1 member Al

CYP 1A2, CyplA2:

cytochrome P450 family 1 member A2

CYP P450:

cytochrome P450

A delta, difference, change
A5-3B-HSD :

delta-5-3-beta-hydroxysteroid dehydrogenase
5-ALA

5-aminolevulinic acid; delta-aminolevulinic
acid
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3-ALAD :
delta-aminolevulinic acid dehydratase

D,, D;  dopamine receptors

D50 size at 50% efficiency

d day(s); depth

db, dB  decibel

DbH dopamine beta-hydroxylase
DBP diastolic blood pressure

DENA Denali National Park and
Preserve, Alaska

dep dependent

dev. deviation

DEX exogenous dexamethasone

DG degenerate gyrus

2-dG 2-deoxyguanosine

DHAA dehydroascorbate

diff differentiation

DIT developmental immunotoxicity
DMPS  2,3-dimercaptopropane-I-sulfonic acid
DMSA dimercaptosuccinic acid

DMSO dimethyl sulfoxide

DNA  deoxyribonucleic acid

DoAD developmental origins of adult disease
DOC  dissolved organic carbon

DOM  dissolved organic matter

DP-109 metal chelator

DP-460 metal chelator

DR diet-restricted

DRD4 dopamine 4 receptor

DRDA4.7 dopamine 4 receptor repeat alleles
DRUM Davis Rotating Unit for Monitoring

D-serine
neuronal signal

DSM-IV
Diagnostic Statistical Manual-1V

DTH delayed-type hypersensitivity

DTPA diethylene triamine pentaacetic acid;

technetium-diethylenetriamine-pentaacetic acid

E east; expression for exposure
E2 estradiol

e exponential function
November 2012

EC elemental carbon, endothelial cell
ECy effect concentration for 10% of test population
ECy effect concentration for 20% of test population
ECs effect concentration for 50% of test population
ECG electrocardiography; electrocardiogram
ECOD 7-ethoxycoumarin-o-deethylase
Eco-SSLs:
ecological soil screening levels
EDjo effect dose for 10% of population
EDTA ethylenediaminetetraacetic acid
EFS electrical field stimulus
EGF epidermal growth factor
EGFR epidermal growth factor receptor
eGFR  estimated glomerular filtration rate
Eh electrochemical potential
E-horizon:
Eluviated horizon; soil horizon which is
eluviated or leached of mineral and/or organic
content
EI-MS electron impact ionization mass spectrometry
ELPI electrical low-pressure impactor
eNOS  endothelial nitric oxide synthase
EOG end-of-grade
EPA U.S. Environmental Protection Agency
EPT ephemeroptera, plecoptera, trichoptera
ER endoplasmic reticulum
Erg-1  ether-a-go-go related gene
ERG electroretinogram
ERK extracellular signal regulated kinase
ERK1/2
extracellular signal-regulated kinases 1 and 2
EROD 7-ethoxyresorufin-o-deethylase
ESCA electron spectroscopy for chemical analysis
ESI-MS
electrospray ionization mass spectrometry
ESRD end stage renal disease
ET endothelin
ET-1 vasoconstrictor endothelin-1

ETa-type receptors:

ETS
EU

endothelin type A receptors
environmental tobacco smoke

European Union
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EURO
eV
EXAFS

Fo

Fi

F2
FAA
FAI
FAS
Fas-L
Fe
Fe(l11)
FEM
FEV1
Fl
FI-Ext
Fl
Fokl
FR
FrA
FR-FI
FRM
FSH
FSIQ
FT3
FT4
G

G2

European emission standard

electronvolts

X-ray absorption fine structure spectroscopy
filial “zero” generation (parental stock)
first filial generation (offspring of Fy)
second filial generation (offspring of F;)
Federal Aviation Agency

free androgen index

apoptosis stimulating fragment
apoptosis stimulating fragment ligand
iron

iron I11

Federal equivalence method

forced expiratory volume in 1 second
fixed interval

fixed interval with extinction

fluoride

polymorphism of the VDR in humans
Federal Register (Notice)

fractional anisotropy

fixed ratio-fixed interval

Federal reference method
follicle-stimulating hormone

full scale intelligence quotient (1Q)
free triiodothyronine

free thyroxine

pregnancy; guanine

gap 2 Phase

g, kg, mg, pg, ng, pg:

G93A
GAAR

GABA

gram(s), kilogram(s), milligram(s),
microgram(s), , nanogram(s), picogram(s)

mouse model

Gates of the Arctic National Park and Preserve,
Alaska

y-aminobutyric acid; gamma aminobutyric acid

GABAergic:

GAD
GC
G-CSF
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inhibitory neurons that relase the
neurotransmitter GABA

generalized anxiety disorder
gas chromatography

granulocyte colony-stimulating factor
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GD
GEE
GFAAS

GFAP
GFR
GGT
GH
GHRH
Gl

GIS
G+L
GLAC
GLE
GM
GMR
GnRH
G6PD
GPEI
GPT
GPx
GPX1
GR
GRP78
GRP94
Grp
GSD
GSH
GSSG
GST
GSTM1
GST-P
GTP

ha
HAD
HAP

gestational day
generalized estimating equations

graphite furnace atomic absorption
spectrometry

glial fibrillary acidic protein
glomerular filtration rate
gamma-glutamyl transpeptidase
growth hormone

growth-hormone releasing hormone
gastrointestinal

Geographic Information System
pregnancy plus lactation

Glacier National Park, Montana
gestationally-lead exposed
geometric mean

geometric mean blood Pb ratio
gonadotropin-releasing hormone
glucose-6-phosphate dehydrogenase
glutathione transferase P (GST-P) enhancer |
glutamate pyruvate transaminase
glutathione peroxidase

gene encoding for glutathione peroxidase 1
glutathione reductase
glucose-regulated protein 78
glucose-regulated protein 94
glucose-regulated protein

geometric standard deviation
glutathione

glutathione disulfide

glutathione S-transferase
glutathione S-transferase Mu 1
glutathione transferase P

guanosine-5'-triphosphate; guanine
triphosphate

hydrogen
hydrogen ion
hour(s)

hectare
hydroxy-alkenals

hazardous air pollutant
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Hb hemoglobin

HCs acute toxicity hazardous concentration for 5%
of species

HCyq acute toxicity hazardous concentration for 10%
of species

HCI hydrochloric acid

HCO3;  bicarbonate; hydrogen carbonate
Hct hematocrit

HDL high-density lipoprotein

HERO Heatlh and Environmental Research online
(database)

HEW  U.S. Department of Health, Education, and
Welfare

HF hydrogen fluoride
HFE hemochromatosis gene

HFE C282Y:
hemochromatosis gene with C282Y mutation

HFE H63D :
hemochromatosis gene with H63D mutation

Hg mercury
HgCl,  mercury(ll) chloride

5-HIAA
5-hydroxyindoleacetic acid

HIV human immunodeficiency virus

HLA-DRB:
human leukocyte antigen genes

HMEC human dermal microvascular endothelial cells
HMGR 3-hydroxy-3-methylglutaryl-CoA reductase
HMOX-1: heme oxygenase-1

HNO; nitric acid

HO-1  heme oxygenase; heme oxidase-1

H,O water

H,O,  hydrogen peroxide

HOME Home Observation for Measurement of the
Environment

HPA hypothalamic-pituitary-adrenal

HPb, h-Pb:
high Pb

HPG hypothalamic-pituitary-gonadal
HPLC high-performance liquid chromatography

HPRT  hypoxanthine-guanine
phosphoribosyltransferase

HPT hyperparathyroidism; hypothalamic-pituitary-
thyroid
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HR heart rate; hazard ratio
HRV heart rate variability
hsp heat shock proteins
SHT serotonin

5-HT  5-hydroxytryptamine

5-HT2B
5-hydroxytryptamine receptor 2B

hTERT telomerase reverse transcriptase

HVA homovanillic acid

| interstate

IARC International Agency for Research on Cancer
1Csq half maximal inhibitory concentration

ICAP  inductively coupled argon plasma

ICP-AES
Inductively coupled plasma atomic emission
spectroscopy

ICPMS, ICP-MS:
Inductively coupled plasma mass spectrometry

ICR imprinting control region

ICRP International Commission on Radiological
Protection

ID identification

IDA iron-deficiency anemia

IDE insulin-degrading enzyme

IEPA  lllinois Environmental Protection Agency

IEUBK Integrated Exposure Uptake Biokinetic

IFN-y  interferon-gamma

Ig immunoglobulin
IgA immunoglobulin A
IgE immunoglobulin E

IGF-1 insulin-like growth factor 1

1gG immunoglobulin G
IgM immunoglobulin M
IHD ischemic heart disease
IL interleukin

IL-18  interleukin-1 Beta
IL-2 interleukin-2
IL-4 interleukin-4
IL-5 interleukin-5
IL-6 interleukin-6
IL-8 interleukin-8
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IL-10 interleukin-10
IL-12 interleukin-12

IMPROVE:
Interagency Monitoring of Protected Visual
Environment

IMT intimal medial thickening
INL inner neuroblastic layers of the retina
iNOS inducible nitric oxide synthase

IOM Institute of Medicine (provides health
information to the NAS [National Academy of

Sciences])
i.p. intraperitoneal (route)
1Q intelligence quotient
IQR interquartile range

IRE1  inositol-requiring enzyme-1

IRP integrated review plan

ISA Integrated Science Assessment

ISC-PRIME
Industrial Source Complex-Plume Rise Model
Enhancements

ISF intake slope factor

ISL inertial sublayer

1ISO International Standards Organization

i.v. intravenous

IVBA in vitro bioaccessibility
IVF in vitro fertilization

INK jun N-terminal kinase

K Kelvin (temperature); potassium;
resuspsension factor

K* potassium ion

Kos concentration of free metal giving half

maximal metal-dependent release

KART Karters of American Racing Triad

Ky dissociation constant
Kd partition coefficient; ratio of the metal
concentration in soil to that in soil solution
kDa, kD
kiloDalton
KEDI-WISC:

Korean Educational Development Institute-
Wechsler Intelligence Scale for Children

6-keto-PGF1a:
6-keto-prostaglandin Fla (vasodilatory
prostaglandin)

keV kiloelectron volt
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Ki-67  antigen, cell cycle and tumor growth marker
Kim-1  kidney injury molecule-1

Kinder-KITAP :
Kinder-Testbatterie zur
Aufmerksamkeitspriifung fiir Kinder

K-ras  specific proto-oncogene

K-XRF K-x-ray fluorescence method of scanning for

bone Pb
A lambda; resuspension rate
L length
L, dL, mL:

Liter(s) [1000 mL/L], deciliter(s) [100 mL/dL],
milliliter(s) [1 mL/mL]

LA-ICP-MS:
laser ablation inductively coupled plasma mass
spectrometry

LCsg lethal concentration (at which 50% of exposed

organisms die)

LDsg lethal dose (at which 50% of exposed
organisms die)

LDH lactate dehydrogenase
LDL low-density lipoproteins

LFH-horizons:
organic soil horizons located above well-
drained surface soil

LF/HF low frequency to high frequency ratio
LH luteinizing hormone

LHRH luteinizing hormone releasing hormone
LINE long interspersed nuclear element
LINE-1 long interspersed nucleotide elements-1

LLNA local lymph node assay

In natural logarithm
L-NAME:

L-NG-nitroarginine methyl ester
L-NOARG:

L-nitroarginine
LOD limit of detection
LOEC lowest-observed-effect concentration
log logarithm
LPb low Pb
LPS lipopolysaccharide

LSO lateral superior olive
LTP long-term potentiation
M metal
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M, mM, uM, nM, pM:
Molar, millimolar (10'3 M), micromolar
(10°° M), nanomolar (10°° M), picomolar
(102 M)

m, km, cm, mm, um, nm:
meter(s), kilometer(s), centimeter(s),
millimeter(s), micrometer(s) [micron(s)],
nanometer(s)

MAP  mean arterial pressure

MAPK mitogen-activated protein kinase(s), MAP
kinase

MATC maximum acceptable toxicant concentration
max maximum, maxima

MBP myelin basic protein

MCH  mean corpuscular hemoglobin

MCHC mean corpuscular hemoglobin concentration

MchDMSA:
mono-cyclohexyl dimercaptosuccinic acid

MCL  maximum containment level

MCP-1 monocyte chemotactic protein-1

MCV  mean corpuscular volume

MD mean diffusivity

MDA  malondialdehyde

MDD  major depressive disorder

MDI Mental Development Index

MDL  method detection limit

MDRD Moadification of Diet in Kidney Disease

Med, med:
median

MEK1 dual specificity mitogen-activated protein
kinase 1

MEK2 dual specificity mitogen-activated protein
kinase 2

MENTOR
Modeling Environment for Total Risk
(framework)

Mg magnesium

Mg?*  magnesium ion

MHC  major histocompatibility complex

M myocardial infarction, "heart attack";
myocardial ischemia

ml myoinositol

min minimum; minima; minute(s)

MKK1/2

MAPK kinase 1 and 2
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ML mixed layer
MMAD mass median aerodynamic diameter
MMDD mental retardation or developmental
disabilities
MMF  mycophenolate mofetil
mmHg  millimeters of mercury

mmol, pmol, nmol:
millimole(s), micromole(s), nanomole(s)

MN micronuclei formation; mononuclear

Mn manganese

MNE  micronucleated erythrocytes per thousand
MnO, manganese dioxide

Mo molybdenum

mo month(s)

MOA(s) mode(s) of action

MORA Mount Ranier National Park, Washington State

MOUDI
multi-orifice uniform deposit impactor

MPb, m-Pb: moderate Pb

MPO  myeloperoxidase

MRI magnetic resonance imaging
mRNA messenger ribonucleic acid

MRS magnetic resonance spectroscopy
MS maternal stress

MSC mesenchymal cell

MSWI  municipal solid waste incineration
Mt metallothionein

MTHFR
methylenetetrahydrofolate reductase

MTP mitochondrial transmembrane pore

MW molecular weight

Mz marginal zinc

N nitrogen; normal; north; number; population
n number of observations

Na sodium

Na* sodium ion

NAAQS

National Ambient Air Quality Standards
NAC N-acetyl cysteine; nucleus accumbens

Na,CaEDTA:
calcium disodium ethylenediaminetetraacetic
acid
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NaCl sodium chloride
NAD nicotinamide adenine dinucleotide

NADH nicotinamide adenine dinucleotide
dehydrogenase

NADP nicotinamide adenine dinucleotide phosphate

NADPH, NAD(P)H:
reduced nicotinamide adenine dinucleotide
phosphate

NAEC no-adverse-effect concentration

NAG  N-acetyl-B-D-glucosaminidase;
N-acetylglucosamine

NaHCO;
sodium bicarbonate; sodium hydrogen
carbonate

NANC non-adrenergic non-cholinergic

NAS U.S. Department of Veteran’s Affair’s
Normative Aging Study; National Academy of
Sciences

NASCAR:
National Association for Stock Car Automobile
Racing

NATTS National Air Toxics Trends Station

NAWQA
National Water Quality Assessment

NCAM neural cell adhesion molecule
NCEA National Center for Environmental Assessment

NCore National Core multi-pollutant monitoring
network

N.D. not detected

NDMAR
N-nitrosodimethylamine receptor

NE norepinephrine

NECAT New England Children’s Amalgam Trial
NEI National Emissions Inventory

NFI non-fixed interval

NF-xB nuclear factor kappa B

NGAL neutrophil gelatinase-associated lipocalin

NGF nerve growth factor

NH non-hispanic

NHANES:
National Health and Nutrition Examination
Survey

NH,Cl ammonium chloride

NHEJ  non-homologous end joining
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NHEXAS: National Human Exposure Assessment

Survey
NH,0Ac )
ammonium acetate
7-NI 7-nitroinidazole
Ni nickel

NICA  non-ideal competitive absorption

NIOSH National Institute for Occupational Safety and
Health

NIST  National Institute of Standards and Technology
NK natural Killer

NKF-K/DOQI:
National Kidney Foundation - Kidney Disease
Outcomes Quality Initiative

NMDA N-methyl-D-aspartate

NMR  nuclear magnetic resonance

nNOS  neuronal nitric oxide synthase (NOS)
NO nitric oxide; nitrogen monoxide

NO, nitrogen dioxide

No. number

NOAA National Oceanic and Atmospheric
Administration

NOAEL no observed adverse effect level
NOAT Noatak National Preserve, Alaska

NOCA North Cascades National Park, Washington
State

NOEC no-observed-effect concentration
NOEL no-observed-effect level
NOS nitric oxide synthase; nitric oxide systems

NOyx nitrogen oxides, oxides of nitrogen
(NO + NO,)

NP nanoparticle

NPSH  nonprotein sulfhydryl

NQO1 NAD(P)H-quinone oxidoreductase (genotype)
NRC National Research Council

NRCS Natural Resources Conservation Service

Nrf2 nuclear factor erythroid 2-related factor 2

NS not specified

NTP National Toxicology Program

NTPDase:
nucleoside triphosphate diphosphohydrolase

NW northwest
NYC New York City
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Nz New Zealand
0, molecular oxygen
O, superoxide
(O} ozone
9-0-Ac-GDa3:
9-O-acetylated-GD3
OAQPS
U.S. EPA Office of Air Quality Planning and
Standards, in OAR
OAR U.S. EPA Office of Air and Radiation
OBS observations
ocC organic carbon
OEPA  Ohio Environmental Protection Agency
OH" hydroxide ion

1,25-(OH),D3:

1,25-dihydroxy vitamin D

O-horizon:

horizon forest floor, organic soil horizon
(above surface soil)

oLC osteoblast-like cells

OLYM Olympic National Park, Washington State

oM organic matter

ONL outer neuroblastic layers of the retina

ONOO" peroxynitrate ion

OR odds ratio

ORD U.S. EPA Office of Research and Development

(ON] offspring stress

OSHA  Occupational Safety and Health Administration

OVA ovalbumin

8-0x0-dG:
8-hydroxy-2’-deoxyguanosine

P percentile; phosphorus

Po parent generation

P450 cytochrome P450

p probability value; number of paired hourly
observations; statistical significance

PA policy assessment

PAD peripheral arterial disease

PAH(s) polycyclic aromatic hydrocarbon(s)

Pb lead

23pp  |ead-203 radionuclide

204ph  stable isotope of lead-204

26ph  stable isotope of lead-206

27ph  stable isotope of lead-207

28ph  stable isotope of lead-208

20ph  stable isotope of lead-210

Pb*™ divalent Pb ion

Ph° elemental lead

Pb(Il)  lead (I1)
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Pb2+

lead ion

Pb(Ac), lead acetate

PbB blood lead concentration
PbBrCl lead bromochloride
Pb(C,H30,),:

lead (1) acetate
PbCI*  lead chloride
PbCl, lead chloride
PbCl;  lead (111) chloride; lead trichloride
PbCl, lead (IV) chloride; lead tetrachloride
PbCO5; cerussite; lead carbonate
Pb(COs),

lead (1V) carbonate
Pb(COs)2(OH),:

hydrocerussite

PbCrO, lead (Il) chromate

PbD floor dust lead
PbFes(SO4)4(OH)1:
plumbjarosite
PBG porphobilinogen
Pb(NO3)2:
lead(ll) nitrate
Pb-NS lead-no stress
PbO lead oxide; litharge; massicot
PbO, lead dioxide
Pb(1V)O;:
lead dioxide
Pb30, minimum or "red Pb"
Pb(OH),
lead hydroxide
Pbs(PO,)sClI:
pyromorphite
Pbs(PO,);0H:
hydroxypyromorphite
PbS galena; lead sulfide; soil lead concentration
PbSe lead selenide
PbSO, anglesite; lead sulfate
Pb,;SO4(CO3)2(OH)a:
macphersonite
PbxS lead by stress
Pbs(VO,)Cl:
vanadinite
PC12  pheochromocytoma 12 (adrenal / neuronal cell
line)
PCA principal component analysis
PCE polychromatic erythrocyte
PCR polymerase chain reaction
Pct percent
PCV packed cell volume
PD Parkinson's disease
PDI Psychomotor Development Index
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PEC
PEL
PER
PG

probable effect concentration
permissible exposure limit
partial exfiltration reactor
prostaglandin

PGE,, PGE2:

PGF,
pH

PHA
PHE
PIH
PIQ
PIR
PIXE

PKC
PLP
PM

PMy

PMyq

prostaglandin E,
prostaglandin F2

relative acidity; Log of the reciprocal of the
hydrogen ion concentration

polyhydroxyalkanoates

phenylalanine

pregnancy induced hypertension
performance intelligence quotient (1Q)
poverty-income ratio

particle induced X-Ray emission; proton-
induced x-ray emission

protein kinase C
proteolipid protein
particulate matter

Particulate matter of a specific size range not
defined for regulatory use. Usually X refers to
the 50% cut point, the aerodynamic diameter at
which the sampler collects 50% of the particles
and rejects 50% of the particles. The collection
efficiency, given by a penetration curve,
increases for particles with smaller diameters
and decreases for particles with larger
diameters. The definition of PMy is sometimes
abbreviated as “particles with a nominal
aerodynamic diameter less than or equal to

X um” although X is usually a 50% cut point.

In general terms, particulate matter with a
nominal aerodynamic diameter less than or
equal to 10 um; a measurement of thoracic
particles (i.e., that subset of inhalable particles
thought small enough to penetrate beyond the
larynx into the thoracic region of the
respiratory tract) in regulatory terms, particles
with an upper 50% cut-point of 10+ 0.5 pm
aerodynamic diameter (the 50% cut point
diameter is the diameter at which the sampler
collects 50% of the particles and rejects 50% of
the particles) and a penetration curve as
measured by a reference method based on
Appendix J of 40 CFR Part 50 and designated
in accordance with 40 CFR Part 53 or by an
equivalent method designated in accordance
with 40 CFR Part 53.
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PM; 5

PMyg.25

PMioc

In general terms, particulate matter with a
nominal aerodynamic diameter less than or
equal to 2.5 um; a measurement of fine
particles in regulatory terms, particles with an
upper 50% cut-point of 2.5 um aerodynamic
diameter (the 50% cut point diameter is the
diameter at which the sampler collects 50% of
the particles and rejects 50% of the particles)
and a penetration curve as measured by a
reference method based on Appendix L of 40
CFR Part 50 and designated in accordance with
40 CFR Part 53, by an equivalent method
designated in accordance with 40 CFR Part 53,
or by an approved regional method designated
in accordance with Appendix C of 40 CFR Part
58.

In general terms, particulate matter with a
nominal aerodynamic diameter less than or
equal to 10 um and greater than a nominal

2.5 um; a measurement of thoracic coarse
particulate matter or the coarse fraction of
PMyg in regulatory terms, particles with an
upper 50% cut-point of 10 um aerodynamic
diameter and a lower 50% cut-point of 2.5 um
aerodynamic diameter (the 50% cut point
diameter is the diameter at which the sampler
collects 50% of the particles and rejects 50% of
the particles) as measured by a reference
method based on Appendix O of 40 CFR Part
50 and designated in accordance with 40 CFR
Part 53 or by an equivalent method designated
in accordance with 40 CFR Part 53.

The PMyg., 5 concentration of PMyg., 5
measured by the 40 CFR Part 50 Appendix O
reference method which consists of currently
operated, co-located low-volume (16.7 Lpm)
PMyo and PM, 5 reference method samplers.

p38MAPK:

PMN
P5N
PND
POC
PP
ppb
ppm
PRP
PS
PSA

p38 mitogen-activated protein kinase(s)
polymorphonuclear leukocyte
pyrimidine 5'-nucleotidase

post natal day

particulate organic carbon
polypropylene; pulse pressure

parts per billion

parts per million

post-reinforcement pause

dam stress; prenatal stress; phosphatidylserine
prostate specific antigen

PSA-NCAM:

PT
PTFE
PTH
PTHrP
PUFA

polysialylated-neural cell adhesion molecule
proximal tubule

polytetrafluoroethylene

parathyroid hormone

parathyroid hormone-related protein
polyunsaturated fatty acid
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PVC polyvinyl chloride

PVD peripheral vascular disease

Q quantile; quartile; quintile

QRS QRS complex in ECG

QT QT interval in ECG

QTc corrected QT Interval

p rho; bulk density; correlation

pS Pearson's r correlation coefficient

R net drainage loss out of soil depth of concern;
Spearman correlation coefficient; upward
resuspension flux; correlation

r Pearson correlation coefficient

R? multiple regression correlation coefficient

r? correlation coefficient

RAAS renin-angiotensin-aldosterone system

RAC2 gene encoding for Rac2

RBA relative bioavailability

RBC red blood cell

RBP retinol binding protein

RD radial diffusivity

REA Risk/Exposure Assessment

Ref reference (group)

RI-Rl  concurrent random interval

RL repeated learning

20Rn  radon isotope

22Rn  stable isotope of radon-222

RNA  ribonucleic acid

ROI reactive oxygen intermediate/superoxide anion;
regions of interest

ROMO Rocky Mountain National Park, Colorado

ROS reactive oxygen species

RR relative risk; risk ratio

RSL roughness sublayer (transition layer, wake
layer, interfacial layer)

rtPCR  reverse transcription polymerase chain reaction

c sigma, standard deviation

S south; sulfur; synthesis phase

SAB U.S. EPA Science Advisory Board

SATs Standard Assessment Tests

SBP systolic blood pressure

SCE sister chromatid exchange

Scna a-synuclein

SD standard deviation

SDN sexually dimorphic nucleus

SE standard error

Se selenium

sec second(s)

SEKI  Sequoia and Kings Canyon National Park,
California

November 2012 xliii

SEM scanning electron microscopy; simultaneously
extracted metal; standard error of the mean
SES socioeconomic status
Sess. Session
SFU stacked filter unit(s)
SGA small for gestational age
sGC soluble guanylate cyclase
sGC-B1
soluble guanylate cyclase-beta 1
SGOT serum glutamic oxaloacetic transaminase
SGPT  serum glutamic pyruvic transaminase
SHBG sex hormone binding globulin
SHEDS Stochastic Human Exposure and Dose (model)
SHM  Stockholm humic model
SsiRNA  small interfering RNA
SIW silver jewelry workers
SLAMS
State and Local Air Monitoring Stations
SMC  smooth muscle cells
SNAP-25:
synaptosomal-associated protein 25
SNARE soluble NSF attachment receptor
SNP single-nucleotide polymorphism; sodium
nitroprusside
SNS sympathetic nervous system
SO stratum oriens
SO, sulfur dioxide
So south
SOC superior olivary complex
SOD superoxide dismutase
SOD1 superoxide dismutase-1
SOF study of osteoporotic fractures
SOM  self-organizing map; soil organic matter
SP spray painters
SP1, Sp1
specificity protein 1
SPM suspended particulate matter
SPT skin prick test
SREBP-2:
sterol regulatory element binding protein-2
S. Rep. Senate Report
SRIXE synchrotron radiation induced X-ray emission
StAR  steroidogenic acute regulatory protein
STAT  signal transducer and activator of transcription
STAT3 signal transducer and activator of

transcription 3
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STATS5 signal transducer and activator of
transcription 5

STD. Standard

ST Interval:
measured from the J point to the end of the T
wave in an ECG

STN Speciation Trends Network
Syb synaptobrevin

Syn synaptophysin

Syt synaptotagmin

SZn supplemental zinc

Tt time

T3, T3  triiodothyronine

T4, T4 thyroxine
tue half-life (-lives); time required to reduce the
initial concentration by 50%

TBARS
thioBarbituric acid reactive substances;
thiobarbituric acid-reactive species

T cell, T-cell:
T lymphocyte
TE trace elements
TEC threshold effect concentrations

TEOM tapered element oscillating microbalance, type
of PM sampler

TF ratio of the metal concentration in plant to that
in soil; transferrin

TFIIA

transcription factor 111A
Tg transgenic
TGF transforming growth factor

TGF-B B transforming growth factor
TGFB1, TGF-B1:
B1 transforming growth factor
TH tyrosine hydroxylase
TH1, Thi:
T-derived lymphocyte helper 1
TH2, Th2:
T-derived lymphocyte helper 2
Th T-helper lymphocyte
TIMP-1 tissue inhibitor of metalloproteinases-1
TIMS  thermal ionization mass spectrometry

TLC Treatment of Lead-exposed Children (study)

T/LH  testosterone/luteinizing hormone - measure of
Leydig cell function

TNF tumor necrosis factor (e.g., TNF-a)

TNP-Ficoll:
trinitrophenyl-Ficoll

November 2012 xliv

TNP-OVA:
trinitrophenyl-ovalbumin

TPR total peripheral vascular resistance

TS transferrin saturation
TSH thyroid stimulating hormone; total sulfhydryl

TSP total suspended particles
TSS total suspended solids

TXB, thromboxane
U uranium
UA urbanized area

UBL urban boundary layer
UCL urban canopy layer

UDDS urban dynamometer driving schedule

UDPGT
uridine diphosphate (UDP)-
glucuronosyltransferase(s)

UIUC  University of Illinois at Urbana Champaign
U.K. United Kingdom

u.s. United States of America

uscC U.S. Code

U.S. EPA:
U.S. Environmental Protection Agency

USF uptake slope factor
USGS U.S. Geological Survey
USL urban surface layer

UUDS urban dynamic driving schedule

uv ultraviolet radiation
\Y vanadium
V79 Chinese hamster lung cell line
VA Veterans Administration
VAChAT
vesicular acetylcholine transporter
VAMP-2

vesicle-associated membrane protein-2

VA-NAS
Veterans Administration Normative Aging
Study

VDAC voltage-dependent anion channel
VDR  vitamin D receptor

VGAT vesicular gamma aminobutyric acid (GABA)
transporter

VGCC voltage gated calcium channel(s)

VGLUTI:
vesicular glutamate transporter 1

VIQ verbal intelligence quotient (1Q)
VLPb  very low Pb
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VMAT2

vesicular monoamine transporter-2

VO,*  vanadate ion

VOC(s) volatile organic compound(s)

VS, V.  Versus

VSCC very sharp cut cyclone

VSMC vascular smooth muscle cells

WACAP
Western Airborne Contaminants Assessment
Project

WBC  white blood cell

WCST Wisconsin Card Sorting Test

WHAM Windermere humic aqueous model

WHO  World Health Organization

WIAT  Wechsler Individual Achievement Test

WINS  well impactor ninety six

WISC  Wechsler Intelligence Scale for Children

WISC-R
Wechsler Intelligence Scale for Children-
Revised

wk week(s)

WML  white matter lesions

WPPSI-1II:
Wechsler Preschool and Primary Scales of
Intelligence-I11

November 2012
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WPPSI-R:

WRAT
W/S

XPS
XRF
yr
Zn
zn*

ZPP

Z-score

Wechsler Preschool and Primary Scale of
Intelligence-Revised

Wide Range Achievement Test
winter/summer

wild type

weight

X-ray absorption fine structure
X-ray absorption near edge structure
xanthine dehydrogenase

observed hourly concentrations for time period
i at site j

observed hourly concentrations for time period
i at site k

X-ray photoelectron spectroscopy
X-ray fluorescence

year(s)

zinc

zinc ion

zirconium-potassium perchlorate; zinc
protoporphyrin

standard score
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Preamble

Process of ISA Development

This preamble outlines the general process for developing an Integrated Science
Assessment (ISA) including the framework for evaluating weight of evidence and
drawing scientific conclusions and causal judgments. The ISA provides a concise review,
synthesis, and evaluation of the most policy-relevant science to serve as a scientific
foundation for the review of the National Ambient Air Quality Standards (NAAQS). The
general process for NAAQS reviews is described at http://www.epa.govi/ttn/naags/review.html.
Figure I depicts the general NAAQS review process and information for individual
NAAQS reviews is available at www.epa.gov/ttn/naags. This preamble is a general discussion
of the basic steps and criteria used in developing an ISA; for each ISA, specific details
and considerations are included in the introductory section for that assessment.

The fundamental process for developing an ISA includes:

= |jterature searches;
= study selection;
= evaluation and integration of the evidence; and

= development of scientific conclusions and causal judgments.

An initial step in this process is publication of a call for information in the Federal
Register that invites the public to provide information relevant to the assessment, such as
new or recent publications on health or welfare® effects of the pollutant, or from
atmospheric and exposure sciences fields. The U.S. Environmental Protection Agency
(EPA) maintains an ongoing literature search process for identification of relevant
scientific studies published since the last review of the NAAQS. Search strategies are
designed for pollutants and scientific disciplines and iteratively modified to optimize
identification of pertinent publications. Papers are identified for inclusion in several
additional ways: specialized searches on specific topics; independent review of tables of
contents for journals in which relevant papers may be published; independent
identification of relevant literature by expert scientists; review of citations in previous
assessments and identification by the public and the Clean Air Scientific Advisory
Committee (CASAC) during the external review process. This literature search and study
selection process is depicted in Figure 1. Publications considered for inclusion in the ISA

! Welfare effects as defined in Clean Air Act (CAA) Section 302(h) [42 U.S.C. 7602(h)] include, but are not limited
to, “effects on soils, water, crops, vegetation, man-made materials, animals, wildlife, weather, visibility and climate,
damage to and deterioration of property, and hazards to transportation, as well as effects on economic values and on
personal comfort and well-being.”

November 2012

xlvi Draft — Do Not Cite or Quote


http://www.epa.gov/ttn/naaqs/review.html
http://www.epa.gov/ttn/naaqs

N

© 0O N o o b~ W

10
11
12
13

are added to the Health and Environmental Research Online (HEROQ) database developed
by EPA (http://hero.epa.gov/); the references in the ISA include a hyperlink to the database.

Studies that have undergone scientific peer review and have been published or accepted
for publication and reports that have undergone review are considered for inclusion in the
ISA. Analyses conducted by EPA using publicly available data are also considered for
inclusion in the ISA. All relevant epidemiologic, controlled human exposure,
toxicological, and ecological and welfare effects studies published since the last review
are considered, including those related to exposure-response relationships, mode(s) of
action (MOA), and potentially at-risk populations and lifestages. Studies on atmospheric
chemistry, environmental fate and transport, dosimetry, toxicokinetics and exposure are
also considered for inclusion in the document, as well as analyses of air quality and
emissions data. References that were considered for inclusion in a specific ISA can be
found using the HERO website (http:/hero.epa.gov).

Workshop on
science-policy issues

» Integrated Review Plan (IRP): timeline and key
policy-relevant issues and scientific questions

4

Peer-reviewed

" Integrated Science Assessment (ISA): evaluation and

e g » synthesis of most palicy-relevant studies Clean Air Scientific
scientific studies thiSOR Committee
lr (CASAC) review

Risk/Exposure Assessment (REA):
quantitative assessment, as warranted, focused
on key results, observations, and uncertainties

| ,

Policy Assessment (PA): staff analysis of
»| . policy options based on integration and
interpretation of information in the ISA and REA

3

'y

| Public comment |

4

EPA ==
Agency decision
proposed Interagenc ;
decisions on re\rlgew Y, making and draft
etandarda proposal notice
Public hearings Agency decision i
‘_. and commen »| making and draft Interagency flilla
on proposal final notice standards

Figure | lllustration of the key steps in the process of the review of
National Ambient Air Quality Standards.
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Criteria for study evaluation
include:

=Are the study populations, subjects,
oranimal models adequately
selected, and are they sufficiently
well defined to allow for meaningful
comparisons between study or
exposure groups?

Screened

Considered

=Are the statistical analyses
appropriate, properly performed, and
properly interpreted? Are likely
covariates adequately controlled or
taken into account in the study
design and statistical analysis?

=Are the air quality data, exposure,
or dose metrics of adequate quality
and sufficiently representative of
information regarding ambient
conditions?

=Are the health, ecological or welfare
effect measurements meaningful,
valid and reliable?

Citations from =Do the analytical methods provide
Past Assessments adequate sensitivity and precision to
support conclusions?

lllustration of processes for literature search and study selection
used for development of ISAs.

Each ISA builds upon the conclusions of previous assessments for the pollutant under
review. EPA focuses on peer reviewed literature published following the completion of
the previous review and on any new interpretations of previous literature, integrating the
results of recent scientific studies with previous findings. Important earlier studies may
be discussed in detail to reinforce key concepts and conclusions or for reinterpretation in
light of newer data. Earlier studies also are the primary focus in some areas of the
document where research efforts have subsided, or if these earlier studies remain the
definitive works available in the literature.

Selection of studies for inclusion in the ISA is based on the general scientific quality of
the study, and consideration of the extent to which the study is informative and policy-
relevant. Policy-relevant and informative studies include those that provide a basis for or
describe the relationship between the criteria pollutant and effects, including studies that
offer innovation in method or design and studies that reduce uncertainty on critical issues,
such as analyses of confounding or effect modification by copollutants or other variables,
analyses of concentration-response or dose-response relationships, or analyses related to
time between exposure and response. Emphasis is placed on studies that examine effects
associated with pollutant concentrations relevant to current population and ecosystem
exposures, and particularly those pertaining to concentrations currently found in ambient
air. Other studies are included if they contain unique data, such as a previously
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unreported effect or MOA for an observed effect, or examine multiple concentrations to
elucidate exposure-response relationships. In general, in assessing the scientific quality
and relevance of health and welfare effects studies, the following considerations have
been taken into account when selecting studies for inclusion in the ISA.

= Are the study populations, subjects, or animal models adequately selected, and
are they sufficiently well defined to allow for meaningful comparisons
between study or exposure groups?

= Are the statistical analyses appropriate, properly performed, and properly
interpreted? Are likely covariates adequately controlled or taken into account
in the study design and statistical analysis?

= Are the air quality data, exposure, or dose metrics of adequate quality and
sufficiently representative of information regarding ambient conditions?

= Are the health, ecological or welfare effect measurements meaningful, valid
and reliable?

= Do the analytical methods provide adequate sensitivity and precision to
support conclusions?

Additional considerations are specific to particular disciplines. In selecting epidemiologic
studies, EPA considers whether a given study: (1) presents information on associations
with short- or long-term pollutant exposures at or near conditions relevant to ambient
exposures; (2) addresses potential confounding by other pollutants; (3) assesses potential
effect modifiers; (4) evaluates health endpoints and populations not previously
extensively researched; and (5) evaluates important methodological issues related to
interpretation of the health evidence (e.g., lag or time period between exposure and
effects, model specifications, thresholds, mortality displacement).

Considerations for the selection of research evaluating controlled human exposure or
animal toxicological studies include a focus on studies conducted using relevant pollutant
exposures. For both types of studies, relevant pollutant exposures are considered to be
those generally within one or two orders of magnitude of ambient concentrations. Studies
in which higher doses were used may also be considered if they provide information
relevant to understanding MOA or mechanisms, as noted below.

Evaluation of controlled human exposure studies focuses on those that approximated
expected human exposure conditions in terms of concentration and duration. Studies
should include control exposures to filtered air, as appropriate. In the selection of
controlled human exposure studies, emphasis is placed on studies that: (1) investigate
potentially at-risk populations and lifestages such as people with asthma or
cardiovascular diseases, children or older adults; (2) address issues such as concentration-
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response or time-course of responses; and (3) have sufficient statistical power to assess
findings.

Review of the animal toxicological evidence focuses on studies that approximate
expected human dose conditions, which vary depending on the dosimetry, toxicokinetics
and biological sensitivity of the particular laboratory animal species or strains studied.
Emphasis is placed on studies that: (1) investigate animal models of disease that can
provide information on populations potentially at increased risk of effects; (2) address
issues such as concentration-response or time-course of responses; and (3) have sufficient
statistical power to assess findings. Due to resource constraints on exposure duration and
numbers of animals tested, animal studies typically utilize high-concentration exposures
to acquire data relating to mechanisms and assure a measurable response. Emphasis is
placed on studies using doses or concentrations generally within 1-2 orders of magnitude
of current levels. Studies with higher concentration exposures or doses are considered to
the extent that they provide useful information to inform understanding of interspecies
differences between healthy and at-risk human populations. Results from in vitro studies
may also be included if they provide mechanistic insight or further support for results
demonstrated in vivo.

These criteria provide benchmarks for evaluating various studies and for focusing on the
policy-relevant studies in assessing the body of health, ecological and welfare effects
evidence. As stated initially, the intent of the ISA is to provide a concise review,
synthesis, and evaluation of the most policy-relevant science to serve as a scientific
foundation for the review of the NAAQS, not extensive summaries of all health,
ecological and welfare effects studies for a pollutant. Of most relevance for inclusion of
studies is whether they provide useful qualitative or quantitative information on
exposure-effect or exposure-response relationships for effects associated with pollutant
exposures at doses or concentrations relevant to ambient conditions that can inform
decisions on whether to retain or revise the standards.

The general process for ISA development is illustrated in Figure I11. In developing an
ISA, EPA reviews and summarizes the evidence from: studies of atmospheric sciences;
human exposure, animal toxicological, controlled human exposure and epidemiologic
studies; and studies of ecological and welfare effects. In the process of developing the
first draft ISA, EPA may convene a peer input meeting in which the scientific content of
preliminary draft materials is reviewed to ensure that the ISA is up to date and is focused
on the most policy-relevant findings, and to assist EPA with integration of evidence
within and across disciplines. EPA integrates the evidence from across scientific
disciplines or study types and characterizes the weight of evidence for relationships
between the pollutant and various outcomes. The integration of evidence on health, and
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ecological or welfare effects, involves collaboration between scientists from various
disciplines. As an example, an evaluation of health effects evidence would include the
integration of the results from epidemiologic, controlled human exposure, and
toxicological studies, and application of the causal framework (described below) to draw
conclusions. Integration of results on health or ecological effects that are logically or
mechanistically connected (e.g., a spectrum of effects on the respiratory system) informs
judgments of causality. Using the causal framework described in the following section,
EPA scientists consider aspects such as strength, consistency, coherence, and biological
plausibility of the evidence, and develop causality determinations on the nature of the
relationships. Causality determinations often entail an iterative process of review and
evaluation of the evidence. Two drafts of the ISA are typically released for review by the
CASAC and the public, and comments received on the characterization of the science as
well as the implementation of the causal framework are carefully considered in revising
and completing the final ISA.
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Integrated Science Assessment Development Process

Evergreen Literature Search and
Study Selection
(See Figure II)

!

Characterization of Evidence
Develop initial sections or “building blocks” of scientific evidence for
assessment: review and summarize new study results, by
outcome/effect category and discipline, for example, toxicological
studies of lung function. Summarize findings and conclusions from
previous assessment. As appropriate, develop initial conclusions about
the available evidence.

. ~ Peerlinput -
Review of initial draft materials for scientific
quality and to facilitate integration.

!

Evaluation, Synthesis, and Integration of Evidence
Integrate evidence from scientific disciplines or study types — for
example, toxicological, controlled human exposure and epidemiologic
study findings for particular health outcome. Evaluate evidence for
related groups of endpoints or outcomes to draw conclusions regarding
health or welfare effect categories.

!

Development of Conclusions and Causal Determinations
Evaluate weight of evidence and develop judgments regarding causality
for health or welfare effect categories, integrating health or welfare
effects evidence with information on mode of action and exposure
assessment. Develop conclusions regarding concentration- or dose-
response relationships, potentially at-risk populations or ecosystems.

!

Draft Integrated Science Assessment 3
released for review Clean Air Scientific Advisory Committee
¢, | reviewin public meeting; anticipated review
1 oftwo drafts of ISA

Final Integrated Science Assessment

Figure 11l Characterization of the general process of ISA development.
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EPA has developed a consistent and transparent basis for integration of scientific
evidence and evaluation of the causal nature of air pollution-related health or welfare
effects for use in developing ISAs. The framework described below establishes uniform
language concerning causality and brings more specificity to the findings. This
standardized language was drawn from sources across the federal government and wider
scientific community, especially the National Academy of Sciences (NAS) Institute of
Medicine (I0M) document, Improving the Presumptive Disability Decision-Making
Process for Veterans (2008), a comprehensive report on evaluating causality. This
framework:

= describes the kinds of scientific evidence used in establishing a general causal
relationship between exposure and health effects;

= characterizes the process for integration and evaluation of evidence necessary
to reach a conclusion about the existence of a causal relationship;

= identifies issues and approaches related to uncertainty; and

= provides a framework for classifying and characterizing the weight of
evidence in support of a general causal relationship.

Approaches to assessing the separate and combined lines of evidence

(e.g., epidemiologic, controlled human exposure, and animal toxicological studies) have
been formulated by a number of regulatory and science agencies, including the IOM of
the NAS (2008), International Agency for Research on Cancer (IARC) (2006b),

U.S. EPA (2005c), and Centers for Disease Control and Prevention (CDC) (2004). Causal
inference criteria have also been described for ecological effects evidence (U.S. EPA
1998; Fox, 1991). These formalized approaches offer guidance for assessing causality.
The frameworks are similar in nature, although adapted to different purposes, and have
proven effective in providing a uniform structure and language for causal determinations.

Evaluating Evidence for Inferring Causation

The 1964 Surgeon General’s report defined “cause” as a “significant, effectual
relationship between an agent and an associated disorder or disease in the host” (HEW,
1964). More generally, a cause is defined as an agent that brings about an effect or a
result. An association is the statistical relationship among variables; alone, however, it is
insufficient proof of a causal relationship between an exposure and a health outcome.
Unlike an association, a causal claim supports the creation of counterfactual claims, that
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is, a claim about what the world would have been like under different or changed
circumstances (Samet and Bodurow, 2008).

Many of the health and environmental outcomes reported in these studies have complex
etiologies. Diseases such as asthma, coronary heart disease (CHD) or cancer are typically
initiated by multiple agents. Outcomes depend on a variety of factors, such as age,
genetic susceptibility, nutritional status, immune competence, and social factors (Samet
and Bodurow, 2008; Gee and Payne-Sturges, 2004). Effects on ecosystems are often also

multifactorial with a complex web of causation. Further, exposure to a combination of
agents could cause synergistic or antagonistic effects. Thus, the observed risk may
represent the net effect of many actions and counteractions.

Scientific findings incorporate uncertainty. “Uncertainty” can be defined as having
limited knowledge to exactly describe an existing state or future outcome, e.g., the lack of
knowledge about the correct value for a specific measure or estimate. Uncertainty
analysis may be qualitative or quantitative in nature. In many cases, the analysis is
gualitative, and can include professional judgment or inferences based on analogy with
similar situations. Quantitative uncertainty analysis may include use of simple measures
(e.g., ranges) and analytical techniques. Quantitative uncertainty analysis might progress
to more complex measures and techniques, if needed for decision support. Various
approaches to evaluating uncertainty include classical statistical methods, sensitivity
analysis, or probabilistic uncertainty analysis, in order of increasing complexity and data
requirements. However, data may not be available for all aspects of an assessment and
those data that are available may be of questionable or unknown quality. Ultimately, the
assessment is based on a number of assumptions with varying degrees of uncertainty. The
ISA generally evaluates uncertainties qualitatively in assessing the evidence from across
studies; in some situations quantitative analysis approaches, such as meta-regression, may
be used.

Publication bias is a source of uncertainty regarding the magnitude of health risk
estimates. It is well understood that studies reporting non-null findings are more likely to
be published than reports of null findings. Publication bias can result in overestimation of
effect estimate sizes (loannidis, 2008). For example, effect estimates from single-city
epidemiologic studies have been found to be generally larger than those from multicity
studies which is an indication of publication bias in that null or negative single-city
results may be reported in a multicity analyses but might not be published independently
(Bell et al., 2005).
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Consideration of Evidence from Scientific Disciplines

Moving from association to causation involves the elimination of alternative explanations
for the association. The ISA focuses on evaluation of the findings from the body of
evidence, drawing upon the results of all studies determined to meet the criteria described
previously. Causality determinations are based on the evaluation, integration, and
synthesis of evidence from across scientific disciplines. The relative importance of
different types of evidence varies by pollutant or assessment, as does the availability of
different types of evidence for causality determination. Three general types of studies
inform consideration of human health effects: controlled human exposure, epidemiologic
and toxicological studies. Evidence on ecological or welfare effects may be drawn from a
variety of experimental approaches (e.g., greenhouse, laboratory, field) and numerous
disciplines (e.g., community ecology, biogeochemistry and paleontological/historical
reconstructions).

Direct evidence of a relationship between pollutant exposures and human health effects
comes from controlled human exposure studies. Such studies experimentally evaluate the
health effects of administered exposures in human volunteers under highly controlled
laboratory conditions. Also referred to as human clinical studies, these experiments allow
investigators to expose subjects to known concentrations of air pollutants under carefully
regulated environmental conditions and activity levels. These studies provide important
information on the biological plausibility of associations observed in epidemiologic
studies. In some instances, controlled human exposure studies can also be used to
characterize concentration-response relationships at pollutant concentrations relevant to
ambient conditions. Controlled human exposures are typically conducted using a
randomized crossover design, with subjects exposed both to the pollutant and a clean air
control. In this way, subjects serve as their own experimental controls, effectively
limiting the variance associated with many potential confounders. However, controlled
human exposure studies are limited by a number of factors, including small sample size
and short exposure time. For example, exposure patterns relevant to understanding real-
world exposures, especially long-term exposures, are generally not practical to replicate
in a laboratory setting. In addition, although subjects do serve as their own controls,
personal exposure to pollutants in the hours and days preceding the controlled exposures
may vary significantly between and within individuals. Finally, controlled human
exposure studies require investigators to adhere to stringent health criteria for subjects
included in the study, and therefore the results often cannot be generalized to an entire
population. Although some controlled human exposure studies have included health-
compromised individuals such as those with respiratory or cardiovascular disease, these
individuals must also be relatively healthy and may not represent the most sensitive
individuals in the population. Thus, observed effects in these studies may underestimate
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the response in certain populations. In addition, the study design is limited to exposures
and endpoints that are not expected to result in severe health outcomes.

Epidemiologic studies provide important information on the associations between health
effects and exposure of human populations to ambient air pollution. In epidemiologic or
observational studies of humans, the investigator generally does not control exposures or
intervene with the study population. Broadly, observational studies can describe
associations between exposures and effects. These studies fall into several categories:
e.g., cross-sectional, prospective cohort, panel, and time-series studies. “Natural
experiments” offer the opportunity to investigate changes in health related to a change in
exposure, such as closure of a pollution source.

In evaluating epidemiologic studies, consideration of many study design factors and
issues must be taken into account to properly inform their interpretation. One key
consideration is evaluation of the potential contribution of the pollutant to a health
outcome when it is a component of a complex air pollutant mixture. Reported effect
estimates in epidemiologic studies may reflect (1) independent effects on health
outcomes; (2) effects of the pollutant acting as an indicator of a copollutant or a complex
ambient air pollution mixture; and (3) effects resulting from interactions between that
pollutant and copollutants.

In the evaluation of epidemiologic evidence, one important consideration is potential
confounding. Confounding is “... a confusion of effects. Specifically, the apparent effect
of the exposure of interest is distorted because the effect of an extraneous factor is
mistaken for or mixed with the actual exposure effect (which may be null)” (Rothman
and Greenland, 1998). One approach to remove spurious associations due to possible
confounders is to control for characteristics that may differ between exposed and
unexposed persons; this is frequently termed “adjustment.” Scientific judgment is needed
to evaluate likely sources and extent of confounding, together with consideration of how
well the existing constellation of study designs, results, and analyses address the potential
for erroneous inferences. A confounder is associated with both the exposure and the
effect; for example, confounding can occur between correlated pollutants that are
associated with the same effect.

Several statistical methods are available to detect and control for potential confounders;
however, none of these methods are being completely satisfactory. Multivariable
regression models constitute one tool for estimating the association between exposure
and outcome after adjusting for characteristics of participants that might confound the
results. The use of multipollutant regression models has been the prevailing approach for
controlling potential confounding by copollutants in air pollution health effects studies.
Finding the likely causal pollutant from multipollutant regression models is made
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difficult by the possibility that one or more air pollutants may be acting as a surrogate for
an unmeasured or poorly measured pollutant or for a particular mixture of pollutants. In
addition, pollutants may independently exert effects on the same system; for example,
several pollutants may be associated with respiratory effect through either the same or
different modes of action. The number and degree of diversity of covariates, as well as
their relevance to the potential confounders, remain matters of scientific judgment.
Despite these limitations, the use of multipollutant models is still the prevailing approach
employed in most air pollution epidemiologic studies and provides some insight into the
potential for confounding or interaction among pollutants.

Confidence that unmeasured confounders are not producing the findings is increased
when multiple studies are conducted in various settings using different subjects or
exposures, each of which might eliminate another source of confounding from
consideration. For example, multicity studies can provide insight on potential
confounding through the use of a consistent method to analyze data from across locations
with different levels of copollutants and other covariates. Intervention studies, because of
their quasi-experimental nature, can be particularly useful in characterizing causation.

Another important consideration in the evaluation of epidemiologic evidence is effect
modification, which occurs when the effect differs between subgroups or strata; for
example, effect estimates that vary by age group or potential risk factor. As stated by
Rothman and Greenland (1998):

“Effect-measure modification differs from confounding in several ways. The
main difference is that, whereas confounding is a bias that the investigator hopes
to prevent or remove from the effect estimate, effect-measure modification is a
property of the effect under study ... In epidemiologic analysis one tries to
eliminate confounding but one tries to detect and estimate effect-measure
modification.”

When a risk factor is a confounder, it is the true cause of the association observed
between the exposure and the outcome; when a risk factor is an effect modifier, it
changes the magnitude of the association between the exposure and the outcome in
stratified analyses. For example, the presence of a preexisting disease or indicator of low
socioeconomic status may act as effect modifiers if they are associated with increased
risk of effects related to air pollution exposure. It is often possible to stratify the
relationship between health outcome and exposure by one or more of these potential
effect modifiers. For variables that modify the association, effect estimates in each
stratum will be different from one another and different from the overall estimate,
indicating a different exposure-response relationship may exist in populations represented
by these variables.
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Exposure measurement error, which refers to the uncertainty associated with the exposure
metrics used to represent exposure of an individual or population, can be an important
contributor to uncertainty in air pollution epidemiologic study results. Exposure error can
influence observed epidemiologic associations between ambient pollutant concentrations
and health outcomes by biasing effect estimates toward or away from the null and
widening confidence intervals around those estimates (Zeger et al., 2000). There are

several components that contribute to exposure measurement error in air pollution
epidemiologic studies, including the difference between true and measured ambient
concentrations, the difference between average personal exposure to ambient pollutants
and ambient concentrations at central monitoring sites, and the use of average population
exposure rather than individual exposure estimates. Factors that could influence exposure
estimates include nonambient sources of exposure, topography of the natural and built
environment, meteorology, measurement errors, time-location-activity patterns, and the
extent to which ambient pollutants penetrate indoor environments. The importance of
exposure error varies with study design and is dependent on the spatial and temporal
aspects of the design.

The third main type of health effects evidence, animal toxicological studies, provides
information on the pollutant’s biological action under controlled and monitored exposure
circumstances. Taking into account physiological differences of the experimental species
from humans, these studies inform characterization of health effects of concern,
exposure-response relationships and MOAs. Further, animal models can inform
determinations of at-risk populations. These studies evaluate the effects of exposures to a
variety of pollutants in a highly controlled laboratory setting and allow exploration of
toxicological pathways or mechanisms by which a pollutant may cause effects.
Understanding the biological mechanisms underlying various health outcomes can prove
crucial in establishing or negating causality. In the absence of human studies data,
extensive, well-conducted animal toxicological studies can support determinations of
causality, if the evidence base indicates that similar responses are expected in humans
under ambient exposure conditions.

Interpretations of animal toxicological studies are affected by limitations associated with
extrapolation between animal and human responses. The differences between humans
and other species have to be taken into consideration, including metabolism, hormonal
regulation, breathing pattern, and differences in lung structure and anatomy. Also, in spite
of a high degree of homology and the existence of a high percentage of orthologous
genes across humans and rodents (particularly mice), extrapolation of molecular
alterations at the gene level is complicated by species-specific differences in
transcriptional regulation. Given these differences, there are uncertainties associated with
guantitative extrapolations of observed pollutant-induced pathophysiological alterations
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between laboratory animals and humans, as those alterations are under the control of
widely varying biochemical, endocrine, and neuronal factors.

For ecological effects assessment, both laboratory and field studies (including field
experiments and observational studies) can provide useful data for causality
determination. Because conditions can be controlled in laboratory studies, responses may
be less variable and smaller differences may be easier to detect. However, the control
conditions may limit the range of responses (e.g., animals may not be able to seek
alternative food sources) or incompletely reflect pollutant bioavailability, so they may not
reflect responses that would occur in the natural environment. In addition, larger-scale
processes are difficult to reproduce in the laboratory.

Field observational studies measure biological changes in uncontrolled situations, and
describe an association between a disturbance and an ecological effect. Field data can
provide important information for assessments of multiple stressors or where site-specific
factors significantly influence exposure. They are also often useful for analyses of larger
geographic scales and higher levels of biological organization. However, because
conditions are not controlled, variability is expected to be higher and differences harder
to detect. Field surveys are most useful for linking stressors with effects when stressor
and effect levels are measured concurrently. The presence of confounding factors can
make it difficult to attribute observed effects to specific stressors.

Some studies are considered ”intermediate” and are categorized as being between
laboratory and field are studies. Some use environmental media collected from the field
to examine the responses in the laboratory. Others are experiments that are performed in
the natural environment while controlling for some, but not all, of the environmental
conditions (i.e., mesocosm studies). This type of study in manipulated natural
environments can be considered a hybrid between a field experiment and laboratory study
since some aspects are performed under controlled conditions but others are not. They
make it possible to observe community and/or ecosystem dynamics, and provide strong
evidence for causality when combined with findings of studies that have been made
under more controlled conditions.

Application of Framework for Causal Determination

In its evaluation of the scientific evidence on health or welfare effects of criteria
pollutants, EPA determines the weight of evidence in support of causation and
characterizes the strength of any resulting causal classification. EPA also evaluates the
quantitative evidence and draws scientific conclusions, to the extent possible, regarding
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the concentration-response relationships and the loads to ecosystems, exposures, doses or
concentrations, exposure duration, and pattern of exposures at which effects are observed.

Table |

Aspects to aid in judging causality.

Aspect

Consistency of the
observed association

An inference of causality is strengthened when a pattern of elevated risks is observed
across several independent studies. The reproducibility of findings constitutes one of the
strongest arguments for causality. If there are discordant results among investigations,
possible reasons such as differences in exposure, confounding factors, and the power of
the study are considered.

Coherence

An inference of causality from one line of evidence (e.g., epidemiologic, clinical, or
animal studies) may be strengthened by other lines of evidence that support a
cause-and-effect interpretation of the association. Evidence on ecological or welfare
effects may be drawn from a variety of experimental approaches (e.g., greenhouse,
laboratory, and field) and subdisciplines of ecology (e.g., community ecology,
biogeochemistry, and paleontological/historical reconstructions). The coherence of
evidence from various fields greatly adds to the strength of an inference of causality. In
addition, there may be coherence in demonstrating effects across multiple study designs
or related health endpoints within one scientific line of evidence.

Biological plausibility.

An inference of causality tends to be strengthened by consistency with data from
experimental studies or other sources demonstrating plausible biological mechanisms. A
proposed mechanistic linking between an effect and exposure to the agent is an
important source of support for causality, especially when data establishing the existence
and functioning of those mechanistic links are available.

Biological gradient
(exposure-response
relationship)

A well-characterized exposure-response relationship (e.g., increasing effects associated
with greater exposure) strongly suggests cause and effect, especially when such
relationships are also observed for duration of exposure (e.g., increasing effects
observed following longer exposure times).

Strength of the observed
association

The finding of large, precise risks increases confidence that the association is not likely
due to chance, bias, or other factors. However, it is noted that a small magnitude in an
effect estimate may represent a substantial effect in a population.

Experimental evidence

Strong evidence for causality can be provided through “natural experiments” when a
change in exposure is found to result in a change in occurrence or frequency of health or
welfare effects.

Temporal relationship of
the observed association

Evidence of a temporal sequence between the introduction of an agent, and appearance
of the effect, constitutes another argument in favor of causality.

Specificity of the
observed association

Evidence linking a specific outcome to an exposure can provide a strong argument for
causation. However, it must be recognized that rarely, if ever, does exposure to a
pollutant invariably predict the occurrence of an outcome, and that a given outcome may
have multiple causes.

Analogy

Structure activity relationships and information on the agent’s structural analogs can
provide insight into whether an association is causal. Similarly, information on mode of
action for a chemical, as one of many structural analogs, can inform decisions regarding
likely causality.
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To aid judgment, various “aspects”* of causality have been discussed by many

philosophers and scientists. The 1964 Surgeon General’s report on tobacco smoking
discussed criteria for the evaluation of epidemiologic studies, focusing on consistency,
strength, specificity, temporal relationship, and coherence (HEW, 1964). Sir Austin
Bradford Hill (Hill, 1965) articulated aspects of causality in epidemiology and public
health that have been widely used (Samet and Bodurow, 2008; IARC, 2006b; U.S. EPA,
2005c¢; CDC, 2004). These aspects (Hill, 1965) have been modified (Table I) for use in
causal determinations specific to health and welfare effects for pollutant exposures (U.S.

EPA, 2009a).2 Although these aspects provide a framework for assessing the evidence,

they do not lend themselves to being considered in terms of simple formulas or fixed
rules of evidence leading to conclusions about causality (Hill, 1965). For example, one

cannot simply count the number of studies reporting statistically significant results or
statistically nonsignificant results and reach credible conclusions about the relative
weight of the evidence and the likelihood of causality. Rather, these aspects are taken into
account with the goal of producing an objective appraisal of the evidence, informed by
peer and public comment and advice, which includes weighing alternative views on
controversial issues. In addition, it is important to note that the aspects in Table | cannot
be used as a strict checklist, but rather to determine the weight of the evidence for
inferring causality. In particular, not meeting one or more of the principles does not
automatically preclude a determination of causality [see discussion in (CDC, 2004)].

Determination of Causality

In the ISA, EPA assesses the body of relevant literature, building upon evidence available
during previous NAAQS reviews, to draw conclusions on the causal relationships
between relevant pollutant exposures and health or environmental effects. ISAs use a
five-level hierarchy that classifies the weight of evidence for causation®. In developing
this hierarchy, EPA has drawn on the work of previous evaluations, most prominently the
IOM’s Improving the Presumptive Disability Decision-Making Process for Veterans
(Samet and Bodurow, 2008), EPA’s Guidelines for Carcinogen Risk Assessment (U.S.
EPA, 2005¢), and the U.S. Surgeon General’s smoking report (CDC, 2004). This weight

! The “aspects” described by Sir Austin Bradford Hill (Hill, 1965) have become, in the subsequent literature, more
commonly described as “criteria.” The original term “aspects” is used here to avoid confusion with “criteria” as it is
used, with different meaning, in the Clean Air Act.

% The Hill aspects were developed for interpretation of epidemiologic results. They have been modified here for use
with a broader array of data, i.e., epidemiologic, controlled human exposure, ecological, and animal toxicological
studies, as well as in vitro data, and to be more consistent with EPA’s Guidelines for Carcinogen Risk Assessment.
® The Center for Disease Control (CDC) and IOM frameworks use a four-category hierarchy for the strength of the
evidence. A five-level hierarchy is used here to be consistent with the EPA Guidelines for Carcinogen Risk
Assessment and to provide a more nuanced set of categories.
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of evidence evaluation is based on various lines of evidence from across the health and
environmental effects disciplines. These separate judgments are integrated into a
qualitative statement about the overall weight of the evidence and causality. The five
descriptors for causal determination are described in Table II.

Determination of causality involves the evaluation of evidence for different types of
health, ecological or welfare effects associated with short- and long-term exposure
periods. In making determinations of causality, evidence is evaluated for major outcome
categories or groups of related endpoints (e.g., respiratory effects, vegetation growth),
integrating evidence from across disciplines, and evaluating the coherence of evidence
across a spectrum of related endpoints to draw conclusions regarding causality. In
discussing the causal determination, EPA characterizes the evidence on which the
judgment is based, including strength of evidence for individual endpoints within the
outcome category or group of related endpoints.

In drawing judgments regarding causality for the criteria air pollutants, the ISA focuses
on evidence of effects in the range of relevant pollutant exposures or doses, and not on
determination of causality at any dose. Emphasis is placed on evidence of effects at doses
(e.g., blood Pb concentration) or exposures (e.g., air concentrations) that are relevant to,
or somewhat above, those currently experienced by the population. The extent to which
studies of higher concentrations are considered varies by pollutant and major outcome
category, but generally includes those with doses or exposures in the range of one to two
orders of magnitude above current or ambient conditions. Studies that use higher doses or
exposures may also be considered to the extent that they provide useful information to
inform understanding of mode of action, interspecies differences, or factors that may
increase risk of effects for a population. Thus, a causality determination is based on
weight of evidence evaluation for health, ecological or welfare effects, focusing on the
evidence from exposures or doses generally ranging from current levels to one or two
orders of magnitude above current levels.

In addition, EPA evaluates evidence relevant to understand the quantitative relationships
between pollutant exposures and health, ecological or welfare effects. This includes
evaluation of the form of concentration-response or dose-response relationships and, to
the extent possible, drawing conclusions on the levels at which effects are observed. The
ISA also draws scientific conclusions regarding important exposure conditions for effects
and populations that may be at greater risk for effects, as described in the following
section.
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Table Il Weight of evidence for causal determination.
Health Effects Ecological and Welfare Effects
Evidence is sufficient to conclude that there is a causal ~ Evidence is sufficient to conclude that there is a causal
relationship with relevant pollutant exposures relationship with relevant pollutant exposures
(i.e., doses or exposures generally within one to two i.e., doses or exposures generally within one to two
orders of magnitude of current levels). That is, the orders of magnitude of current levels). That is, the
pollutant has been shown to result in health effects in pollutant has been shown to result in effects in studies
studies in which chance, bias, and confounding could in which chance, bias, and confounding could be ruled
c be ruled out with reasonable confidence. For example: out with reasonable confidence. Controlled exposure
ausal : : ! .
- . a) controlled human exposure studies that demonstrate  studies (laboratory or small- to medium-scale field
relationship consistent effects; or b) observational studies that studies) provide the strongest evidence for causality,
cannot be explained by plausible alternatives or are but the scope of inference may be limited. Generally,
supported by other lines of evidence (e.g., animal determination is based on multiple studies conducted
studies or mode of action information). Evidence by multiple research groups, and evidence that is
includes multiple high-quality studies considered sufficient to infer a causal relationship is
usually obtained from the joint consideration of many
lines of evidence that reinforce each other.
Evidence is sufficient to conclude that a causal Evidence is sufficient to conclude that there is a likely
relationship is likely to exist with relevant pollutant causal association with relevant pollutant exposures.
exposures, but important uncertainties remain. Thatis,  That is, an association has been observed between the
the pollutant has been shown to result in health effects ~ pollutant and the outcome in studies in which chance,
in studies in which chance and bias can be ruled out bias, and confounding are minimized, but uncertainties
with reasonable confidence but potential issues remain. For example, field studies show a relationship,
Likely to be a remain. For example: a) observational studies show an  but suspected interacting factors cannot be controlled,
causal association, but copollutant exposures are difficult to and other lines of evidence are limited or inconsistent.
relationship address and/or other lines of evidence (controlled Generally, determination is based on multiple studies in

human exposure, animal, or mode of action
information) are limited or inconsistent; or b) animal
toxicological evidence from multiple studies from
different laboratories that demonstrate effects, but
limited or no human data are available. Evidence
generally includes multiple high-quality studies.

multiple research groups.

Suggestive of
a causal
relationship

Evidence is suggestive of a causal relationship with
relevant pollutant exposures, but is limited. For
example, (a) at least one high-quality epidemiologic
study shows an association with a given health
outcome but the results of other studies are
inconsistent; or (b) a well-conducted toxicological
study, such as those conducted in the National
Toxicology Program (NTP), shows effects in animal
species,

Evidence is suggestive of a causal relationship with
relevant pollutant exposures, but chance, bias and
confounding cannot be ruled out. For example, at least
one high-quality study shows an effect, but the results
of other studies are inconsistent.

Inadequate to
infer a causal

Evidence is inadequate to determine that a causal
relationship exists with relevant pollutant exposures.
The available studies are of insufficient quantity,
quality, consistency, or statistical power to permit a

The available studies are of insufficient quality,
consistency, or statistical power to permit a conclusion
regarding the presence or absence of an effect.

relationship conclusion regarding the presence or absence of an
effect.
Evidence is suggestive of no causal relationship with Several adequate studies, examining relationships with
Not likely to relevant pollutant exposures. Several adequate relevant exposures, are consistent in failing to show an
be a causal studies, covering the full range of levels of exposure effect at any level of exposure.
lati hi that human beings are known to encounter and
relationship considering at-risk populations, are mutually consistent
in not showing an effect at any level of exposure.
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Quantitative Relationships: Effects on Human Populations

November 2012

Once a determination is made regarding the causal relationship between the pollutant and
outcome category, important questions regarding quantitative relationships include:

= What is the concentration-response, exposure-response, or dose-response
relationship in the human population?

= What is the interrelationship between incidence and severity of effect?

= What exposure conditions (dose or exposure, duration and pattern) are
important?

= What populations and lifestages appear to be differentially affected (i.e., more
at risk of experiencing effects)?

In order to address these questions, the entirety of quantitative evidence is evaluated to
characterize pollutant concentrations and exposure durations at which effects were
observed for exposed populations, including populations and lifestages potentially at
increased risk. To accomplish this, evidence is considered from multiple and diverse
types of studies, and a study or set of studies that best approximates the concentration-
response relationships between health outcomes and the pollutant may be identified.
Controlled human exposure studies provide the most direct and quantifiable exposure-
response data on the human health effects of pollutant exposures. To the extent available,
the ISA evaluates results from across epidemiologic studies that characterize the form of
relationships between the pollutant and health outcomes and draws conclusions on the
shape of these relationships. Animal data may also inform evaluation of
concentration-response relationships, particularly relative to MOASs and characteristics of
at-risk populations.

An important consideration in characterizing the public health impacts associated with
exposure to a pollutant is whether the concentration-response relationship is linear across
the range of concentrations or if nonlinear relationships exist along any part of this range.
The shape of the concentration-response curve at and below the level of the current
standards is of particular interest. VVarious sources of variability and uncertainty, such as
low data density in the lower concentration range, possible influence of exposure
measurement error, and variability between individuals in susceptibility to air pollution
health effects, tend to smooth and “linearize” the concentration-response function, and
thus can obscure the existence of a threshold or nonlinear relationship. Since individual
thresholds vary from person to person due to individual differences such as genetic level
susceptibility or preexisting disease conditions (and even can vary from one time to
another for a given person), it can be difficult to demonstrate that a threshold exists in a
population study. These sources of variability and uncertainty may explain why the
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available human data at ambient concentrations for some environmental pollutants
(e.g., particulate matter [PM], O3, lead [Pb], environmental tobacco smoke [ETS],
radiation) do not exhibit thresholds for cancer or noncancer health effects, even though
likely mechanisms include nonlinear processes for some key events. These attributes of
human population dose-response relationships have been extensively discussed in the
broader epidemiologic literature (Rothman and Greenland, 1998).

Finally, identification of the population groups or lifestages that may be at greater risk of
health effects from air pollutant exposures contributes to an understanding of the public
health impact of pollutant exposures. In the ISA, the term “at-risk population” is used to
encompass populations or lifestages that have a greater likelihood of experiencing health
effects related to exposure to an air pollutant due to a variety of factors; other terms used
in the literature include susceptible, vulnerable, and sensitive. These factors may be
intrinsic, such as genetic or developmental factors, race, gender, lifestage, or the presence
of preexisting diseases, or they may be extrinsic, such as socioeconomic status (SES),
activity pattern and exercise level, reduced access to health care, low educational
attainment, or increased pollutant exposures (e.g., near roadways). Epidemiologic studies
can help identify populations potentially at increased risk of effects by evaluating health
responses in the study population. Examples include testing for interactions or effect
modification by factors such as gender, age group, or health status. Experimental studies
using animal models of susceptibility or disease can also inform the extent to which
health risks are likely greater in specific population groups.

Quantitative Relationships: Effects on Ecosystems or Public
Welfare

Key questions for understanding the quantitative relationships between exposure (or
concentration or deposition) to a pollutant and risk to ecosystems or the public welfare
include:

= What elements of the ecosystem (e.g., types, regions, taxonomic groups,
populations, functions, etc.) appear to be affected, or are more sensitive to
effects? Are there differences between locations or materials in welfare effects
responses, such as impaired visibility or materials damage?

= Under what exposure conditions (amount deposited or concentration, duration
and pattern) are effects seen?

= What is the shape of the concentration-response or exposure-response
relationship?

Evaluations of causality generally consider the probability of quantitative changes in
ecological and welfare effects in response to exposure. A challenge to the quantification
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of exposure-response relationships for ecological effects is the great regional and local
spatial variability, as well as temporal variability, in ecosystems. Thus, exposure-
response relationships are often determined for a specific ecological system and scale,
rather than at the national or even regional scale. Quantitative relationships therefore are
estimated site by site and may differ greatly between ecosystems.

Concepts in Evaluating Adversity of Health Effects

November 2012

In evaluating health evidence, a number of factors can be considered in delineating
between adverse and nonadverse health effects resulting from exposure to air pollution.
Some health outcomes, such as hospitalization for respiratory or cardiovascular diseases,
are clearly considered adverse. It is more difficult to determine the extent of change that
constitutes adversity in more subtle health measures. These include a wide variety of
responses, such as alterations in markers of inflammation or oxidative stress, changes in
pulmonary function or heart rate variability, or alterations in neurocognitive function
measures. The challenge is determining the magnitude of change in these measures when
there is no clear point at which a change becomes adverse. The extent to which a change
in health measure constitutes an adverse health effect may vary between populations.
Some changes that may not be considered adverse in healthy individuals would be
potentially adverse in more at-risk individuals.

The extent to which changes in lung function are adverse has been discussed by the
American Thoracic Society (ATS) in an official statement titled What Constitutes an
Adverse Health Effect of Air Pollution? (ATS, 2000). An air pollution-induced shift in
the population distribution of a given risk factor for a health outcome was viewed as
adverse, even though it may not increase the risk of any one individual to an unacceptable
level. For example, a population of asthmatics could have a distribution of lung function
such that no identifiable individual has a level associated with significant impairment.
Exposure to air pollution could shift the distribution such that no identifiable individual
experiences clinically relevant effects. This shift toward decreased lung function,
however, would be considered adverse because individuals within the population would
have diminished reserve function and therefore would be at increased risk to further
environmental insult. The committee also observed that elevations of biomarkers, such as
cell number and types, cytokines and reactive oxygen species, may signal risk for ongoing
injury and clinical effects or may simply indicate transient responses that can provide
insights into mechanisms of injury, thus illustrating the lack of clear boundaries that
separate adverse from nonadverse effects.

The more subtle health outcomes may be connected mechanistically to health events that
are clearly adverse. For example, air pollution may affect markers of transient myocardial
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ischemia such as ST-segment abnormalities or onset of exertional angina. These effects
may not be apparent to the individual, yet may still increase the risk of a number of
cardiac events, including myocardial infarction and sudden death. Thus, small changes in
physiological measures may not appear to be clearly adverse when considered alone, but
may be a part of a coherent and biologically plausible chain of related health outcomes
that range up to responses that are very clearly adverse, such as hospitalization or
mortality.

Concepts in Evaluating Adversity of Ecological Effects

November 2012

Adversity of ecological effects can be understood in terms ranging in biological level of
organization; from the cellular level to the individual organism and to the population,
community, and ecosystem levels. In the context of ecology, a population is a group of
individuals of the same species, and a community is an assemblage of populations of
different species interacting with one another that inhabit an area. An ecosystem is the
interactive system formed from all living organisms and their abiotic (physical and
chemical) environment within a given area (IPCC, 2007). The boundaries of what could
be called an ecosystem are somewhat arbitrary, depending on the focus of interest or
study. Thus, the extent of an ecosystem may range from very small spatial scales to,
ultimately, the entire Earth (IPCC, 2007).

Effects on an individual organism are generally not considered to be adverse to public
welfare. However if effects occur to enough individuals within a population, then
communities and ecosystems may be disrupted. Changes to populations, communities,
and ecosystems can in turn result in an alteration of ecosystem processes. Ecosystem
processes are defined as the metabolic functions of ecosystems including energy flow,
elemental cycling, and the production, consumption and decomposition of organic matter
(U.S. EPA, 2002a). Growth, reproduction, and mortality are species-level endpoints that
can be clearly linked to community and ecosystem effects and are considered to be
adverse when negatively affected. Other endpoints such as changes in behavior and
physiological stress can decrease ecological fitness of an organism, but are harder to link
unequivocally to effects at the population, community, and ecosystem level. The degree
to which pollutant exposure is considered adverse may also depend on the location and its
intended use (i.e., city park, commercial, cropland). Support for consideration of
adversity beyond the species level by making explicit the linkages between stress-related
effects at the species and effects at the ecosystem level is found in A Framework for
Assessing and Reporting on Ecological Condition: an SAB report (U.S. EPA, 2002a).
Additionally, the National Acid Precipitation Assessment Program (NAPAP, 1991) uses
the following working definition of “adverse ecological effects” in the preparation of
reports to Congress mandated by the Clean Air Act: “any injury (i.e., loss of chemical or
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physical quality or viability) to any ecological or ecosystem component, up to and
including at the regional level, over both long and short terms.”

On a broader scale, ecosystem services may provide indicators for ecological impacts.
Ecosystem services are the benefits that people obtain from ecosystems (UNEP, 2003).
According to the Millennium Ecosystem Assessment, ecosystem services include:
“provisioning services such as food and water; regulating services such as regulation of
floods, drought, land degradation, and disease; supporting services such as soil formation
and nutrient cycling; and cultural services such as recreational, spiritual, religious and
other nonmaterial benefits.” For example, a more subtle ecological effect of pollution
exposure may result in a clearly adverse impact on ecosystem services if it results in a
population decline in a species that is recreationally or culturally important.
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Legislative and Historical Background

Legislative Requirements for the NAAQS Review

November 2012

Two sections of the Clean Air Act (CAA) govern the establishment and revision of the
NAAQS. Section 108 (42:U.S.C.:7408) directs the Administrator to identify and list
certain air pollutants and then to issue air quality criteria for those pollutants. The
Administrator is to list those air pollutants that in her “... judgment, cause or contribute
to air pollution which may reasonably be anticipated to endanger public health or
welfare; ...” and, “... the presence of which in the ambient air results from numerous or
diverse mobile or stationary sources;” and, “... for which ... [the Administrator] plans to
issue air quality criteria.....” Air quality criteria are intended to “accurately reflect the
latest scientific knowledge useful in indicating the kind and extent of all identifiable
effects on public health or welfare which may be expected from the presence of [a]
pollutant in the ambient air ...” (42:U.S.C.:7408([b]). Section 109 (42:U.S.C.:7409)
directs the Administrator to propose and promulgate “primary” and “secondary” NAAQS
for pollutants for which air quality criteria are issued. Section 109(b)(1) defines a primary
standard as one “...the attainment and maintenance of which in the judgment of the
Administrator, based on such criteria and allowing an adequate margin of safety, are
requisite to protect the public health.” The legislative history of Section 109 indicates that
a primary standard is to be set at “... the maximum permissible ambient air level ...
which will protect the health of any [sensitive] group of the population,” and that for this
purpose “... reference should be made to a representative sample of persons comprising
the sensitive group rather than to a single person in such a group...” (S. Rep. No.
91:1196, 91st Cong., 2d Sess. 10 [1970]). A secondary standard, as defined in Section
109(b)(2), must “... specify a level of air quality the attainment and maintenance of
which, in the judgment of the Administrator, based on such criteria, is requisite to protect
the public welfare from any known or anticipated adverse effects associated with the
presence of [the] pollutant in the ambient air.” Welfare effects (as defined in Section
302(h); 42:U.S.C.:7602[h]) include, but are not limited to, “... effects on soils, water,
crops, vegetation, man-made materials, animals, wildlife, weather, visibility and climate,
damage to and deterioration of property, and hazards to transportation, as well as effects
on economic values and on personal comfort and well-being.”

The requirement that primary standards provide an adequate margin of safety was
intended to address uncertainties associated with inconclusive scientific and technical
information available at the time of standard setting. It was also intended to provide a
reasonable degree of protection against hazards that research has not yet identified (Lead
Industries Association v. EPA, 647:F.2d:1130-1154 [D.C.Cir 1980]; American Petroleum
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Institute v. Costle, 665:F.2d:1176-1186 [D.C.Cir. 1981]; American Farm Bureau
Federation v. EPA, 559:F.3d:512-533 [D.C. Cir. 2009]; Association of Battery Recyclers
v. EPA, 604:F.3d:613, 617-618 [D.C. Cir. 2010]). Both kinds of uncertainties are
components of the risk associated with pollution at levels below those at which human
health effects can be said to occur with reasonable scientific certainty. Thus, in selecting
primary standards that provide an adequate margin of safety, the Administrator is seeking
not only to prevent pollution levels that have been demonstrated to be harmful but also to
prevent lower pollutant levels that may pose an unacceptable risk of harm, even if the risk
is not precisely identified as to nature or degree. The CAA does not require the
Administrator to establish a primary NAAQS at a zero-risk level or at background
concentration levels (Lead Industries v. EPA, [647:F.2d:at 1156 n.51]), but rather at a
level that reduces risk sufficiently so as to protect public health with an adequate margin
of safety.

In addressing the requirement for an adequate margin of safety, the EPA considers such
factors as the nature and severity of the health effects involved, the size of sensitive
population(s) at risk, and the kind and degree of the uncertainties that must be addressed.
The selection of any particular approach to providing an adequate margin of safety is a
policy choice left specifically to the Administrator’s judgment (Lead Industries
Association v. EPA, [647:F.2d:1161-1162]; Whitman v. American Trucking Associations,
[531:U.S.:457-495 (2001)]).

In setting standards that are “requisite” to protect public health and welfare as provided in
Section 109(b), EPA’s task is to establish standards that are neither more nor less
stringent than necessary for these purposes. In so doing, EPA may not consider the costs
of implementing the standards (see generally, Whitman v. American Trucking
Associations, [531:U.S.:457, 465-472, 475-476 (2001)]). Likewise, “... [a]ttainability and
technological feasibility are not relevant considerations in the promulgation of national
ambient air quality standards.” (American Petroleum Institute v. Costle,

[665:F.2d:1185]).
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Section 109(d)(1) requires that “not later than December 31, 1980, and at 5-year intervals
thereafter, the Administrator shall complete a thorough review of the criteria published
under Section 108 and the national ambient air quality standards ... and shall make such
revisions in such criteria and standards and promulgate such new standards as may be
appropriate ... .” Section 109(d)(2) requires that an independent scientific review
committee “shall complete a review of the criteria ... and the national primary and
secondary ambient air quality standards ... and shall recommend to the Administrator any
new ... standards and revisions of existing criteria and standards as may be appropriate
... Since the early 1980's, this independent review function has been performed by the
Clean Air Scientific Advisory Committee (CASAC).

History of the NAAQS for Pb

November 2012

Unlike pollutants such as PM and carbon monoxide (CO), air quality criteria had not
been issued for Pb as of the enactment of the Clean Air Act of 1970, which first set forth
the requirement to set national ambient air quality standards for criteria pollutants. EPA
did not intend to issue air quality criteria for lead, and accordingly had not listed lead
under Section 108. EPA had determined to control lead air pollution through regulations
to phase-out use of lead additives in gasoline and EPA viewed those controls, and
possibly additional federal controls, as the best approach to controlling lead emissions
(See 41 FR 14921 (April 8, 1976). However, the decision not to list lead under Section
108 was challenged by environmental and public health groups and the U.S. District
Court for the Southern District of New York concluded that EPA was required to list lead
under Section 108. (Natural Resources Defense Council v. EPA, 411 F. Supp. 864

[S.D. N.Y. 1976], aff’d, 545 F.2d 320 [2d Cir. 1978]).

Accordingly, on April 8, 1976, EPA published a notice that Pb had been listed under
Section 108 as a criteria pollutant (41 FR 14921) and on October 5, 1978, EPA
promulgated primary and secondary NAAQS for Pb under Section 109 of the Act

(43 FR 46246). Both primary and secondary standards were set at a level of

1.5 micrograms per cubic meter (ug/m®), measured as Pb in total suspended particles (Pb-
TSP), not to be exceeded by the maximum arithmetic mean concentration averaged over
a calendar quarter. These standards were based on the 1977 Pb Air Quality Criteria for
Lead Document (AQCD) (U.S. EPA, 1977).

The first review of the Pb standards was initiated in the mid-1980s. The scientific
assessment for that review is described in the 1986 Pb AQCD (U.S. EPA, 1986a), the
associated Addendum (U.S. EPA, 1986¢) and the 1990 Supplement (U.S. EPA, 1990a).
As part of the review, the Agency designed and performed human exposure and health
risk analyses (U.S. EPA, 1989), the results of which were presented in a 1990 Staff Paper
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(U.S. EPA, 1990c¢). Based on the scientific assessment and the human exposure and
health risk analyses, the 1990 Staff Paper presented recommendations for consideration
by the Administrator (U.S. EPA, 1990c). After consideration of the documents developed
during the review and the significantly changed circumstances since Pb was listed in
1976, the Agency did not propose any revisions to the 1978 Pb NAAQS. In a parallel
effort, the Agency developed the broad, multi-program, multimedia, integrated U.S.
Strategy for Reducing Lead Exposure (U.S. EPA, 1991). As part of implementing this
strategy, the Agency focused efforts primarily on regulatory and remedial clean-up
actions aimed at reducing Pb exposures from a variety of non-air sources judged to pose
more extensive public health risks to U.S. populations, as well as on actions to reduce Pb
emissions to air, such as bringing more areas into compliance with the existing Pb
NAAQS (U.S. EPA, 1991).

The most recent review of the Pb air quality criteria and standards was initiated in
November, 2004 (69 FR 64926) and the Agency’s plans for preparation of the Air
Quality Criteria Document (AQCD) and conduct of the NAAQS review were contained
in two documents: Project Work Plan for Revised Air Quality Criteria for Lead (U.S.
EPA, 2005e); and Plan for Review of the National Ambient Air Quality Standards for
Lead (U.S. EPA, 2006e). The schedule for completion of this review was governed by a
judicial order in Missouri Coalition for the Environment v. EPA (No. 4:04CV00660
ERW, Sept. 14, 2005; and amended on April 29, 2008 and July 1, 2008), which specified
a schedule for the review of duration substantially shorter than five years.

The scientific assessment for the review is described in the 2006 Air Quality Criteria for
Lead [2006 Pb AQCD; (U.S. EPA, 2006b)], multiple drafts of which received review by
CASAC and the public. EPA also conducted human exposure and health risk assessments
and a pilot ecological risk assessment for the review, after consultation with CASAC and
receiving public comment on a draft analysis plan (U.S. EPA, 2006d). Drafts of these
guantitative assessments were reviewed by CASAC and the public. The pilot ecological
risk assessment was released in December 2006 (ICF, 2006) and the final health risk
assessment report was released in November 2007 (U.S. EPA, 2007g). The policy
assessment based on both of these assessments, air quality analyses and key evidence
from the AQCD was presented in the Staff Paper (U.S. EPA, 2006f), a draft of which also
received CASAC and public review. The final Staff Paper presented OAQPS staff’s
evaluation of the public health and welfare policy implications of the key studies and
scientific information contained in the 2006 Pb AQCD and presented and interpreted
results from the quantitative risk/exposure analyses conducted for this review. Based on
this evaluation, the Staff Paper presented OAQPS staff recommendations that the
Administrator give consideration to substantially revising the primary and secondary
standards to a range of levels at or below 0.2 pg/m?®.
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Immediately subsequent to completion of the Staff Paper, EPA issued an advance notice
of proposed rulemaking (ANPR) that was signed by the Administrator on December 5,
2007 (72 FR 71488).! CASAC provided advice and recommendations to the
Administrator with regard to the Pb NAAQS based on its review of the ANPR and the
previously released final Staff Paper and risk assessment reports. The proposed decision
on revisions to the Pb NAAQS was signed on May 1, 2008 and published in the Federal
Register on May 20, 2008 (73 FR 29184). Members of the public provided both written
and, at two public hearings, oral comments and the CASAC Pb Panel also provided
advice and recommendations to the Administrator based on its review of the proposal
notice. The final decision on revisions to the Pb NAAQS was signed on October 15, 2008
and published in the Federal Register on November 12, 2008 (73 FR 66964).

The November 2008 notice described EPA’s decision to revise the primary and
secondary NAAQS for Pb from a level of 1.5 pg/m® to a level of 0.15 pg/m®. EPA’s
decision on the level for the primary standard was based on the much-expanded health
effects evidence on neurocognitive effects of Pb in children. The level of 0.15 pg/m® was
established to protect against air Pb-related health effects, including intelligence quotient
(1Q) decrements in the most highly exposed children, those exposed at the level of the
standard. Results of the quantitative risk assessment were judged supportive of the
evidence-based framework estimates. The averaging time was revised to a rolling
three-month period with a maximum (not-to-be-exceeded) form, evaluated over a
three-year period. As compared to the previous averaging time of calendar quarter, this
revision was considered to be more scientifically appropriate and more health protective.
The rolling average gives equal weight to all three-month periods, and the new
calculation method gives equal weight to each month within each three-month period.
Further, the rolling average yields 12 three-month averages each year to be compared to
the NAAQS versus four averages in each year for the block calendar quarters pertaining
to the previous standard. The indicator of Pb-TSP was retained, reflecting the evidence
that Pb particles of all sizes pose health risks. The secondary standard was revised to be
identical in all respects to the revised primary standards.?

Revisions to the NAAQS were accompanied by revisions to the data handling
procedures, the treatment of exceptional events, and the ambient air monitoring and
reporting requirements, as well as emissions inventory reporting requirements.® One

November 2012

! The ANPR was one of the features of the revised NAAQS review process that EPA instituted in 2006. In 2009, this
component of the process was replaced by reinstatement of the OAQPS policy assessment (previously termed the
Staff Paper).

% The 2008 NAAQS for Pb are specified at 40 CFR 50.16.

® The 2008 federal regulatory measurement methods for Pb are specified in 40 CFR 50, Appendix G and 40 CFR
part 53. Consideration of ambient air measurements with regard to judging attainment of the standards is specified in
40 CFR 50, Appendix R. The Pb monitoring network requirements are specified in 40 CFR 58, Appendix D, section
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aspect of the new data handling requirements is the allowance for the use of Pb-PMy,
monitoring for Pb NAAQS attainment purposes in certain limited circumstances at
non-source-oriented sites. The monitoring network requirements resulted in a substantial
number of new monitors being required as of January 2010, Subsequent to the 2008
rulemaking, additional revisions were made to the monitoring network requirements,
which required additional monitors as of December 2011; the complete current
requirements are described in Section 3.4.

On February 26, 2010 (75 FR 8934), EPA formally initiated its current review of the air
quality criteria for Pb, requesting the submission of recent scientific information on
specified topics. Soon after, a science policy workshop was held to identify key policy
issues and questions to frame the review of the Pb NAAQS (75 FR 20843). Drawing
from the workshop discussions, a draft IRP [Integrated Review Plan for the National
Ambient Air Quality Standards for Lead (U.S. EPA, 2011d)], was developed and made
available in late March, 2011 for public comment and consultation with CASAC and was
discussed by the CASAC via a publicly accessible teleconference consultation on May 5,
2011 (76 FR 20347, 76 FR 21346). The final IRP (U.S. EPA, 2011c) was released in
November, 2011 (76 FR 76972).

As part of the science assessment phase of the current review, EPA held a workshop in
December 2010 (75 FR 69078) to discuss, with invited scientific experts, preliminary
draft materials prepared during the ongoing development of the Pb ISA. The first external
review draft ISA for Lead was released on May 6, 2011 (U.S. EPA, 2011e). The CASAC
Pb Review Panel met at a public meeting on July 20, 2011 to review the draft ISA

(76 FR 36120). Subsequently, on December 9, 2011, the CASAC panel provided a
consensus letter for their review to the Administrator of the EPA (Frey and Samet, 2011).
The second external review draft ISA for Lead, (U.S. EPA, 2012) was discussed at a
public meeting of the CASAC Pb Review Panel on April 10, 2012. The third external
review draft ISA for Lead will be discussed at a public meeting of the CASAC Pb review
Panel, and timely public comments received will be provided to the CASAC panel. A
future Federal Register notice will inform the public of the exact date and time of that
CASAC meeting.

4.5. Guidance on the approach for implementation of the new standards was described in the Federal Register
notices for the proposed and final rules (73 FR 29184; 73 FR 66964).

November 2012 Ixxvi Draft — Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=707430
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1003024
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1003106
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1003070
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1005144

References for Legislative and Historical Background

Frey, C; Samet, JM. (2011). CASAC review of the EPA's integrated science assessment for lead (first
external review draft- May 2011). (EPA-CASAC-12-002). Washington, DC: U.S. Environmental
Protection Agency, Clean Air Scientific Advisory Committee.

ICF (ICF International). (2006). Lead human exposure and health risk assessments and ecological risk
assessment for selected areas: Pilot phase: External review draft technical report. Research Triangle
Park, NC: U.S. Environmental Protection Agency, Office of Air Quality Planning and Standards.

U.S. EPA (U.S. Environmental Protection Agency). (1977). Air quality criteria for lead [EPA Report].
(EPA-600/8-77-017). Washington, D.C.
http://nepis.epa.gov/Exe/ZyPURL .cgi?Dockey=20013GWR.txt

U.S. EPA (U.S. Environmental Protection Agency). (1986a). Air quality criteria for lead [EPA Report].
(EPA/600/8-83/028aF-dF). Research Triangle Park, NC.
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=32647

U.S. EPA (U.S. Environmental Protection Agency). (1986c). Lead effects on cardiovascular function,
early development, and stature: An addendum to U.S. EPA Air Quality Criteria for Lead (1986) [EPA
Report]. (EPA-600/8-83/028aF). Washington, D.C.

U.S. EPA (U.S. Environmental Protection Agency). (1989). Review of the national ambient air quality
standards for lead: Exposure analysis methodology and validation: OAQPS staff report [EPA Report].
(EPA-450/2-89-011). Research Triangle Park, NC.

U.S. EPA (U.S. Environmental Protection Agency). (1990a). Air quality criteria for lead: Supplement to
the 1986 addendum [EPA Report]. (EPA/600/8-89/049F). Washington, D.C.

U.S. EPA (U.S. Environmental Protection Agency). (1990c). Review of the national ambient air quality
standards for lead: Assessment of scientific and technical information: OAQPS staff paper [EPA
Report]. (EPA-450/2-89-022). Research Triangle Park, NC.

U.S. EPA (U.S. Environmental Protection Agency). (1991). Strategy for reducing lead exposures [EPA
Report]. Washington, D.C. http://www.epa.gov/ttn/naags/standards/pb/data/leadstrateqgy1991.pdf

U.S. EPA (U.S. Environmental Protection Agency). (2005e). Project work plan for revised air quality
criteria for lead [EPA Report]. (NCEA-R-1465). Research Triangle Park, NC.
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=113963

U.S. EPA (U.S. Environmental Protection Agency). (2006b). Air quality criteria for lead: Volume | of 11
[EPA Report]. (EPA/600/R-05/144aF). Research Triangle Park, NC.
http://cfpub.epa.gov/ncea/CEFM/recordisplay.cfm?deid=158823

U.S. EPA (U.S. Environmental Protection Agency). (2006d). Analysis plan for human health and
ecological risk assessment for the review of the lead national ambient air quality standards (draft)
[EPA Report]. Research Triangle Park, NC.
http://www.epa.gov/ttn/naaqgs/standards/pb/s_pb_cr_pd.html

U.S. EPA (U.S. Environmental Protection Agency). (2006e). Plan for review of the national ambient air
quality standards for lead [EPA Report]. Research Triangle Park, NC.
http://www.epa.gov/ttn/naags/standards/pb/s_pb_cr_pd.html

U.S. EPA (U.S. Environmental Protection Agency). (2006f). Review of the national ambient air quality
standards for lead: Policy assessment of scientific and technical information: OAQPS staff paper - first
draft [EPA Report]. (EPA-452/P-06-002). Research Triangle Park, NC.

November 2012 IXxvii Draft — Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=1003070
http://hero.epa.gov/index.cfm?action=search.view&reference_id=677234
http://hero.epa.gov/index.cfm?action=search.view&reference_id=17290
http://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=20013GWR.txt
http://hero.epa.gov/index.cfm?action=search.view&reference_id=710341
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=32647
http://hero.epa.gov/index.cfm?action=search.view&reference_id=57576
http://hero.epa.gov/index.cfm?action=search.view&reference_id=49098
http://hero.epa.gov/index.cfm?action=search.view&reference_id=17725
http://hero.epa.gov/index.cfm?action=search.view&reference_id=49068
http://hero.epa.gov/index.cfm?action=search.view&reference_id=76690
http://www.epa.gov/ttn/naaqs/standards/pb/data/leadstrategy1991.pdf
http://hero.epa.gov/index.cfm?action=search.view&reference_id=710783
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=113963
http://hero.epa.gov/index.cfm?action=search.view&reference_id=90110
http://cfpub.epa.gov/ncea/CFM/recordisplay.cfm?deid=158823
http://hero.epa.gov/index.cfm?action=search.view&reference_id=710772
http://www.epa.gov/ttn/naaqs/standards/pb/s_pb_cr_pd.html
http://hero.epa.gov/index.cfm?action=search.view&reference_id=710773
http://www.epa.gov/ttn/naaqs/standards/pb/s_pb_cr_pd.html
http://hero.epa.gov/index.cfm?action=search.view&reference_id=90216

U.S. EPA (U.S. Environmental Protection Agency). (2007g). Lead: Human exposure and health risk
assessments for selected case studies: Volume 1: Human exposure and health risk assessments - full-
scale [EPA Report]. (EPA-452/R-07-014a). Research Triangle Park, NC.
http://www.ntis.gov/search/product.aspx?ABBR=PB2008102573

U.S. EPA (U.S. Environmental Protection Agency). (2011c). Integrated review plan for the national
ambient air quality standards for lead [EPA Report]. (EPA-452/R-11-008). Research Triangle Park,
NC.

U.S. EPA (U.S. Environmental Protection Agency). (2011d). Integrated review plan for the national
ambient air quality standards for lead: External review draft [EPA Report]. (EPA-452/D-11-001).
Research Triangle Park, NC.

U.S. EPA (U.S. Environmental Protection Agency). (2011e). Integrated science assessment for lead [EPA
Report]. http://cfpub.epa.gov/ncea/isa/recordisplay.cfm?deid=226323

U.S. EPA (U.S. Environmental Protection Agency). (2012). Integrated science assessment for lead (2nd
external review draft) [EPA Report]. (EPA/600/R-10/075B). RTP, NC.

November 2012 IXxviii Draft — Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=634461
http://www.ntis.gov/search/product.aspx?ABBR=PB2008102573
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1003024
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707430
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1003106
http://cfpub.epa.gov/ncea/isa/recordisplay.cfm?deid=226323
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1005144

O© 00 N o o A W N P

e =
= o

12
13
14
15
16
17
18

19

20

21

22

23

24
25
26

1 EXECUTIVE SUMMARY

1.1
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Introduction

This Integrated Science Assessment (ISA) is a synthesis and evaluation of the most
policy-relevant science that forms the scientific foundation for the review of the primary
(health-based) and secondary (welfare-based) national ambient air quality standard
(NAAQS) for Lead (Pb). In 2008, the levels of the primary and secondary NAAQS for
Pb were lowered ten-fold, from the 1978 level of 1.5 ug/m?®, to a level of 0.15 pg/m®. The
averaging time was revised to a rolling three-month period with a maximum (not-to-be-
exceeded) form, evaluated over a three-year period. EPA’s decision on the level for the
revised primary standard in 2008 was based on the substantive increase in the evidence
on neurocognitive effects of Pb in children. The revised standard was established to
protect against air Pb-related health effects, including intelligence quotient (1Q) loss, in
the most highly exposed children.

The U.S. Environmental Protection Agency (EPA) has a systematic process for
evaluating the scientific evidence and drawing conclusions and judgments regarding the
causal association of air pollution with health and environmental effects. The ISA process
includes literature search strategies, criteria for selecting and evaluating studies,
approaches for evaluating the weight of the evidence, and a framework for making
causality determinations. The ISA uses this five-level hierarchy that classifies the weight
of evidence for causation:

= Causal relationship

Likely to be a causal relationship
= Suggestive of a causal relationship

= Inadequate to infer a causal relationship

Not likely to be a causal relationship

The process and causality framework are described in more detail in the Preamble to the
ISA. Considerations that are specific to the causal determinations drawn for the health
and ecological effects of Pb are described in Section 2.1 of the document.
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1.2 Sources, Fate and Transport of Lead (Pb) in the Environment,
and the Resulting Human Exposure and Dose

Emissions of Pb to ambient air have declined by more than two orders of magnitude over
the period 1970 to 2008 following the ban on alkyl-Pb additives for on-road gasoline and
tightened industrial emission standards. Emissions in the U.S. were estimated to be 964
tons in 2008, a small fraction of the total Pb used in production. More than half of these
emissions were from piston-engine aircraft. Other important sources of ambient air Pb,
beginning with the next largest, include metals processing, fossil fuel combustion, other
industrial sources, and roadway-related sources.

During the same period that saw the dramatic decrease in Pb emissions, ambient air Pb
concentrations® also declined. The median annual concentration in 2010,

0.03 micrograms per cubic meter (ug/m®), was approximately thirty times lower than it
was in 1980. The sharpest drop in median Pb concentration occurred from 1980-1990;
concentrations continued to decline up to 2010. Specific levels near Pb sources as well as
away from Pb sources have also shown a sharp decrease (Section 2.2.2).

Atmospheric deposition has led to measurable Pb concentrations in rain, snowpack, soil,
surface waters, sediments, agricultural plants, livestock, and wildlife across the world,
with the highest concentrations near Pb sources, such as smelters. After the phase-out of
Pb from on-road gasoline and declining industrial emissions, Pb concentrations have
decreased considerably in rain, snowpack, and surface waters. Pb is retained in soils and
sediments, where it provides a historical record of deposition and associated
concentrations. The national average Pb concentration in soil was 18.9 milligrams of Pb
per kilogram (mg Pb/kg), measured in over 1,300 non-urban, generally vegetated
sampling locations. The national median fresh surface water Pb concentration was

0.5 micrograms per liter (ug/L) (Section 2.2.3). In remote lakes, sediment profiles
indicate higher Pb concentrations in near surface sediment as compared to pre-industrial
era sediment from greater depth; sediment profiles indicate peak Pb concentrations
between 1960 and 1980 (when leaded gasoline was at peak use).

The size distribution of Pb-bearing particulate matter (PM), (i.e., PM having Pb as one of
its components) depends on whether there are contributions from industrial sources or

! The original indicator for the Pb NAAQS is the mass of the Pb portion of total suspended particles (Pb-TSP). The
Pb-TSP indicator was retained in 2008 in recognition of the role of all particulate matter (PM) sizes in ambient air
Pb exposures (Section 2.2.2). The Federal Reference Method (FRM) Pb-TSP sampler’s size-selective performance
is known to be affected by wind speed and direction, and collection efficiency has been demonstrated to decline with
particle size. Under certain conditions regulatory Pb monitoring can also be performed for ambient Pb sampled
using the FRM for Pb sampled in particles with an upper 50% cut-point of 10 + 0.5 micrometer (um) aerodynamic
diameter (Pb-PMyg). Pb-PMyy is allowed in certain instances where the expected Pb concentration does not approach
the NAAQS and no sources of ultracoarse Pb particles are nearby.
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near-road environments (Section 2.2.2). The size distribution of ambient air Pb-bearing
PM is smaller than the size distribution of soil and dust Pb particles containing PM

(i.e., soil or dust particles having Pb as one of its components).* Coarse Pb-bearing PM
(i.e., approximately 2.5 — 10 um) deposits to a great extent near its source, contributing to
local soil Pb contamination, while fine Pb-bearing PM (i.e., smaller than approximately
2.5 um) can be transported long distances and possibly deposit in remote areas.
Depending on local conditions, deposited particles may be resuspended and redeposited
multiple times before further transport becomes unlikely.

There are multiple sources of ambient Pb, and human exposure to ambient Pb involves
multiple pathways. Figure 1-1 shows how Pb can cycle through multiple environmental
media. The “air/soil/water” arrows of the figure depict Pb exposures to plants, animals,
and/or humans through contact with Pb-containing media. Air-related pathways of
ambient Pb exposure are the focus of this assessment. Air-related ambient Pb exposures
include both inhalation of Pb and ingestion of Pb in dust or soil that originated in the
ambient air. For example, dietary Pb exposure may be air-related if ambient air Pb
deposits on plants or water that become available for human consumption. Dust and soil
particles containing Pb are typically in the size range that is ingested rather than inhaled.
However, soil can act as a reservoir for deposited Pb emissions, and exposure to soil
contaminated with deposited Pb can occur through resuspended PM as well as hand-to-
mouth contact, which is the main pathway of childhood exposure to Pb. Non-ambient,
non-air-related exposures include hand-to-mouth contact with Pb-containing consumer
goods, hand-to-mouth contact with dust or chips of peeling Pb-containing paint, or
ingestion of Pb in drinking water conveyed through Pb pipes.

November 2012

! Pb-bearing PM larger than 10 pm have a sharp concentration gradient with distance from the source, because
larger particles have greater settling velocities. Given that wind-related biases strongly affect particles larger than
10 um, and given that much of the ambient air Pb fraction is smaller than 10 um, the existing TSP samplers
reasonably capture the airborne fraction of ambient Pb that is available for human exposure.
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Figure 1-1
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Conceptual model of multimedia Pb exposure.

The majority of Pb in the body is stored in bone (roughly 90% in adults, 70% in
children). Much of the remaining Pb is found in soft tissues; only about 1% of Pb is
found in the blood. Pb in blood is primarily (~99%) bound to red blood cells [RBCs]).
The small fraction of Pb in blood plasma (<1% of Pb in blood) may be the more
biologically labile and toxicologically active fraction of the circulating Pb. Both

Pb uptake and elimination in soft tissues are much faster than they are in bone. Pb
accumulates in bone regions undergoing the most active calcification at the time of
exposure. Pb in bone becomes distributed in trabecular (e.g., patella [knee cap]) and the
more dense cortical bones (e.g., tibia [shin bone]).

Blood Pb is the most common measure used to estimate Pb dose or exposure in
epidemiologic studies of Pb health effects. Overall, blood Pb levels have been decreasing
among U.S. children and adults for the past twenty years. The median blood Pb level for
the U.S. population is 1.1 micrograms per deciliter (ug/dL), with a 95th percentile blood
Pb level of 3.3 pg/dL based on the 2009-2010 National Health and Nutrition
Examination Survey (NHANES) data. Among children aged 1-5 years, the median and
95th percentiles are slightly higher at 1.2 pg/dL and 4.0 pg/dL, respectively. Other
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common metrics of Pb dose or exposure used in epidemiologic studies are Pb in bone,
which measures cumulative exposure over long periods (months to years), and Pb in cord
blood, which is an indicator of prenatal blood Pb concentration.

Blood Pb is dependent on both the recent exposure history of the individual, as well as
the long-term exposure history that determines total body burden and the amount of Pb
stored in the bone. The contribution of bone Pb to blood Pb changes throughout an
individual’s life time, and depends on the duration and intensity of the exposure, age, and
various other physiological stressors (e.g., nutritional status, pregnancy, menopause,
extended bed rest, hyperparathyroidism) that may affect bone remodeling, which
normally and continuously occurs. In children, largely due to faster exchange of Pb to
and from bone, blood Pb is both an index of recent exposure and potentially an index of
body burden. Generally, bone Pb is an index of cumulative exposure and body burden. Pb
is sequestered in two types of bone compartments; Pb in trabecular bone exchanges more
rapidly with the blood than Pb in denser cortical bone. Therefore, Pb in cortical bone is a
better marker of cumulative exposure, and Pb in trabecular bone is more likely to be
correlated with blood Pb. During pregnancy, Pb is transferred from the mother to the
fetus. Transplacental transfer of Pb may be facilitated by an increase in the plasma/blood
Pb concentration ratio during pregnancy. Maternal-to-fetal transfer of Pb appears to be
related partly to the mobilization of Pb from the maternal skeleton.

1.3 Integrative Overview of Health and Ecological Effects

November 2012

There is substantial overlap between the ecological and health endpoints related to Pb
exposure, which can be mediated through multiple, interconnected modes of action
(MOAS). The cellular/subcellular effect constituting the principal MOA for human health
and ecological endpoints is altered ion status. Other related MOASs include protein
binding, oxidative stress, inflammation, endocrine disruption, and cell death and
genotoxicity (Figure 1-2). Since the mechanisms of Pb toxicity in some organ systems are
the same or similar across species, many of the downstream health and ecological effects
are similar across species from invertebrates to vertebrates, including humans

(Section 2.8.1).
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Figure 1-2 Schematic representation of the relationships between the

various MOAs by which Pb exerts its effects.

1.3.1 Health Effects of Pb

Evidence from epidemiologic and toxicological studies was considered in combination
with the evidence from other disciplines such as exposure sciences and toxicokinetics in
determining the causal relationships for the health endpoints discussed in this assessment.
Detailed discussions of the evidence relating to conclusions regarding the health effects
of Pb are in Section 2.6 and Chapter 5. The major conclusions regarding health effects
from Pb exposure in children and adults are presented in Table 1-1 and summarized
below.
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Table 1-1

Summary of causal determinations for the relationship between
exposure to Pb and health effects.

Health Effect

Causality Determination?®

Nervous System Effects (Section 2.6.1)

Cognitive Function Decrements in Children

Causal Relationship

Attention-Related Behavioral Problems in Children

Causal Relationship

Conduct Problems in Children and Young Adults

Likely Causal Relationship

Internalizing Behaviors in Children

Likely Causal Relationship

Sensory Function Decrements in Children

Likely Causal Relationship

Motor Function Decrements in Children

Likely Causal Relationship

Cognitive Function Decrements in Adults

Likely Causal Relationship

Psychopathological Effects in Adults

Likely Causal Relationship

Sensory Function Decrements in Adults

Suggestive of a Causal Relationship

Neurodegenerative Diseases in Adults

Inadequate to Infer a Causal Relationship

Cardiovascular Effects (Section 2.6.2)

Hypertension

Causal Relationship

Subclinical Atherosclerosis

Suggestive of a Causal Relationship

Coronary Heart Disease

Causal Relationship

Cerebrovascular Disease

Inadequate to Infer a Causal Relationship

Renal Effects (Section 2.6.3)

Reduced Kidney Function

Likely Causal Relationship

Immune System Effects (Section 2.6.4)

Atopic and Inflammatory Responses

Likely Causal Relationship

Decreased Host Resistance

Likely Causal Relationship

Autoimmunity

Inadequate to Infer a Causal Relationship

Hematologic Effects (Section 2.6.5)

Decreased Red Blood Cell Survival and Function

Causal Relationship

Altered Heme Synthesis

Causal Relationship

Reproductive and Developmental Effects (Section 2.6.6)

Development

Causal Relationship

Birth Outcomes

Suggestive of Causal Relationship

Male Reproductive Function

Causal Relationship

Female Reproductive Function

Suggestive of Causal Relationship

Cancer (Section 2.6.7)

Cancer

Likely Causal Relationship

4Causal determinations were made within approximately 1 order of magnitude of current levels (Preamble, and Section 2.1).
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Effects of Pb Exposure in Children

Multiple epidemiologic studies conducted in diverse populations of children consistently
demonstrate the harmful effects of Pb exposure on 1Q, academic performance, learning
and memory. Epidemiologic studies also demonstrate the effect of Pb exposure on
inattention, impulsivity, and hyperactivity in children. The evidence in children is
supported by findings in animal studies demonstrating both analogous effects and
biological plausibility at relevant exposure levels. A decrease in cognitive function has
been observed in populations of children 4 to 11 years old with mean blood Pb levels
between 2 and 8 pg/dL (Section 2.6.1.1). Evidence suggests that some Pb-related
cognitive effects may not be reversible and that neurodevelopmental effects of Pb may
persist into adulthood (Section 2.9.4). Pb exposure also causes hematologic effects (such
as effects on blood cells or blood producing organs) in children and is associated with an
increased risk of internalizing behaviors (e.g., withdrawn behavior and depressive
symptoms), sensory and motor function decrements, atopic and inflammatory conditions
(e.g., asthma and allergy) in children, as well as misconduct in older children and young
adults. Uncertainties arising from the lack of information about the specific Pb-exposure
histories which contribute to observed blood Pb levels are greater in adults and older
children than in young children (Section 2.9.5). Despite some uncertainties regarding the
interpretation of blood Pb levels in older children, it is clear that Pb exposure in
childhood presents a risk; further, there is no evidence of a threshold below which there
are no harmful effects from Pb exposure.

Effects of Pb Exposure in Adults

A large body of evidence from both epidemiologic studies of adults and experimental
studies in animals demonstrates the effect of long-term Pb exposure on increased blood
pressure (BP) and hypertension (Section 2.6.2). In addition to its effect on BP, Pb
exposure leads to coronary heart disease and death from cardiovascular causes and is
likely to cause cognitive function decrements, symptoms of depression and anxiety,
reduced kidney function, and immune effects in adult humans. The extent to which the
effects of Pb on the cardiovascular system are reversible is not well-characterized. It is
also important to note that the frequency, timing, level and duration of Pb exposure
causing the effects observed in adults has not been pinpointed, and higher past exposures
may well have contributed to the development of health effects measured later in life.
However, it is clear that Pb exposure can be harmful to the cardiovascular system and
may also affect a broad array of organ systems in adults.
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1.3.2 Ecological Effects of Pb
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Ecological effects of Pb are summarized for terrestrial, freshwater and saltwater
ecosystems, and the ISA discusses endpoints common to plants, invertebrates and
vertebrates along with considerations of uncertainties in relating atmospheric Pb
concentrations to ecosystem effects. Effects of Pb in ecosystems are primarily associated
with Pb deposition onto soil and water, subsequent transport, and exposure through
environmental media (soil, water, sediment, biota). The 2006 Pb Air Quality Criteria
Document (AQCD) (U.S. EPA, 2006b) and previous EPA assessments reported effects of
Pb exposure on both terrestrial and aquatic organisms that included reduced survival,
reproduction and growth. Effects on delta-aminolevulinic acid dehydratase (ALAD, an
important rate-limiting enzyme needed for heme production), development, and behavior
were reported in terrestrial organisms (e.g. birds, mammals), along with decreases in
enzyme activity, heme formation, and behavioral effects in aquatic organisms (e.g. fish,
aquatic invertebrates). Physiological stress and impacts on hematological and
neurobehavioral endpoints may increase susceptibility to other stressors and affect the
fitness of individual organisms, and changes in reproduction, growth, and survival are
likely to lead to changes in communities and ecosystems. Although increasing exposures
generally result in increasing responses in laboratory and field experiments, the
relationship of exposure and responses is difficult to characterize quantitatively in natural
systems because of the influence of multiple environmental variables on both Pb
bioavailability and toxicity, and substantial species and lifestage differences in Pb
sensitivity.

A brief discussion of the conclusions from this assessment and earlier Pb AQCDs
regarding Pb effects on reproduction, growth, and survival is provided below and
summarized in Table 1-2 along with effects of Pb on neurobehavior, hematological, and
stress endpoints. Reproduction, growth, and survival are endpoints commonly used in
ecological risk assessment because they can lead to effects at the population, community,
and ecosystem levels of biological organization. Causal determinations for ecological
effects were based on integration of information on biogeochemistry, bioavailability,
biological effects, and exposure-response relationships of Pb in terrestrial, freshwater,
and saltwater environments. In general, the number of studies available for assessing
causality is greater for freshwater organisms than for marine environments. A detailed
discussion for all relevant welfare effects (i.e. ecological effects) is provided in

Section 2.7 and Chapter 7.
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Table 1-2  Summary of causal determinations for the relationship between Pb
exposure and effect on plants, invertebrates and vertebrates.

Level Effect Terrestrial®  Freshwater®  Saltwater®
Community- Community and Ecosystem Effects (Section 2.7.3.7) Likely Causal Likely Causal Inadequate
and Ecosystem

Reproductive and Developmental Effects-Plants
(Section 2.7.3.1) Inadequate Inadequate Inadequate
Reproductive and Developmental Effects-Invertebrates :
9 (Section 2.7.3.1) Causal Causal Suggestive
c
5 '
o »n Reproductive and Developmental Effects- Vertebrates
£ 0 (Section 2.7.3.1) Causal Causal Inadequate
w S
T>) > Growth-Plants (Section 2.7.3.2) Causal Likely Causal  Inadequate
[ ()
- @
4 Growth-Invertebrates (Section 2.7.3.2) Likely Causal Causal Inadequate
o >
= @)
k5 7 Growth-Vertebrates (Section 2.7.3.2) Inadequate Inadequate Inadequate
]
£
Q.
g g Survival-Plants (Section 2.7.3.3) Inadequate Inadequate Inadequate
a
(@)
5 Survival- Invertebrates (Section 2.7.3.3) Causal Causal Inadequate
Survival- Vertebrates (Section 2.7.3.3) Likely Causal Causal Inadequate
I
Neurobehavioral Effects-Invertebrates (Section 2.7.3.4) Likely Causal Likely Causal Inadequate
Neurobehavioral Effects- Vertebrates (Section 2.7.3.4) Likely Causal  Likely Causal Inadequate
Hematological Effects-Invertebrates (Section 2.7.3.5) Inadequate Likely Causal ~ Suggestive
©
g ¥ |Hematological Effects-Vertebrates (Section 2.7.3.5) Causal Causal Inadequate
=0
S c
g S  |Physiological Stress-Plants (Section 2.7.3.6) Causal Likely Causal  Inadequate
)
_g & Physiological Stress-Invertebrates (Section 2.7.3.6) Likely Causal Likely Causal  Suggestive
n
Physiological Stress-Vertebrates (Section 2.7.3.6) Likely Causal Likely Causal Inadequate

®Based on the weight of evidence for causal determination in Table Il of the ISA Preamble. Ecological causal determinations are
based on doses or exposures generally within one to two orders of magnitude of the range of Pb currently measured in the
environment (Table 2-1).

November 2012

1-10

Draft — Do Not Cite or Quote



o N oo o A WON P

10
11
12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30
31
32

November 2012

Effects on Development and Reproduction

Reduced reproduction at the level of individual organisms can result in lowered
population numbers and/or extermination, decreased species diversity, and a decline in
relative or absolute population numbers at the community level. Effects of Pb on various
development, fertility, and hormone maintenance endpoints have been documented in
multiple species of terrestrial and freshwater organisms. In plants, only a few studies
have addressed reproductive effects of Pb exposure. Among the animal species tested,
freshwater invertebrates were the most sensitive to Pb with respect to reproduction
(Section 2.7.3.1).

Effects on Growth

Effects on growth observed at the species level can translate into effects at the ecosystem
level. Exposure to Pb has been shown to have effects on growth in plants and in some
species of invertebrates and vertebrates. Evidence for effects of Pb on growth is strongest
in terrestrial plants. These effects are typically found in laboratory studies with high Pb
exposure concentrations or in field studies near stationary sources where concentrations
are elevated relative to non-polluted locations. Many of those laboratory and field studies
evaluate the effects of increasing levels of Pb exposure, and find that effects on plant
growth increase with increasing exposure (“biological gradients”). Evidence for Pb
effects on growth in invertebrates has been observed most extensively in freshwater
aquatic species, with growth inhibition in sensitive species occurring in the range of Pb
concentration values available for U.S. surface waters. In general, juvenile organisms are
more sensitive than adults. There are only limited data on growth effects in vertebrates
(Section 2.7.3.2).

Effects on Survival

Decreased survival of individuals within a population can have ecosystem-level impacts.
Pb is generally not toxic to aquatic or terrestrial plants at concentrations found in the
environment away from stationary sources, probably due to the fact that plants often
sequester large amounts of Pb in roots, with little translocation to other parts of the plant.
Aqguatic invertebrates are generally more sensitive to Pb exposure than other types of
species, with survival reduced in a few species at concentrations occurring near Pb
sources, as well as at concentrations occasionally encountered in the general environment
(that is, far from major Pb sources). Many terrestrial invertebrates tolerate higher
concentrations of Pb. Limited studies with vertebrates showed adverse effects of Pb on
survival at concentrations higher than typical ambient Pb levels in the environment,
although juvenile organisms are usually more sensitive than adults (Section 2.7.3.3).
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Neurobehavioral Effects

Historical and recent evidence from Pb-exposed animals indicates that Pb affects
behaviors, such as food consumption, avoidance and escape from predators, behavioral
regulation of body temperature, and prey capture. Alterations to these behaviors can
decrease the overall fitness of the organism. Evidence from laboratory studies has shown
effects of Pb exposure on nervous system endpoints in both terrestrial and freshwater
animal taxa (Section 2.7.3.4).

Hematological Effects

Changes in hematological characteristics including ALAD activity, blood cell counts, and
serum profiles are associated with Pb exposure in both aquatic and terrestrial animals. It
is commonly recognized that ALAD is an indicator of Pb exposure across a wide range of
animals as shown in both field and laboratory studies. Studies conducted over the last two
decades have shown that hematological responses are associated with Pb in the
environment (Section 2.7.3.5).

Effects on Physiological Stress

Increased levels of antioxidant enzymes (in response to oxidative stress or altered cell
signaling) and increased lipid peroxidation (the process by which free radicals induce the
oxidation of fatty acids, leading to cell membrane damage) are considered to be reliable
biomarkers of stress. Alterations in these biomarkers are associated with Pb exposure in
plants, invertebrates and vertebrates, and they may be indicative of increased
susceptibility to other stressors, as well as reduction in individual fitness. Markers of
oxidative damage and antioxidant activity have been observed in field studies in a wide
range of species in terrestrial and aquatic environments when Pb is present, and also
following laboratory exposures (Section 2.7.3.6).

Community and Ecosystem Effects

The effects of Pb on growth, reproduction, and survival at the level of individual
organisms, especially when considered cumulatively, are likely to result in effects on
population, community and ecosystem structure and function. Effects at those higher
levels of biological organization are confirmed by both laboratory and field experiments
in which decreases in abundance, reduced species diversity, and shifts in community
composition have been observed following Pb exposure. However, such ecosystem-wide
effects can only be tested directly in a few of the cases where individual organism effects
are found. Quantitative characterization of exposure-response relationships is difficult at
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of other metals, physico-chemical variables and other stressors cannot be controlled and
their effects are incompletely characterized (Section 2.7.3.7).

1.4 Policy Relevant Considerations
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Public Health Significance

The concept of population risk is relevant to understanding the public health significance
of small decrements in 1Q and increases in blood pressure caused by Pb exposure. A
seemingly small decrease in the population mean IQ or increase in systolic blood
pressure may push the most susceptible group in the population to a critical point on the
continuum of disease development, such that their condition meets the clinical definition
of a disease. For example, increases in blood pressure that are caused by Pb exposure can
result in a larger proportion of the population having hypertension. A downward shift in
the mean 1Q value can result in a larger proportion of the population at risk for academic
or vocational failure and can also reduce the proportion of the population achieving very
high 1Q scores. Moreover, small changes at the population level can translate into large
numbers of individual clinical events.

Air Lead(Pb)-to-Blood Lead(Pb) Relationships

A limited number of epidemiological studies evaluated relationships between air Pb and
blood Pb (Section 2.9.2). Regression models are typically used to produce slopes that
estimate the change in blood Pb per change in air Pb concentration (ug/dL per pg Pb/m®).
The larger the slope, the larger the estimated contribution of air Pb is to the blood Pb
level in exposed populations.

The range of air-to-blood slope estimates is 2 to 9 pg/dL per pg/m?® in studies of children.
The differences in the estimates across studies, at least in part, reflect the choice of model
(e.g., some models predict an increase in the blood Pb-air Pb slope with decreasing air Pb
concentration while other models predict a constant blood Pb-air Pb slope across all air
Pb concentrations) as well as the terms that are included in the model (e.g., soil Pb) that
may account for some of the variation in blood Pb that is attributable to air Pb. Other
factors that may explain the variation in the derived blood Pb-air Pb slope include
differences in the populations examined and Pb sources (e.g., leaded gasoline or smelter).
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Concentration-Response Relationships for Health Effects

Previous assessments found that progressively lower blood Pb levels were associated
with cognitive deficits in children and newly available evidence is generally consistent
with findings of the previous review (Section 2.9.3). Compelling evidence for a larger
effect of Pb on children’s 1Q at lower blood Pb levels compared to higher blood Pb levels
was presented in the 2006 Pb AQCD based on the international pooled analysis of seven
prospective cohort studies. A subsequent reanalysis of these data focusing on the shape of
the concentration-response function and several recent studies support the findings of the
original the pooled analysis. The majority of the epidemiologic evidence from stratified
analyses comparing the lower and the higher ends of the blood Pb distributions also
indicates larger effect of Pb on 1Q at lower blood Pb levels. The shape of concentration-
response relationships is not well characterized for effects of Pb in adults (Section 2.9.3).

Patterns of Pb Exposure and Neurodevelopmental Deficits in Children

Among the populations included in epidemiologic studies using blood Pb as a metric of
Pb exposure, the relative proportion of blood Pb derived from recent versus past exposure
cannot be fully characterized in the absence of detailed information on exposure history.
Uncertainty regarding the role of recent exposure is greater in adults and older children
than in young children who do not have lengthy exposure histories. Several lines of
evidence inform the interpretation of epidemiologic studies of young children with regard
to the patterns of exposure that contribute to observed health effects (Section 2.9.4). In
summary, epidemiologic studies find associations of cognitive function and/or attention
related behavior problems with several different blood Pb exposure metrics that represent
blood Pb during lifestages from prenatal to adolescence. These findings are generally
consistent with Pb effects reported in experimental animal studies and are consistent with
the fact that the nervous system continues to develop throughout childhood.

Potentially At-Risk Populations

The NAAQS are intended to protect public health with an adequate margin of safety. In
so doing, protection provided for both the population as a whole and those groups at
increased risk for health effects in response to the air pollutant for which each NAAQS is
set. Children are at increased risk for the effects of Pb exposure. Among children, the
youngest age groups were observed to be most at risk of elevated blood Pb levels, with
levels decreasing with increasing age of the children. Evidence related to childhood and
other at-risk factors is described in Section 2.9.6.
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Pb Concentrations Corresponding to Ecological Effects

There is limited evidence to relate ambient air concentrations of Pb to levels of deposition
onto terrestrial and aquatic ecosystems and to subsequent movement of atmospherically-
deposited Pb through environmental compartments (e.g., soil, sediment, water, and biota)
(Section 2.9.7). The contribution of atmospheric Pb to specific sites is not clear and the
connection between air concentration of Pb and ecosystem exposure continues to be
poorly characterized. Furthermore, the level at which Pb elicits a specific effect is
difficult to establish in terrestrial and aquatic systems, due to the influence of other
environmental variables (e.g., pH, organic matter) on both Pb bioavailability and toxicity,
and also to substantial species differences in Pb sensitivity. Current evidence indicates
that Pb is bioaccumulated in biota; however, the sources of Pb in biota have only been
identified in a few studies, and the relative contribution of Pb from all sources is usually
not known.

15 Summary

November 2012

Overall, the evidence evaluated for the current review expands upon findings of the
2006 Pb AQCD and previous assessments, which concluded that there was a strong body
of evidence substantiating the health effects from Pb exposure as well as strong evidence
of the effects from Pb exposure on some ecological endpoints.

Nervous system effects in children, specifically cognition problems in children, are the
effects that are best substantiated as occurring at the lowest blood Pb concentrations
(Section 2.6.1.1). Causal relationships were also determined for several cardiovascular
effects in adults, for which the evidence strongly suggests that long-term Pb exposure
plays a role. Since Pb exposures were generally higher in the past than they are today,
uncertainties still exist regarding the relative importance of recent versus past exposure in
the development of the Pb-related health effects in the adult populations studied.

With regard to the ecological effects of Pb, uptake of Pb into fauna and subsequent
effects on reproduction, growth and survival are established and are further supported by
more recent evidence. These may lead to effects at the population, community, and
ecosystem level of biological organization. In both terrestrial and aquatic organisms,
gradients in response are observed with increasing concentration of Pb and some studies
report effects within the range of Pb detected in environmental media. Specifically,
observations from controlled studies on reproduction, growth, and survival in sensitive
freshwater invertebrates are well-characterized at concentrations at or near Pb
concentrations occasionally encountered in U.S. surface waters. Hematological and stress
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related responses were also associated with elevated Pb levels in polluted areas in some
terrestrial and aquatic species. However, in natural environments, modifying factors
affect Pb bioavailability and toxicity and there are considerable uncertainties associated
with generalizing effects observed in controlled studies to effects at higher levels of
biological organization. Furthermore, available studies on community and ecosystem-
level effects are usually from contaminated areas where Pb concentrations are much
higher than typically encountered in the environment. The contribution of atmospheric Pb
to specific sites is not clear and the connection between air concentration of Pb and
ecosystem exposure continues to be poorly characterized. Furthermore, the level at which
Pb elicits a specific effect is difficult to establish in terrestrial and aquatic systems, due to
the influence of other environmental variables (e.g., pH, organic matter) on both Pb
bioavailability and toxicity, and also to substantial species differences in Pb sensitivity.
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2.1 ISA Development and Scope
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This chapter summarizes and synthesizes the recently available scientific evidence and is
intended to provide a concise synopsis of the ISA conclusions and findings that best
inform the review of the current NAAQS for lead (Pb). The Integrated Review Plan (IRP)
for the National Ambient Air Quality Standards for Lead (U.S. EPA, 2011c) identifies a
series of policy-relevant questions (in Chapter_3) that provide the framework for this
assessment, and which also frames the entire review of the NAAQS for Pb, and thus are
informed by both science and policy considerations. The plans and underlying questions
for the ISA are included in the IRP. The ISA organizes, presents, and integrates the
scientific evidence, which is considered along with findings from any risk analyses and
policy considerations, to help the U.S. Environmental Protection Agency (EPA) address
these questions during the NAAQS review for Pb. The ISA includes:

= An integration of the evidence on the human health effects associated with Pb
exposure, discussion of important uncertainties identified in the interpretation of
the scientific evidence, and an integration across different scientific disciplines

and across individual endpoints within major outcome categories.

= An integration of the evidence on the welfare effects of Pb in terrestrial,
freshwater and saltwater ecosystems, discussion of endpoints common to plants,
invertebrates and vertebrates and consideration of uncertainties in relating

atmospheric Pb concentrations to welfare effects.

= An integration of the effects associated with exposure to Pb across the scientific
disciplines for health and ecology, focusing on common modes of action.

= Discussion of policy relevant considerations, such as potentially at-risk
populations and concentration-response relationships.

EPA has a systematic process for evaluating the scientific evidence and for drawing
conclusions and judgments regarding the causal association of air pollution with health
and environmental effects. The ISA process includes literature search strategies, criteria
for selecting and evaluating studies, approaches for evaluating weight of the evidence,
and a framework for making causality determinations. As part of this process, the ISA is
reviewed by the public and peer reviewed by a formal panel of scientific experts (the
Clean Air Scientific Adviory Committee [CASAC]). The process and causality
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framework are described in more detail in the Preamble to the ISA. This section provides
a brief overview of the process for development of this ISA.

EPA initiated the current review of the NAAQS in February 2010 with a call for
information from the public (75 FR 8934). Literature searches were conducted routinely
to identify studies published since the last review, focusing on studies published from
2006 (close of previous scientific assessment) through September 2011. References that
were considered for inclusion or cited in this ISA can be found at
http://hero.epa.gov/lead.

This ISA evaluates relevant epidemiologic, animal toxicological, and welfare effects
studies, including those related to concentration-response relationships, mode(s) of action
(MOA), and susceptible populations. Additionally, air quality and emissions data, studies
on environmental fate and transport, and issues related to Pb toxicokinetics and exposure
were considered for inclusion in the document. Previous AQCDs (U.S. EPA, 2006b,
1986b, 1977) have included an extensive body of evidence on these topics. In this ISA,
the conclusions and key findings from previous reviews are summarized at the beginning
of each section, to provide the foundation for consideration of evidence from recent
studies. Results of key studies from previous reviews are included in discussions or tables
and figures, as appropriate, and conclusions are drawn based on the synthesis of evidence

from recent studies with the extensive literature summarized in previous reviews.

The Preamble discusses the general framework for conducting the science assessment
and developing an ISA, including criteria for selecting studies for inclusion in the ISA
evaluating and integrating the scientific evidence and developing scientific conclusions.
In selecting the studies for inclusion in the Pb ISA, particular emphasis is placed on those
studies most relevant to the review of the NAAQS.

In drawing judgments regarding causality for the criteria air pollutants, evidence of health
effects in the range of relevant pollutant exposures or doses is considered. With regard to
the causal determinations drawn for human health effects of Pb, population-based
epidemiology studies were emphasized over occupational studies. Recent occupational
studies were considered insofar as they addressed a topic area that was of particular
relevance to the NAAQS review (e.g., longitudinal studies designed to examine recent
versus historical Pb exposure). Evidence from toxicological studies of effects observed in
experimental animals at doses that were relevant to, or somewhat above, those currently
experienced by the U.S. general population were emphasized. Generally studies with
blood Pb levels within one order of magnitude above the upper end of the distribution of
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U.S. blood Pb levels were considered in forming conclusions® with the majority of studies
reporting blood Pb levels below 25-30 pg/dL. Studies with higher blood Pb levels were
considered if they informed the evaluation of modes of action, mechanisms, or kinetics.
For toxicological studies where blood Pb levels were not measured, judgments regarding
how to distinguish high from the more relevant low doses were made considering the
range of doses across the available body of evidence and emphasizing studies at the lower
end of the range.

Relevant concentrations for drawing causality judgments for the welfare effects of Pb
were determined considering the range of Pb concentrations in the environment and the
available evidence for concentrations at which effects were observed in plants,
invertebrates, and vertebrates. Effects observed at or near ambient Pb concentrations
measured in soil, sediment and water in the most recent available studies (Table 2-1)
were emphasized and studies generally within one to two orders of magnitude above the
reported range of these values were considered in the body of evidence for terrestrial,
freshwater and saltwater ecosystems. Studies at higher concentrations were used to the
extent that they informed modes of action and illustrated the wide range of sensitivity to
Pb across taxa.

The causal determinations for terrestrial, freshwater and saltwater effects are divided into
two categories. The first category includes endpoints that are commonly used in
ecological risk assessment (reproduction, growth, and survival). It is clear that these
endpoints can lead to population-level (e.g., abundance, production, extirpation),
community-level (e.g., taxa richness, relative abundance) and ecosystem-level effects
(Ankley et al., 2010; Suter et al., 2005). The second category includes organism- and sub-
organism-level responses such as physiological stress, hematological effects, and
neurobehavioral effects. As recognized in EPA's Framework for Ecological Risk
Assessment (U.S. EPA, 1992), and in the adverse outcome pathway (AOP) framework
(Ankley et al., 2010) endpoints that are measured at one level of biological organization

may be related to an endpoint at a higher level. The AOP conceptual framework was
proposed to link mechanistic data from initiating events at the molecular level through a
series of higher order biological responses to growth, survival and reproductive endpoints
that can be used in ecological risk assessment, i.e., at the population level and higher. In
the case of Pb, sub-organismal responses (i.e., physiological stress, hematological effects)
and organism-level responses (neurobehavioral alterations) may decrease the overall
fitness of an organism, even though their connection to effects at higher levels of
biological organization may not have been characterized. Furthermore, the effects of Pb

! For example, the 97.5th percentile of the NHANES distribution of blood Pb level in children 1-5 years old is
5 pg/dL; however, the proportion of individuals with blood Pb levels that exceed this concentration varies
depending on factors including age and sex (Section 4.1).
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on ecosystems necessarily begin with some initial effects at the molecular level of
specific organisms within the ecosystem (U.S. EPA, 1986b). There are many different
molecular and cellular level effects, and toxicity of Pb in ecosystems may be attained
through multiple modes of action.

The ISA considers evidence of health effects for both short- and long-term pollutant
exposures. Since biomarkers are typically used as an index of exposure or dose in
epidemiologic studies, there is uncertainty regarding the timing, frequency, level, and
duration of the exposure(s) associated with the blood Pb (or other biomarker) levels
measured in these studies. Some animal toxicological studies provide evidence to inform
the exposure patterns that are needed to induce effects in animals and these studies are
drawn upon to interpret the human health effects evidence. Exposure regimens used in
toxicological studies typically include chronic exposure (i.e., over 10% of the lifespan of
the animal), long-term exposure (e.g., greater than 4 weeks in rodents) and acute or
short-term exposure (e.g., less than 4 weeks in rodents). For the purpose of this
assessment, short-term human exposures are generally defined to include exposures of
months (e.g., <one year) while long-term human exposures include those greater than
one year in duration. Information including the age of the population studied, study
period and study location is also used to aid in the interpretation of findings from
epidemiologic studies because Pb exposures have declined over time and exposures vary
depending on proximity to Pb sources.

This ISA uses a five-level hierarchy that classifies the weight of evidence for causation:

= Causal relationship

= Likely to be a causal relationship

= Suggestive of a causal relationship

= Inadequate to infer a causal relationship
= Not likely to be a causal relationship

Beyond judgments regarding causality are questions relevant to quantifying health or
environmental risks based on the understanding of the quantitative relationships between
pollutant exposures and health or welfare effects. Once a determination is made regarding
the causal relationship between the pollutant and outcome category, important questions
regarding quantitative relationships include:

= What is the concentration-response, exposure-response, or dose-response
relationship in the human population?
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= What exposure conditions (dose or exposure, exposure pathways, duration and
pattern) are important?

= What populations and lifestages appear to be differentially affected i.e., at
greater risk of Pb-related health effects?

= What elements of the ecosystem (e.g., types, regions, taxonomic groups,
populations, functions, etc.) appear to be affected or are more sensitive to
effects?

This ISA is composed of seven chapters including the Executive (Chapter 1) and
Integrative Summaries (Chapter 2). Chapter_3 highlights key concepts or issues relevant
to understanding the sources, ambient concentrations, and fate and transport of Pb in the
environment. Chapter 4 summarizes key concepts and recent findings on Pb exposures,
toxicokinetics, and biomarkers reflecting Pb exposure and body burden. Chapter 5
presents a discussion of the MOA of Pb and evaluates and integrates epidemiologic and
animal toxicological information on health effects related to Pb exposure. Chapter 6
summarizes the evidence on potentially susceptible populations. Chapter 7 evaluates
welfare effects evidence that is relevant to the review of the secondary NAAQS for Pb.

This chapter summarizes and integrates the newly available scientific evidence that best
informs consideration of the policy-relevant questions that frame this assessment. The
organization of this chapter generally follows the organization of the document as a
whole, with several additional sections including: a discussion of the assessment
development and scope (Section 2.1); an integration of the evidence across the disciplines
of health and ecology (Section 2.8); a discussion of policy-relevant considerations
(Section 2.9); and, an overall summary (Section 2.10).

2.2 Ambient Pb: Source to Concentration

221 Sources, Fate and Transport of Ambient Pb
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The findings of this review build upon those from the 2006 Pb AQCD (U.S. EPA
2006b), which documented the decline in ambient air Pb emissions following the phase
out on alkyl-Pb additives for on-road gasoline and reductions in industrial facility
emissions of Pb. Pb emissions declined by 98% from 1970 to 1995 and then by an
additional 76% from 1995 to 2008. The 2008 National Emissions Inventory (NEI)
reported ambient air Pb emissions of 964 tons. Air Pb emissions represent just a small
fraction (by weight) of the Pb used in U.S. production.
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According to the 2008 NEI (U.S. EPA, 2011a), piston-engine aircraft emissions comprise
the largest share (57%) of total atmospheric Pb emissions. Other sources of ambient air
Pb, beginning with the largest, include metal working and mining, fossil fuel combustion,
other industrial sources, and roadway related sources. Although piston-engine aircraft
collectively comprise the largest emissions source, the highest emitting individual
industrial sites produce more ambient air Pb emissions than individual airports.

Global atmospheric Pb deposition peaked in the 1970s, followed by a decline

(Section 3.2). Pb deposition is greater near Pb emission sources. Both wet and dry
deposition are important mechanisms for removing Pb from the atmosphere, and the
atmosphere is the main environmental transport pathway for Pb which is deposited onto
surface water and soil. Wet deposition is more important for the fine fraction while the
coarse fraction is usually removed by dry deposition. Pb associated with coarse PM
deposits to a great extent near local industrial sources, contributing to soil Pb
concentrations in those locations, while fine Pb-bearing PM can be transported long
distances, contributing Pb contamination in remote areas. Depending on local conditions,
once deposited particles may be resuspended and redeposited before reaching a site
where further transport is unlikely, especially for dry deposition (Section 3.3). Surface
waters act as an important reservoir, with Pb lifetimes in the water column largely
controlled by deposition and resuspension of Pb in sediments. Substantial amounts of Pb
from vehicle wear and building materials can also be transported by runoff waters to
surface waters and sediments without becoming airborne. Pb containing sediment
particles can be remobilized into the water column, and sediment concentrations tend to
follow those in overlying waters (Section 3.3).

2.2.2 Monitoring and Concentrations of Ambient Air Pb

November 2012

The indicator for the Pb NAAQS is Pb in total suspended particles (Pb-TSP). The Federal
Reference Method (FRM) for Pb-TSP specifies that ambient air is drawn through a
high-volume TSP sampler onto a glass fiber filter. The Pb-TSP sampler’s size selective
performance is known to be affected by wind speed and direction, and collection
efficiency has been demonstrated to decline with increasing particle size with an
uncertain upper size limit (Wedding et al., 1977). There have been only a few studies
since the publication of the 2006 Pb AQCD with regard to sampling error in the Pb-TSP
FRM or alternatives to the existing Pb-TSP sampling technology. In addition to monitors
used historically for sampling Pb-PM, several single stage and multi-stage impactors and
inlets used for sampling PM concentrations are also potential options for Pb-PM
monitoring when the majority of particles are smaller than 15 um. Given that most sites
with collocated Pb-PMyo and Pb-TSP monitors have average Pb-PM;o:Pb-TSP ratios
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greater than 0.75 (Section 3.5.3), the existing samplers reasonably capture the airborne
fraction of ambient Pb that is available for human exposure (Section 3.4.1).

Ambient air Pb monitoring requirements have undergone several changes since
publication of the 2006 Pb AQCD. The current Pb monitoring network design
requirements include two types of FRM monitoring sites: source-oriented and
non-source-oriented (Section 3.4). For the purpose of analyzing data for the ISA,
monitors reporting to the U.S. EPA Air Quality System (AQS) database were considered
to be source-oriented if they were designated in AQS as source-oriented, or if they were
located within 1 mile of a 0.5 ton per year or greater source, as noted in the 2005 NEI
(U.S. EPA, 2008a) or the 2008 NEI (U.S. EPA, 2011a). Source-oriented FRM Pb-TSP
monitoring sites are required near sources of air Pb emissions which are expected to or
have been shown to contribute to ambient air Pb concentrations in excess of the NAAQS.
Non-source-oriented FRM (Pb-TSP or Pb-PM,,) monitoring is also required at national
core multipollutant monitoring network (NCore) sites in Core Based Statistical Areas
(CBSA) with a population of at least 500,000. In addition to FRM monitoring, Pb is also
routinely measured in smaller particle fractions in the chemical speciation network
(CSN), interagency monitoring of protected visual environment (IMPROVE), and the
national air toxics trends station (NATTS) networks. While monitoring in multiple
networks provides extensive geographic coverage, measurements between networks are
not directly comparable in all cases because there are differences in the methods,
including the different particle size ranges sampled in the different networks. Depending
on monitoring network, Pb is monitored in TSP, PMy, or PM;s.

Ambient air Pb concentrations have declined drastically over the period 1980-2010
(Section 3.5). The median annual concentrations have dropped by 97% from 0.87 pg/m®
in 1980 to 0.03 ug/m?® in 2010. The mean source-oriented Pb maximum 3-month average
concentration was skewed toward the 75th percentile of the data distribution and
exceeded the level of the NAAQS, suggesting that ambient air Pb concentrations are high
near a subset of industrial sources of airborne Ph. Studies in the peer-reviewed literature
have shown slightly elevated Pb concentrations downwind of industrial sources and
airports. Estimates for the natural background Pb concentrations from sources including
volcanoes, sea-salt spray, and biogenic sources are ~0.00002 to 0.001 pg/m®. These
estimates indicate that background airborne Pb concentrations are well below current
ambient concentrations.

The size distribution of Pb-bearing PM has changed over time and varies by site
(Section 3.5.3). Recent study results indicate that the size distribution has shifted upward
since the 1980s, with the mode of the size distribution of Pb-PM particles now falling
between 2.5 um and 10 um (Cho et al., 2011). The Pb-PM size distribution depends on
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whether there are contributions from industrial sources or near-road environments. In
contrast to Cho et al. (2011), analysis of the distributional properties of the Pb-PM
measured by the AQS monitors, which are often sited near sources, suggests that the
largest proportion of particles is still below 2.5 um in diameter.

2.2.3 Ambient Pb Concentrations in Non-Air Media and Biota

November 2012

Releases of Pb to the atmosphere have led to measurable Pb concentrations observed in
rain, snowpack, soil, surface waters, sediments, agricultural plants, livestock, and wildlife
across the world, with highest concentrations near Pb sources, such as smelters. After the
phase-out of Pb from on-road gasoline, Pb concentrations have decreased considerably in
rain, snowpack, and surface waters.

Declining Pb concentrations in tree foliage, trunk sections, and grasses, as well as surface
sediments and soils, have also been observed (U.S. EPA, 2006b).

Often, Pb is retained in soils and sediments, where it provides a historical record of
deposition. In remote lakes, sediment profiles indicate higher Pb concentrations in near
surface sediment as compared to pre-industrial era sediment from greater depth and
indicate peak concentrations between 1960 and 1980 (when leaded on-road gasoline was
at peak use). Concentrations of Pb in moss, lichens, peat, and aquatic bivalves have been
used to understand spatial and temporal distribution patterns of air Pb concentrations.
Ingestion and water intake are the major routes of Pb exposure for aquatic organisms, and
food, drinking water, and inhalation are major routes of exposure for livestock and
terrestrial wildlife.

Overall, Pb concentrations have decreased substantially in media through which Pb is
rapidly transported, such as air and water. Substantial Pb remains in soil and sediment
sinks. In areas less affected by major local sources, the highest concentrations are below
the surface layers and reflect the phase-out of Pb from on-road gasoline and emission
reductions from other sources.

Information on ambient Pb concentrations in non-air media and biota is reported in
Section 3.6, and concentrations considered in the interpretation of the ecological evidence
are tabulated in Table 2-1. As noted in the preamble, the ecological causal determinations
focus on studies where effects of Pb exposure are observed at or near ambient levels of
Pb and studies generally within the range of one to two orders of magnitude above
current or ambient conditions were also considered in the body of evidence.
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Table 2-1  Ambient Pb concentrations in non-air media and biota considered for
ecological assessment.
Years Data
Media Pb Concentration Obtained References
Soll National Average: 1961-1997 U.S. EPA (2007d, 2006b, 2003b)
18.9 mg Pb/kg (dry weight)
Range of state averages:
5-38.6 mg Pb/Kg (dry weight)
Freshwater Median: 1996-2001 Mahler et al. (2006)
Sediment 73 mg Pb/kg (dry weight)
Median: 1991-2003 U.S. EPA (2006b)

28 mg Pb/kg® (dry weight)

Saltwater Sediment

Range:
0.6 to 1,050 mg Pb/kg?

Dates not available

Sadiq (1992)

Fresh Surface
Water b
(Dissolved Pb)

Median: 0.50 ug Pb/L"; Max: 1991-2003 U.S. EPA (2006b)

30 pg Pb/L, 95th percentile

1.1 pg Pb/L

Range: 0.0003-0.075 pg Pb/L 2002-2007 Field and Sherrell (2003),

(Set of National Parks in western
U.s)

U.S. National Park Service (2011)

Saltwater®

Range: 0.01-27 pg Pb/L

Dates not available

Sadiq (1992)

Vegetation

Lichens: 0.3-5 mg Pb/kg (dry
weight) (Set of National Parks in
western U.S.)

2002-2007

U.S. National Park Service (2011)

Grasses: 31% (percent of soil Pb in
grass)

1980s-2000s

Vandenhove et al. (2009)

Vertebrates

Fish:

Geometric Mean:

0.59 mg Pb/kg

(dry weight) (whole fish)
0.15 mg Pb/kg

(dry weight) (liver)
Range:

0.08-22.6 mg Pb/kg
(dry weight) (whole fish)

0.01-12.7 mg Pb/kg
(dry weight) (liver)

1991-2001

U.S. EPA (2006b)

Fish (from a set of national parks
in western U.S.):

0.0033 (fillet) to 0.97 (liver)

mg Pb/kg (dry weight)

Moose™:

0.008-0.029 mg Pb/kg

(dry weight) (meat)

0.012-0.023 mg Pb/kg

(dry weight) (liver)

2002-2007

U.S. National Park Service (2011)

®No information available regarding wet or dry weight
®Based on synthesis of National Water-Quality Assessement (NAWQA) data reported in 2006 Pb AQCD (U.S. EPA, 2006b)

‘Data from a combination of brackish and marine saltwater samples. In general, Pb in seawater is higher in coastal areas and
estuaries since these locations are closer to sources of Pb contamination and loading from terrestrial systems.

“Three moose in one Alaskan park
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2.3 Exposure to Ambient Pb

November 2012

Human Pb exposure is difficult to assess because Pb has multiple sources in the
environment and passes through various media (Section 4.1). Air-related pathways of Pb
exposure are the focus of this assessment. In addition to inhalation of Pb in ambient air,
air-related Pb exposure pathways include inhalation and ingestion of Pb in indoor dust
and/or outdoor soil that originated from recent or historic ambient air (e.g., air Pb that has
penetrated into the residence either via the air or tracking of soil), ingestion of Pb in
drinking water drawn from surface water contaminated from atmospheric deposition or
contaminated from surface runoff of deposited Pb, and ingestion of Pb in dietary sources
after uptake by plants or grazing animals. Soil can act as a reservoir for deposited Pb
emissions. Exposure to soil contaminated with deposited Pb can occur through
resuspended PM as well as shoe tracking and hand-to-mouth contact, which is the main
pathway of childhood air-related exposure to Pb. Non-ambient air-related exposures
include hand-to-mouth contact with dust or chips of peeling Pb-containing paint, or
ingestion of Pb in drinking water conveyed through Pb pipes. Several study results
indicate that Pb-containing paint in the home and home age (often a surrogate for the
presence of Pb paint) are important residential factors that increase risk of elevated blood
Pb (Sections 2.9.6 and 6.2.6). Most Pb biomarker studies do not indicate species or
isotopic signature. As a consequence, non-air exposures are reviewed in this section,
because they can also contribute to Pb body burden.

A number of monitoring and modeling techniques have been employed for ambient Pb
exposure assessment. Environmental Pb concentration data can be collected from
ambient air Pb monitors, soil Pb samples, dust Pb samples, and dietary Pb samples to
estimate human exposure. Exposure estimation error depends in part on the collection
efficiency of these methods; collection efficiency for ambient air Pb FRM samplers is
described in Section 3.4. Additionally, high spatial variability of the Pb concentrations in
various media also can contribute to exposure error, as described in the 2009 PM ISA
(U.S. EPA, 2009a). Models, such as the Integrated Exposure Uptake Biokinetic (IEUBK)
model, simulate human exposure to Pb from multiple sources and through various routes
including inhalation and ingestion. IEUBK model inputs include soil-Pb concentration,
air-Pb concentration, dietary-Pb intake including drinking water, Pb-dust ingestion,
human activity, and biokinetic factors. Measurements and/or assumptions can be utilized
when formulating the model inputs; errors in measurements and assumptions thus have
the potential to propagate through exposure models.
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The size distribution of dust particles containing Pb differs from the size distribution of
inhalable ambient Pb-bearing PM (Sections 3.5 and 4.1). Airborne particles containing Pb
tend to be small (much of the distribution <10 um) compared with soil or dust particles
containing Pb (~50 pum to several hundred pm). Ingestion through hand-to-mouth contact
is the predominant exposure pathway for the larger particles in soil and dust containing
Pb.

2.4 Toxicokinetics

November 2012

The majority of Pb in the body is found in bone (roughly 90% in adults, 70% in children);
only about 1% of Pb is found in the blood. Pb in blood is primarily (~99%) bound to red
blood cells (RBCs). It has been suggested that the small fraction of Pb in plasma (<1%)
may be the more biologically labile and toxicologically active fraction of the circulating
Pb. The relationship between Pb in blood and plasma is pseudo-linear at relatively low
daily Pb intakes (i.e., <10 pg/day—kg) and at blood Pb concentrations <25 pg/dL, and
becomes curvilinear at higher blood Pb concentrations due to saturable binding to RBC
proteins. As blood Pb level increases and the higher affinity binding sites for Pb in RBCs
become saturated, a larger fraction of the blood Pb is available in plasma to distribute to
brain and other Pb-responsive tissues. See Section 4.2 for additional details.

The burden of Pb in the body may be viewed as divided between a dominant slow

(i.e., uptake and elimination) compartment (bone) and smaller fast compartment(s) (soft
tissues). Pb uptake and elimination in soft tissues is much faster than in bone. Pb
accumulates in bone regions undergoing the most active calcification at the time of
exposure. During infancy and childhood, bone calcification is most active in trabecular
bone (e.g., patella); whereas, in adulthood, calcification occurs at sites of remodeling in
cortical (e.g., tibia) and trabecular bone (Aufderheide and Wittmers, 1992). A high bone
formation rate in early childhood results in the rapid uptake of circulating Pb into
mineralizing bone; however, in early childhood bone Pb is also recycled to other tissue
compartments or excreted in accordance with a high bone resorption rate (O'Flaherty,
1995). Thus, much of the Pb acquired early in life is not permanently fixed in the bone.

The exchange of Pb from plasma to the bone surface is a relatively rapid process. Pb in
bone becomes distributed in trabecular and the more dense cortical bone. The proportion
of cortical to trabecular bone in the human body varies by age, but on average is about
80% cortical to 20% trabecular. Of the bone types, trabecular bone is more reflective of
recent exposures than is cortical bone due to the slow turnover rate and lower blood
perfusion of cortical bone. Some Pb diffuses to deeper bone regions where it is relatively
inert, particularly in adults. These bone compartments are much more labile in infants
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and children than in adults as reflected by half-times for movement of Pb from bone into
the plasma (e.g., cortical half-time = 0.23 years at birth, 3.7 years at 15 years of age, and
23 years in adults; trabecular half-time = 0.23 years at birth, 2.0 years at 15 years of age,
and 3.8 years in adults) (Leggett, 1993). See Section 4.2 for additional details.

Evidence for maternal-to-fetal transfer of Pb in humans is derived from cord blood to
maternal blood Pb ratios (i.e., cord blood Pb concentration divided by mother’s blood
Pb). Group mean ratios range from about 0.7 to 1.0 at the time of delivery for mean
maternal blood Pb levels ranging from 1.7 to 8.6 pg/dL. Some evidence suggests the ratio
of cord blood Pb to maternal blood Pb may decrease with decreasing maternal blood Pb
(Section 4.2.2.4). Transplacental transfer of Pb may be facilitated by an increase in the
plasma/blood Pb concentration ratio during pregnancy. Maternal-to-fetal transfer of Pb
appears to be related partly to the mobilization of Pb from the maternal skeleton. See
Section 4.2 for additional details.

The dominant elimination phase of Pb kinetics in the blood, exhibited shortly after a
change in exposure occurs, has a half-life of ~20-30 days. An abrupt change in Pb uptake
gives rise to a relatively rapid change in blood Pb, to a new quasi-steady state, achieved
in ~75-100 days (i.e., 3-4 times the blood elimination half-life). A slower phase of Pb
clearance from the blood may become evident with longer observation periods following
a decrease in exposure due to the gradual redistribution of Pb among bone and other
compartments. See Section 4.3 for additional details.

2.5 Pb Biomarkers

November 2012

Overall, trends in blood Pb levels have been decreasing among U.S. children and adults
over the past 20 years (Section 4.4). The median blood Pb level for the entire U.S.
population is 1.1 pg/dL and the 95th percentile blood Pb level is 3.3 pg/dL, based on the
2009-2010 National Health and Nutrition Examination Survey (NHANES) data (NCHS
2010). Among children aged 1-5 years, the median and 95th percentiles were slightly
higher, at 1.2 pg/dL and 4.0 pg/dL, respectively.

Blood Pb is dependent on both the recent exposure history of the individual, as well as
the long-term exposure history that determines body burden and Pb in bone. The
contribution of bone Pb to blood Pb changes, depending on the duration and intensity of
the exposure, age, and various other physiological stressors (e.g., nutritional status,
pregnancy, menopause, extended bed rest, hyperparathyroidism) that may affect bone
remodeling, which normally and continuously occurs. In children, largely due to faster
exchange of Pb to and from bone, blood Pb is both an index of recent exposure and
potentially an index of body burden. In adults and children, where exposure to Pb has
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effectively ceased or greatly decreased, there is a rapid decline in blood Pb over the first
few months followed by a more gradual, slow decline in blood Pb concentrations over the
period of years due to the gradual release of Pb from bone. Bone Pb is an index of
cumulative exposure and body burden. Even bone compartments should be recognized as
reflective of differing exposure periods with Pb in trabecular bone exchanging more
rapidly than Pb in cortical bone with the blood. Consequently, Pb in cortical bone is a
better marker of cumulative exposure, while Pb in trabecular bone is more likely to be
correlated with blood Pb, even in adults. See Section 4.3 for additional details.

Sampling frequency is an important consideration when evaluating blood Pb and bone Pb
levels in epidemiologic studies, particularly when the exposure is not well characterized.
It is difficult to determine what blood Pb is reflecting in cross-sectional studies that
sample blood Pb once, whether recent exposure or movement of Pb from bone into blood
from historical exposures. In contrast, cross-sectional studies of bone Pb and longitudinal
samples of blood Pb concentrations over time provide more of an index of cumulative
exposure and are more reflective of average Pb body burdens over time. The degree to
which repeated sampling will reflect the actual long-term time-weighted average blood
Pb concentration depends on the sampling frequency in relation to variability in
exposure. High variability in Pb exposures can produce episodic (or periodic) oscillations
in blood Pb concentration that may not be captured with low sampling frequencies.
Furthermore, similar blood Pb concentrations in two individuals (or populations),
regardless of their age, do not necessarily translate to similar body burdens or similar
exposure histories.

The concentration of Pb in urine follows blood Pb concentration. There is added
complexity with Pb in urine because concentration is also dependent upon urine flow
rate, which requires timed urine samples that is often not feasible in epidemiologic
studies. Other biomarkers have been utilized to a lesser extent (e.g., Pb in teeth). See
Section 4.3.

2.6 Health Effects

November 2012

This section summarizes and evaluates the evidence from toxicological and
epidemiologic studies of the health effects associated with Pb exposure and integrates
that evidence across these disciplines. The coherence of evidence across toxicological
and epidemiologic findings and across a spectrum of related endpoints, including
evidence for mode of action (MOA), is evaluated to establish biological plausibility and
address uncertainties in the epidemiologic evidence due to biases from factors such as
selective publication of positive results, recruitment or participation of subjects; reverse
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causality; or confounding. Information on the frequency, timing, level and duration of
exposure in animal toxicological studies is used to inform the interpretation of
epidemiologic studies regarding the relevant patterns of exposure that are likely
associated with the health effects. The results from the health studies are also considered
in combination with the evidence from other fields (e.g., toxicokinetics, exposure
science) to draw conclusions regarding the causal relationship between Pb exposure and
the health effects evaluated in this assessment (Table 2-2). A more detailed discussion of
the underlying evidence used to formulate each causal determination can be found in
Chapter 5 of this document.

Table 2-2  Summary of causal determinations between exposure to Pb and
health outcomes.
Causality Determination?®
Health Outcome (Table with Key Supporting Evidence)

Nervous System Effects (Section 5.3.16)

Children

Cognitive Function Decrements (e.g., Full Scale 1Q [FSIQ],

learning)

Causal Relationship (Table 5-17)

Attention-Related Behavioral Problems (e.g., inattention,
impulsivity, hyperactivity)

Causal Relationship (Table 5-17)

Conduct Problems in Children and Young Adults
(e.g., parent/teacher conduct ratings, criminal offenses)

Likely Causal Relationship (Table 5-17)

Internalizing Behaviors (e.g., withdrawn behavior, symptoms
of depression)

Likely Causal Relationship (Table 5-17)

Sensory Function Decrements (e.g., hearing threshold,
electroretinography [ERG])

Likely Causal Relationship (Table 5-17)

Motor Function Decrements Likely Causal Relationship (Table 5-17)

Adults

Cognitive Function Decrements (e.g., executive function,
visuospatial skills, learning and memory)

Likely Causal Relationship (Table 5-17)

Psychopathological Effects (e.g., symptoms of anxiety
and depression)

Likely Causal Relationship (Table 5-17)

Sensory Function Decrements (e.g., hearing threshold) Suggestive of a Causal Relationship (Table 5-17)
Neurodegenerative Diseases (e.g., Parkinson’s disease, Inadequate to Infer a Causal Relationship
Alzheimer’s disease) (Table 5-17)
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Health Outcome

Causality Determination?®
(Table with Key Supporting Evidence)

Cardiovascular Effects (Section 5.4.7)

Hypertension

Causal Relationship (Table 5-24)

Subclinical Atherosclerosis (e.g., peripheral artery disease
[PAD],intimal media thickness [IMT], atherosclerotic plague
presentation)

Suggestive of a Causal Relationship (Table 5-24)

Coronary Heart Disease (e.g., Heart Rate Variability [HRV],
Myocardial Infarction [MI], Ischemic Heart Disease [IHD],
cardiovascular mortality; and, in animals, increased thrombosis,
coagulation, and arrhythmia)

Causal Relationship (Table 5-24)

Cerebrovascular Disease (e.g., stroke, transient ischemic attack, and
subarachnoid hemorrhage)

Inadequate to Infer a Causal Relationship
(Table 5-24)

Renal Effects (Section 5.5.5)

Reduced Kidney Function (e.g., reduced Glomerular Filtration Rate
[GFR], reduced creatinine clearance, and increased serum creatinine)

Likely Causal Relationship (Table 5-31)

Immune System Effects (Section 5.6.8)

Atopic and Inflammatory Responses (e.g., asthma, allergy,
Immunoglobulin E [IgE], increased Th2 cytokines)

Likely Causal Relationship (Table 5-34)

Decreased Host Resistance (e.g., antigen responses, effects on
macrophages, neutrophil and infection)

Likely Causal Relationship (Table 5-34)

Autoimmunity (e.g., auto-antibodies)

Inadequate to Infer a Causal Relationship
(Table 5-34)

Hematologic Effects (Section 5.7.4)

Decreased Red Blood Cell (RBC) Survival and Function
(e.g., Hemoglobin [Hb], Hematocrit [Hct], and mean corpuscular
volume [MCV], and measures of oxidative stress)

Causal Relationship (Table 5-35)

Altered Heme Synthesis

Causal Relationship (Table 5-35)

Reproductive and Developmental Effects (Section 5.8.6)

Development (e.g., delayed onset of puberty, postnatal growth)

Causal Relationship (Table 5-48)

Birth Outcomes (e.g., low birth weight, spontaneous abortion)

Suggestive of Causal Relationship (Table 5-48)

Male Reproductive Function (e.g., sperm parameters)

Causal Relationship (Table 5-48)

Female Reproductive Function (e.g., hormones)

Suggestive of Causal Relationship (Table 5-48)

Cancer (Section 5.10.5)

Cancer

Likely Causal Relationship (Table 5-50)

Causal determinations were made within approximately 1 order of magnitude of current levels (Preamble, Section 2.1).
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2.6.1 Nervous System Effects

November 2012

The collective body of epidemiologic and toxicological evidence integrated across that
reviewed in the 2006 Pb AQCD (U.S. EPA, 2006b) coupled with recently available data
demonstrates the effects of Pb exposure on a range of nervous system effects. In children,
these effects include cognitive function, attention-related behavioral problems, conduct
problems, internalizing behaviors, sensory function, and motor function. In adults,
nervous system effects examined in relation to Pb exposure include cognitive function,
psychopathological effects, sensory function, and neurodegenerative diseases.

2.6.1.1 Children

Cognitive Function Decrements

Multiple prospective studies conducted in diverse populations consistently demonstrate
associations of higher blood and tooth Pb levels with lower FSIQ, lower academic
performance, and lower performance on tests learning, memory, and executive function.
These associations remained after adjustment for a range of potential confounding
factors, but most commonly, parental 1Q, parental education level, and parental
caregiving quality. In school-aged children, associations were found with early
childhood, childhood average, and concurrent blood Pb levels and substantiated in
populations of children ages 4 to 11 years with mean blood Pb levels between 2 and

8 ug/dL. Uncertainty remains regarding the lifestage of exposure within childhood that is
associated with the greatest risk of cognitive function decrements. Observation of a
supralinear concentration-response relationship and associations with mean (or quantile)
blood Pb levels <4 pg/dL do not provide evidence for a threshold for the cognitive effects
of Pb exposure in children. Evidence in children was clearly supported by observations of
Pb-induced impairments in learning, memory, and executive function in juvenile animals.
Several studies in animals indicated learning impairments with prenatal and early
postnatal Pb exposures that resulted in blood Pb levels of 8-26 pg/dL. The mode of action
for Pb-associated cognitive impairments is supported by observations of Pb-induced
impairments in neurogenesis, synaptogenesis and synaptic pruning, long term
potentiation, and neurotransmitter function. The associations consistently found in
prospective studies of children with adjustment for Social Economic Status (SES),
parental education and caregiving quality for associations with various indicators of
cognitive function and the biological plausibility provided by evidence in animals for
impairments in learning, memory, and executive function with relevant Pb exposures and
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evidence describing modes of action is sufficient to conclude that there is a causal
relationship between Pb exposure and decrements in cognitive function in children.

Attention-Related Behavior Problems

Several prospective studies demonstrate associations of earlier childhood and lifetime
average blood Pb levels or tooth Pb levels with inattention, impulsivity, and hyperactivity
in children 7-17 years and young adults ages 19-24 years; as assessed using both
objective neuropsychological tests and also parent and teacher ratings of behavior. Most
studies adjusted for potential confounding by SES and parental caregiving quality, with a
few studies also considering substance abuse and nutritional status. Blood Pb-associated
increases in attention-related behavioral problems were found in populations with
prenatal cord or lifetime average mean blood Pb levels of 6.8 and 14 pg/dL and groups
with early childhood blood Pb levels >10 pg/dL. Biological plausibility for observations
in children is provided by consistent findings in animals for increases in impulsivity or
impaired response inhibition with relevant prenatal and early postnatal Pb exposures that
resulted in blood Pb levels of 10 to 31 pg/dL. The mode of action for Pb-associated
attention-related behavioral problems is supported by observations of Pb-induced
impairments in neurogenesis, synaptic pruning, and dopamine transmission in specific
regions of the brain (specifically the prefrontal cerebral cortex, cerebellum, and
hippocampus). The consistency of epidemiologic evidence, particularly from prospective
studies, and the biological plausibility provided by evidence for Pb-induced impulsivity
in animals and for underlying modes of action is sufficient to conclude that there is a
causal relationship between Pb exposure and attention-related behavioral problems in
children.

Internalizing Behaviors

Prospective studies in a few populations demonstrate associations of higher lifetime
average blood or childhood tooth Pb levels with higher parent and teacher ratings of
internalizing behaviors such as depression, anxiety, and withdrawn behavior in school-
aged children. The lack of selective participation by blood Pb level and associations
found with parental and teacher ratings do not provide strong indication of biased
reporting of behaviors for children with higher blood Pb levels. While results were
adjusted for maternal education and SES-related variables, consideration for potential
confounding by parental caregiving quality was inconsistent. The biological plausibility
for the effects of Pb on internalizing behaviors is provided by consistent findings in
animals, with some evidence at blood Pb levels relevant to humans and by evidence
supporting modes of action, including Pb-induced changes in the Hypothalmic-Pituitary-
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Adrenal (HPA) axis and dopaminergic and GABAergic systems.HPA axis and
dopaminergic and GABAergic systems. The evidence from prospective studies in a few
populations and the supporting toxicological evidence is sufficient to conclude that a
causal relationship is likely to exist between Pb exposure and internalizing behaviors.

Conduct Problems in Children and Young Adults

Prospective studies consistently indicate that early childhood or lifetime average blood
Pb levels or tooth Pb levels are associated with criminal offenses in young adults ages
19-24 years and with higher parent and teacher ratings of misconduct in children ages
7-17 years. These associations were found without any indication of strong selection bias
and with adjustment for SES, parental education and 1Q, parental caregiving quality,
family functioning, smoking, and substance abuse. Supporting evidence is provided by
cross-sectional evidence of children participating in NHANES and a meta-analysis of
prospective and cross-sectional studies. Evidence for Pb-induced aggression in animals is
mixed. The consistent epidemiologic evidence from prospective and cross-sectional
studies for criminal offenses and ratings of misconduct but lack of clear evidence for
aggression in animals is sufficient to conclude that a causal relationship is likely to exist
between Pb exposure and misconduct in children and young adults.

Sensory Function Decrements

Evidence from prospective and cross-sectional studies in a few populations indicates
associations of higher blood Pb levels with increases in hearing thresholds and decreases
in auditory evoked potentials after adjustment for several potential confounding factors,
including SES, parental caregiving quality, and child health. The high participation rates,
particularly in a prospective study with follow-up from birth, reduce the likelihood of
biased participation of children with higher blood Pb levels. Findings in animals indicate
that dietary Pb exposure increases hearing thresholds and latencies for auditory evoked
potentials; however, studies examined higher Pb exposures than those relevant to
humans. The evidence in children, particularly from prospective studies, with
consideration for potential confounding by factors such as SES, parental caregiving
quality, child health, and nutritional factors, is sufficient to conclude that a causal
relationship is likely to exist between Pb exposure and decrements in sensory function in
children.
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Motor Function Decrements

Evidence from prospective and cross-sectional studies in a few populations indicates
associations of higher blood Pb level with decrements in fine and gross motor function
with adjustment for several potential confounding factors, including SES, parental
caregiving quality, and child health. The high participation rates, particularly in
prospective studies with follow-up from birth or early infancy, reduce the likelihood of
biased participation of children with higher blood Pb levels. The biological plausibility
for associations observed in children is provided by observations of poorer balance in
male mice with relevant Pb exposures. The evidence in children, particularly from
prospective studies, and the coherence with findings in mice is sufficient to conclude that
a causal relationship is likely to exist between Pb exposure and decrements in motor
function.

2.6.1.2 Adults

Cognitive Function

In adults without occupational exposure, prospective studies in the Normative Aging
Study (NAS) and Baltimore Memory Study (BMS) cohorts indicate associations of
higher tibia Pb levels with declines in cognitive function over 2- to 4-year periods. While
the specific factors differed between studies, these tibia Pb-associated cognitive function
decrements were found with adjustment for potential confounding factors such as age,
education, SES, alcohol use, and smoking. Supporting evidence is provided by cross-
sectional studies finding stronger associations with bone Pb level than concurrent blood
Pb level, with more extensive consideration for potential confounding factors, including
dietary factors, physical activity, medication use, and comorbid conditions. The specific
timing, frequency, duration, and magnitude of Pb exposures contributing to the
associations observed with bone Pb levels are uncertain. Also uncertain is the residual
confounding by age. Associations between blood Pb levels and cognitive function
decrements found in adults with occupational Pb exposures provide evidence for the
effects of current Pb exposures, although these studies did not consider potential
confounding by other workplace exposures. The biological plausibility for the effects of
Pb exposure on cognitive function decrements in adults is provided by findings that
lifetime or postnatal Pb exposure induces learning impairments in adult animals and by
evidence supporting modes of action. The associations between bone Pb level and
cognitive function decrements consistently found in the few prospective and cross-
sectional studies of adults without occupational Pb exposure, the coherence with animal
findings, and evidence supporting mode of action are sufficient to conclude that a causal
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relationship is likely to exist between long-term cumulative Pb exposure and cognitive
function decrements in adults.

Psychopathological Effects

Cross-sectional studies in a few populations demonstrate associations of higher
concurrent blood or tibia Pb levels with self-reports of depression and anxiety symptoms
in adults. The examination of multiple exposures and outcomes in the available studies
does not provide strong indication of biased reporting of effects by adults with higher Pb
exposures. In adults, Pb-associated increases in self-reported depression and anxiety were
found with adjustment for age, SES, and in the NAS, daily alcohol intake. The biological
plausibility for the effects of Pb on depression is provided by observations of depression-
like behavior in animals, with some evidence at blood Pb levels relevant to humans and
by evidence supporting modes of action, including Pb-induced changes in the HPA axis
and dopaminergic and GABAergic systems. Although the frequency, timing, level and
duration of exposure contributing to the observed associations is uncertain, the evidence
from a few populations in adults and the supporting toxicological evidence are sufficient
to conclude that a causal relationship is likely to exist between Pb exposure and
psychopathological effects in adults.

Sensory Function Decrements

Evidence was provided by the prospective analysis of the Normative Aging Study of the
U.S. Department of Veteran’s Affairs (NAS) men, for associations of higher tibia Pb
level with a greater rate of elevations in hearing threshold. Biological plausibility was
provided by the evidence for Pb-induced decreases in auditory evoked potentials in
animals, albeit at higher blood Pb levels than those relevant to humans. Taken together,
the evidence is suggestive of a causal relationship between Pb exposure and sensory
function decrements in adults.

Neurodegenerative Disease

While evidence is inconclusive for Amyotrophic Lateral Sclerosis (ALS)and Alzheimer’s
disease, a few case-control studies each found higher blood Pb levels in adults with
essential tremor and higher bone Pb levels in adults with Parkinson’s disease. Because of
the inconclusive evidence for some diseases and limitations such as reverse causality for
essential tremor and the lack of consideration for potential confounding by manganese
(Mn) exposure for both essential tremor and Parkinson’s disease, the evidence is
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2.6.2 Cardiovascular Effects
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The 2006 Pb AQCD (U.S. EPA, 2006b) concluded that there was a relationship between
higher blood Pb and bone Pb and cardiovascular effects in adults, in particular increased
BP and increased incidence of hypertension , and recent evidence strengthens this
conclusion. For the evaluation of causal relationships with Pb exposure, evidence was
grouped in categories using the U.S. Surgeon General’s Report on Smoking as a
guideline (CDC, 2004). The categories include hypertension (Section 5.4.7.1), subclinical
atherosclerosis (Section 5.4.7.2), coronary heart disease (Section 5.4.7.3), and
cerebrovascular disease (Section 5.4.7.4).

Hypertension

Evidence from epidemiologic and toxicological studies demonstrates consistent effects of
Pb exposure on hypertension. Longitudinal prospective studies clearly support the
association of biomarkers of Pb exposure with hypertension incidence and increased BP.
These high quality studies provide evidence that is replicated across a large number of
studies with different designs, populations, and locations (Section 5.4.2 and

Section 5.4.7.1). Meta-analyses of Pb-associated increases in BP and hypertension
indicate consistency in the strength of associations across studies (Navas-Acien et al.,
2008; Nawrot et al., 2002) found that each doubling of concurrent blood Pb level
(between 1 and >40 ug/dL) was associated with a 1 mmHg increase in systolic BP and a
0.6 mmHg increase in diastolic BP. Navas-Acien et al. (2008) found that all studies
included in the meta-analysis showed a relationship between higher bone Pb levels,
which is a marker of cumulative exposure, and higher BP.

Further support for a causal relationship between blood and bone Pb levels and increased
BP and hypertension is provided by a multiple cross-sectional analyses [e.g., (Martin et
al., 2006; Muntner et al., 2005)]. Despite the extensive evidence for associations at
relatively low concurrent blood Pb levels, these cardiovascular outcomes were most often
examined in adults that were exposed to higher levels of Pb earlier in life, and uncertainty

remains concerning the Pb exposure level, timing, frequency, and duration contributing to
the observed effects; however, the majority of animal toxicological studies provide
support for the effects of long-term Pb exposure on BP in a range that is relevant to
humans 10 -30 pg/dL (Figure 5-21). Prospective epidemiologic studies, in conjunction
with these animal toxicology studies, also demonstrate the temporal relationship between
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the exposure and effect. Evidence for Pb-induced hypertension and increased BP is
further supported by prospective epidemiologic studies showing consistent associations
between Pb biomarkers and related conditions including cardiovascular and all-cause
mortality (Section 5.4.5). Animal toxicology studies further indicate coherence and
strengthen the evidence for causality by providing evidence of biological plausibility
(e.g., oxidative stress and contractile processes) for the effect of Pb exposure on the risk
of increased BP and hypertension.

While the control for specific potential confounders varied by study, factors including
age, diet, sex, body mass index (BMI), blood pressure lowering medication use, SES,
race/ethnicity, alcohol consumption, cholesterol, smoking, pre-existing disease

(i.e., diabetes), measures of renal function, and copollutant exposures (i.e., cadmium
[Cd]) were considered. Although no single study adjusted for all potential confounders
and residual confounding by age may be present in studies using bone Pb measurements,
uncertainties related to confounding bias are reduced with consideration of other lines of
evidence that demonstrate the long term effects of Pb in animals and characterize
biologically plausible modes of action. Overall, evidence in epidemiologic of adults and
experimental studies in animals demonstrates the effect of long-term Pb exposure in
increasing BP and hypertension although uncertainty remains concerning the relevant Pb
exposure patterns contributing to the observed effects. Overall the evidence is sufficient
to conclude that there is a causal relationship between Pb exposure and hypertension.

Subclinical Atherosclerosis

A limited number of studies have evaluated markers of subclinical atherosclerosis
following Pb exposure in humans or animals. Epidemiologic findings are limited to
cross-sectional analyses. One previous NHANES analysis reported an association
between Pb and peripheral artery disease (PAD) that was not confounded by cadmium
(Cd) (Navas-Acien et al., 2004). Another study reported an increasing trend in the odds
of PAD, which is an indicator of atherosclerosis, and concurrent blood Pb level in adults
within the NHANES population (Muntner et al., 2005). Although evidence of plausible
biological mechanisms (e.g., oxidative stress, inflammation, endothelial cell dysfunction)
is clearly described in the animal toxicological literature, these studies have provided
limited evidence to suggest Pb exposure may initiate atherosclerotic vessel disease.
Further, uncertainty remains concerning the Pb exposure level, timing, frequency, and
duration contributing to the observed association with PAD. The evidence is suggestive
of a causal relationship between Pb exposure and subclinical atherosclerosis.
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Coronary Heart Disease

There was a small number of studies discussed in the 2006 Pb AQCD (U.S. EPA, 2006b)
that indicated associations between Pb biomarker levels and increased risk of coronary
heart disease (CHD) endpoints. Recent longitudinal prospective studies that consistently
report that blood Pb level is associated with risk of mortality from cardiovascular disease,
specifically MI, IHD, or CHD (Figure 5-30 and Table 5-23) support and expand upon this
body of evidence. In addition, Weisskopf et al. (2009) found that patella bone Pb levels
were associated with increased mortality from IHD (similar magnitude non-statistically
significant associations were observed with tibia Pb levels) among subjects enrolled in
the NAS. Several recent studies also report associations between biomarkers of Pb and
incidence of CHD-related outcomes including a prospective analysis reporting an
increased incidence of IHD (physician confirmed MI, angina pectoris) with blood and
bone Pb levels (Jain et al., 2007). Uncertainty remains regarding the level, timing,
frequency, and duration of Pb exposure contributing to CHD in adult populations with
higher past than recent exposure. However, coherence for the associations in humans is
supported by the observation of thrombus formation in animals after long term exposure
(Sections 5.4.7.3 and 5.4.3) and mode of action for Pb-induced CHD (i.e., hypertension,
HRYV, increased corrected QT (QTc) interval, and corrected QRS complex (QRSc)
duration in electrocardiogram [ECG]) in humans and animals (Sections 5.4.2 and
5.4.3.4). The overall evidence is sufficient to conclude that there is a causal relationship
between Pb exposure and coronary heart disease.

Cerebrovascular Disease

Both hypertension and atherosclerosis are risk factors for cerebrovascular disease and the
mechanisms for these outcomes also apply to cerebrovascular disease. Despite strong
evidence for hypertension and CHD and Pb exposure, very few studies have examined
the effects of Pb exposure on cerebrovascular disease (Section 5.4.7). These few studies
provide insufficient evidence to inform the presence or absence of a causal relationship
between cerebrovascular disease and Pb exposure. Thus, the current evidence is
inadequate to determine that a causal relationship exists between Pb exposure and
cerebrovascular disease.
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2.6.3

Renal Effects

Recent epidemiologic and toxicological studies evaluated in the current review support
and expand upon the strong body of evidence presented in the 2006 Pb AQCD (U.S.
EPA, 2006b) indicating that Pb exposure is associated with reduced kidney function
(Section 5.5.5). The causal determination for reduced kidney function is informed by
evidence for reduced GFR, reduced creatinine clearance, and increased serum creatinine.

Reduced Kidney Function

The epidemiologic evidence from prospective and cross-sectional studies consistently
demonstrates a relationship between higher blood Pb level and reduced kidney function
(e.g., lower creatinine clearance, higher serum creatinine, and lower GFR) in
nonoccupationally-exposed adults with mean concurrent or baseline blood Pb levels of
2-10 pg/dL. Associations were observed after adjustment for multiple potential
confounding factors such as age, sex, comorbid cardiovascular conditions, BMI,
smoking, and alcohol use. However, uncertainties involve the potential for reverse
causality to play a role in the findings of cross-sectional studies and inconsistent findings
in occupational studies. Further, since the blood Pb level in nonoccupationally-exposed
adults reflects both recent and past Pb exposures, the magnitude, timing, frequency, and
duration of Pb exposure contributing to the observed associations is also uncertain. A few
analyses find higher blood Pb levels to be associated with a greater longitudinal decrease
in kidney function over time (4-15 years), suggesting that past Pb exposures may
contribute to ongoing renal effects and better characterizing the time sequence between
Pb exposure and lower kidney function. Studies in animals with long-term exposure to Pb
report mixed evidence for Pb-induced kidney dysfunction and histopathological changes,
including tubular atrophy and sclerosis at relevant Pb blood and exposure levels. Animal
studies provide biological plausibility for the associations observed in epidemiologic
studies between blood Pb levels and reduced kidney function with evidence for
Pb-induced hypertension, renal oxidative stress, inflammation, apoptosis, and glomerular
hypertrophy. The body of the evidence is sufficient to conclude that a causal relationship
is likely to exist between Pb exposures and reduced kidney function.
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2.6.4 Immune System Effects
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The cumulative body of epidemiologic and toxicological evidence from the

2006 Pb AQCD (U.S. EPA, 2006b) and the current assessment describes several effects
of Pb exposure on the immune system related to a shift from T-derived lymphocyte
helper (Th)1 - to T-derived lymphocyte helper (Th)2 -type responses, including an
increase in atopic and inflammatory conditions and a decrease in host resistance (Section
5.6.8). Outcomes related to an increase in atopic and inflammatory conditions include
asthma, allergy, increased IgE, and mode of action endpoints such as selective
differentiation of Th2 cells, increased production of Th2 cytokines, B cell activation, and
inflammation. Outcomes related to decreased host resistance include enhanced
susceptibility to bacterial and viral infection, suppressed delayed type hypersensitivity
(DTH), and those describing mode of action, i.e., decreased production of Thl cytokines,
reduced phagocyte function, and increased inflammation. A small body of studies
indicates the effects of Pb exposure on autoimmunity.

Atopic and Inflammatory Conditions

Prospective studies in a few populations of children indicate associations of blood Pb
levels with asthma and allergy, with a cross-sectional study providing supporting
evidence (Section 5.6.5.2). Prospective design, lack of selective participation of subjects,
and objective assessment of outcomes reduce the likelihood that findings are explained
by selection bias or reverse causality. Several studies consider potential confounding by
SES and exposure to smoking or allergens. Although adjustment for these factors
increases confidence that the observed associations reflect an independent association
with Pb exposure, the potential for residual confounding by factors such as SES remains.
However, the evidence for asthma and allergy is supported by associations found

between higher concurrent blood Pb levels in children and higher IgE, an important
mediator of asthma and allergy. In addition, biological plausibility for the effects of Pb on
IgE is provided by consistent findings in animals (i.e., Pb-induced increases in Th2
cytokine production and inflammation), with some evidence at blood Pb levels relevant
to humans. In epidemiologic studies, higher IgE and higher asthma prevalence were
examined and found in children with concurrent blood Pb levels >10 pg/dL. The strong
toxicological evidence from experimental animal studies supporting modes of action for a
shift to a Th2 phenotype combined with the epidemiologic evidence for asthma and
allergy in a few populations is sufficient to conclude that a causal relationship is likely to
exist between Pb exposures and an increase in atopic and inflammatory conditions.
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Decreases in Host Resistance

Much of the evidence on decreased host resistance was available in the 2006 Pb AQCD
(U.S. EPA, 2006b) and summarized in Section 5.6.5.1 (and Section 5.6.8.2). Decreased
host resistance is demonstrated by several toxicological observations that dietary Pb
exposure producing relevant blood Pb levels increased susceptibility to bacterial infection
and suppressed DTH in rodents and by the coherence with evidence describing modes of
action, including suppressed production of Thl cytokines and decreased macrophage
function. Animal studies found that gestational Pb exposures, producing blood Pb levels
of 6 and 25 pg/dL, resulted in decreases in Thl cytokines, suppression of DTH, and
greater susceptibility to bacterial infection. However, these effects related to decreased
host resistance also were affected by neonatal short-term (several days to 2-3 weeks),
long-term (>4 weeks), and lifetime Pb exposures that produced blood Pb levels

1-25 pg/dL. Thus, the toxicological evidence does not clearly identify a particular
lifestage of Pb exposure that is more strongly associated with decreased host resistance.
Epidemiologic evidence indicates Pb-associated increases in respiratory infections but
limitations, including the lack of rigorous methodology and consideration for potential
confounding produce uncertainty regarding the effects of Pb on decreased host resistance
in humans. The consistent toxicological evidence but lack of available informative
epidemiologic evidence is sufficient to conclude that a causal relationship is likely to

exist between Pb exposure and decreased host resistance.

Autoimmunity

Toxicological evidence indicates the potential of Pb to increase autoimmunity, with a few
previous studies showing Pb-induced generation of auto-antibodies (discussed in the
2006 Pb AQCD), and with recent studies providing indirect evidence by showing
formation of neoantigens that could result in the formation of auto-antibodies (Sections
5.6.5.4 and 5.6.8.3). Several observations were made in animals injected with Pb, which

is a route of exposure with less relevance to humans. Higher levels of auto-antibodies
also were found in Pb-exposed battery workers; however, implications are limited
because of the high blood Pb levels (range: 10-40 pg/dL) of some of the workers and lack
of consideration for potential confounding by several factors, including other
occupational exposures. Because results from available toxicological and epidemiologic
studies do not sufficiently inform Pb-induced generation of auto-antibodies with relevant
Pb exposures, the evidence is inadequate to determine if there is a causal relationship
between Pb exposure and autoimmunity.
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2.6.5 Hematological Effects
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Recent toxicological and epidemiologic evidence substantiates evidence presented in the
2006 Pb AQCD (U.S. EPA, 2006b) that exposure to Pb affects hematological endpoints,
and supports a causal relationship between Pb exposure and decreased red blood cell
(RBC) survival and function and altered heme synthesis. Outcomes related to decreased
RBC survival and function included alterations in multiple hematological parameters
(e.g., Hb, Hct, MCV), oxidative stress (altered antioxidant enzyme activities, decreased
cellular glutathione (GSH), and increased lipid peroxidation), increased cytotoxicity in
RBC precursor cells, and mode of action endpoints such as decreased intracellular
calcium concentrations [Ca?'];, decreased adenosine-triphosphase (ATPase) activity, and
increased phosphatidylserine expression. Outcomes related to altered heme synthesis
included decreased activities of ALAD and ferrochelatase, and decreased levels of Hb.

Decreased Red Blood Cell Survival and Function

Experimental animal studies demonstrate that exposures via drinking water and gavage,
resulting in blood Pb levels relevant to humans, alter several hematological parameters,
increase measures of oxidative stress and increase cytotoxicity in red blood cell (RBC)
precursor cells. Support for these findings is provided by biologically plausible modes of
action including decreased intracellular calcium concentrations [Ca®*];, decreased ATPase
activity, and increased phosphatidylserine expression. Epidemiologic studies demonstrate
evidence in both adults and children that Pb exposure results in altered hematological
endpoints and increased measures of oxidative stress, and altered hematopoiesis.
Although the majority of these studies are limited by the lack of rigorous methodology
and consideration for potential confounding they support the toxicological findings.
While some studies in children did control for or considered potential confounding and
effects in adults and children are coherent with effects observed in exposed animals, there
remains some uncertainty regarding the evidence for altered RBC survival and function
in human populations. Collectively, the strong evidence from toxicological studies that is
supported by findings from mode of action and epidemiologic studies is sufficient to
conclude that there is a causal relationship between Pb exposures and decreased RBC
survival and function.

Heme Synthesis

Altered heme synthesis is demonstrated by a small, but consistent, body of experimental
animal studies reporting that exposures via drinking water and gavage (resulting in blood
Pb levels relevant to humans) decreased ALAD and ferrochelatase activities. Supporting
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this toxicological evidence is a larger body of ecotoxicological studies that demonstrate
decreased ALAD activity across a wide range of taxa exposed to Pb. Epidemiologic
studies demonstrate evidence in both adults and children that Pb exposure results in
decreased ALAD and ferrochelatase activities. However, the majority of these studies are
limited by the lack of rigorous methodology and consideration for potential confounding.
While some studies in children did control for or considered potential confounding and
effects in adults and children are coherent with effects observed in exposed animals, there
remains some uncertainty regarding the evidence for altered heme synthesis in human
populations. Evidence for altered heme synthesis is also provided by a large body of
toxicological and epidemiologic studies that report decreased Hb concentrations due to
Pb exposure. Collectively, the strong evidence from toxicological and ecotoxicological
studies that is supported by findings from epidemiologic studies is sufficient to conclude
that there is a causal relationship between Pb exposures and altered heme synthesis.

2.6.6 Reproductive and Developmental Effects

November 2012

Many epidemiologic and toxicological studies of the effects of Pb on reproductive and
developmental outcomes have been conducted since the 2006 Pb AQCD. The evaluation
of causal relationships with Pb exposure focuses on four areas: developmental effects,
birth outcomes, reproductive function among males, and reproductive function among
females.

Development

The 2006 Pb AQCD (U.S. EPA, 2006b) reported Pb-associated effects on development in
toxicological studies. Findings from epidemiologic studies of postnatal growth are
inconsistent and findings from animal toxicological studies are mixed, with recent studies
on the effect of Pb on growth showing Pb to elicit adult onset obesity. Multiple recent
epidemiologic studies of Pb and puberty have shown associations between concurrent
blood Pb levels and delayed pubertal onset for girls and boys. In cross-sectional
epidemiologic studies of girls (ages 6-18 years) with mean and/or median concurrent
blood Pb levels less than 5 pg/dL consistent associations with delayed pubertal onset
were observed. In boys (ages 8-15 years), fewer epidemiologic studies were conducted

but associations were observed, including associations among boys in a longitudinal
study. These associations are consistently observed in populations with blood Pb levels
<10pg/dL; however, there is uncertainty with regard to the exposure frequency, timing,
duration and level contributing to the observed effects in studies of older children and
adolescents. The evidence of delayed pubertal onset among males and females from
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epidemiologic studies is consistent and coherent with evidence from toxicological studies
at relevant exposure levels. Potential confounders considered in the epidemiologic studies
varied. Most studies controlled for age and body mass index (BMI). Other variables, such
as measures of diet, SES, and race/ethnicity, were included in some of the studies.
Although, adjustment for nutritional factors was done less often, a NHANES analysis of
girls (Selevan et al., 2003) controlled for various dietary factors as well as other potential

confounders and reported an association between increased blood Pb levels and delayed
pubertal onset. Overall, the toxicological and epidemiologic evidence together is
sufficient to conclude that there is a causal relationship between Pb exposure and
developmental effects.

Birth Outcomes

Overall, results of pregnancy outcomes were similar to those of the 2006 Pb AQCD (U.S.
EPA, 2006b); no consistent evidence of a relationship with Pb was available for preterm
birth. The 2006 Pb AQCD included a few studies that reported potential associations
between Pb and neural tube defects, but the recent epidemiologic studies found no
association (Section 5.8.6.2). Some associations were observed between Pb and low birth

weight when epidemiologic studies used measures of maternal bone Pb or air exposures.
The associations were less consistent when using maternal blood Pb or umbilical cord
and placenta Pb, but some associations between increased Pb levels and decreased low
birth weight/fetal growth were observed. The effects of Pb exposure during early
development in animal toxicological studies included mixed findings with some studies
showing reduction in litter size, implantation, and birth weight. Based on the observation
of some associations observed in well-conducted epidemiologic studies of preterm birth
and low birth weight/fetal growth, the evidence is suggestive of a relationship between Pb
exposure and birth outcomes.

Male Reproductive Function

Evidence from recent experimental studies of animals and supporting evidence from
epidemiologic studies expands upon findings from the 2006 Pb AQCD to indicate that a
causal relationship exists between Pb exposure and male reproductive function.
Toxicological studies in rodents, non-human primates, and rabbits show detrimental
effects on semen quality, sperm, and fecundity/fertility epidemiologic studies report
detrimental effects on sperm. The effect of Pb on other aspects of male reproduction,
including hormone aberrations is less clear. Findings from epidemiologic studies of
fertility among men were also mixed. Pb may exert effects on the reproductive system by
affecting the responsiveness of the hypothalamic-pituitary-gonad axis or by suppressing
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circulating hormone levels. Recent toxicological studies suggest that oxidative stress is a
major contributor to the effects of Pb on male reproductive system, providing mode of
action support. The effects of reactive oxygen species (ROS) may involve interference
with cellular defense systems leading to increased lipid peroxidation and free radical
attack on lipids, proteins, and DNA. Several recent studies showed Pb induced an
increased generation of ROS within the male sex organs and germ cell injury as
evidenced by aberrant germ cell structure and function. Co-administration of Pb with
various antioxidant compounds either eliminated Pb-induced injury or greatly attenuated
its effects. In addition, many studies that observed increased oxidative stress also
observed increased apoptosis which is likely a critical underlying mechanism in
Pb-induced germ cell DNA damage and dysfunction. Based on the consistency and
coherence of findings for effects of Pb exposure on sperm in the toxicological literature,
and the support from epidemiologic studies with biological plausibility provided by mode
of action evidence, the evidence is sufficient to conclude that there is a causal
relationship between Pb exposures and male reproductive function.

Female Reproductive Function

Epidemiologic and toxicological studies of reproductive function among females
investigated whether Pb biomarker levels were associated with hormone levels, fertility,
estrus cycle changes, and morphology or histology of female reproductive organs
including the placenta (Section 5.8.6.4). Toxicological studies of experimental animals
reported in the 2006 Pb AQCD (U.S. EPA, 2006b) demonstrated associations between Pb
exposure and female reproductive function, although little evidence was provided by
epidemiologic studies. Some studies have shown associations with blood Pb levels and
altered hormone levels in adults, with inconsistency across studies likely due to the
different hormones examined and the different timing in the menstrual and life cycles.
There is some evidence of a potential relationship between Pb exposure and female
fertility, but findings are also mixed. The majority of the epidemiologic studies are
cross-sectional, and adjustment for potential confounders varies from study to study, with
some potentially important confounders, such as BMI, not included in all studies. Also,
most of the studies have small samples sizes and are generally of women attending
infertility clinics. The design of animal toxicological studies often employs prenatal or
early postnatal Pb exposures with Pb contributing to placental pathology and
inflammation, decreased ovarian antioxidant capacity, altered ovarian steroidogenesis and
aberrant gestational hormone levels. Although epidemiologic and toxicological studies
provide information on different exposure periods, both types of studies support the
conclusion that Pb possibly affects at least some aspects of female reproductive function.
Overall, the relationship observed with female reproductive outcomes is sufficient to
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Cancer

The toxicological literature from experimental animal studies provides the strong
evidence for Pb exposure and cancer. The consistent evidence indicating Pb-induced
carcinogenicity in animal models is substantiated by the mode of action findings from
multiple high-quality studies from different laboratories. This conclusion is in agreement
with those of other agencies including the International Agency for Research on Cancer
(IARC, which has classified inorganic Pb compounds as a probable human carcinogen),
and the National Toxicology Program (NTP, which has listed Pb and Pb compounds as
“reasonably anticipated to be human carcinogens”). Strong evidence from animal
toxicological studies demonstrates an association between Pb and cancer, genotoxicity,
mutagenicity or epigenetic modification. Carcinogenicity in animal toxicology studies
with relevant routes of Pb exposure has been reported in the kidneys, testes, brain,
adrenals, prostate, pituitary, and mammary gland (Table 5-50). Epidemiologic studies of
cancer incidence and mortality reported inconsistent results; one strong epidemiologic
study demonstrated an association between blood Pb and increased cancer mortality, but
the other studies reported weak or no associations. In the 2006 Pb AQCD (U.S. EPA
2006b), Pb exposure was found to be associated with stomach cancer, and a recent study
on stomach cancer and Pb exposure, reported mixed findings depending on the type of Pb
exposure (organic Pb, inorganic Pb, or Pb from gasoline emissions). Similarly, some
studies in the 2006 Pb AQCD reported associations between Pb exposure and lung
cancer. Recent epidemiologic studies of lung cancer focused on occupational exposures
and reported inconsistent associations. The majority of epidemiologic studies of brain
cancer had null results overall, but positive associations between Pb exposure and brain
cancer were observed among individuals with certain genotypes. Overall, despite the
inconsistent findings from epidemiologic studies, the consistent and strong body of
evidence from toxicological studies is sufficient to conclude that there is a likely causal
relationship between Pb exposure and cancer.
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2.7 Ecological Effects of Pb

Sections 2.7.1 and 2.7.2 are summaries of the evidence evaluated in Chapter_7 in which
the effects of Pb on terrestrial and aquatic ecosystems are presented separately. The
evidence supporting ecological causal determinations is synthesized across endpoints
(reproduction, growth, survival, neurobehavioral effects, hematological effects,
physiological stress) common to terrestrial, freshwater and saltwater biota in Section
2.7.3 (Table 2-3). An integration of the evidence across endpoints examined in both
human health and ecological studies follows (Section 2.8). Consideration of atmospheric
deposition of Pb as related to ecological effects is discussed under policy relevant
considerations (Section 2.9.7).

2.7.1 Summary of Effects on Terrestrial Ecosystems

November 2012

Historically, Pb poisoning is one of the earliest recognized toxicoses of terrestrial biota,
occurring primarily through ingestion of spent shot by birds (Section 7.3.4.3). At the time
of the 1977 Pb AQCD, few studies of Pb exposure and effects in wild animals other than
birds were available. A limited number of rodent trapping studies and observations from
grazing animals near smelters provided evidence for differences in Pb sensitivity among
species and these findings were further supported in the 1986 and 2006 Pb AQCDs (U.S.
EPA, 2006b, 1986b, 1977). Commonly observed effects of Pb on terrestrial organisms
include decreased survival, reproduction, and growth, as well as effects on development,
behavior, and ALAD activity (U.S. EPA, 2006b, 1986b, 1977).

In plants, Pb effects have been studied for several decades. At the time of the 1977 Pb
AQCD, it was understood that Pb uptake in plants was influenced by plant species and by
the available Pb pool in the soils, and that most of the Pb taken up by plants from soil
remains in the roots, with translocation to other portions of the plant varying with species
(U.S. EPA, 1977). Plant growth was recognized as an endpoint of Pb toxicity in plants in
the 1977 Pb AQCD and additional effects of Pb on growth processes were reported in
subsequent Pb AQCDs (U.S. EPA, 2006b, 1986b, 1977). In the 1977 Pb AQCD evidence
for effects of Pb on forest-nutrient cycling and shifts in arthropod community
composition was found in one study conducted in the vicinity of a smelting complex. In
subsequent AQCDs, other ecosystem-level effects, including decreased species diversity,
changes in floral and faunal community composition, and decreasing vigor of terrestrial
vegetation have subsequently been reported near stationary sources of Pb (U.S. EPA
2006b, 1986b, 1977; Watson et al., 1976).
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Pb is either deposited directly onto plant surfaces, or soil where it can bind with organic
matter or dissolve in pore water. The amount of Pb dissolved in soil pore water
determines the impact of soil Pb on terrestrial ecosystems to a much greater extent than
the total amount present. It has long been established that the amount of Pb dissolved in
soil solution is controlled by at least six variables: (1) solubility equilibria;

(2) adsorption-desorption relationship of total Pb with inorganic compounds;

(3) adsorption-desorption reactions of dissolved Pb phases on soil organic matter; (4) pH;
(5) cation exchange capacity (CEC); and (6) aging. Since 2006, further details have been
contributed to the understanding of the role of pH, CEC, organic matter, and aging.
Smolders et al. (2009) demonstrated that the two most important determinants of both Pb
solubility and toxicity in soils are pH and CEC. However, they had previously shown that
experimental aging, primarily in the form of initial leaching following addition of Pb,
decreases soluble metal fraction by approximately one order of magnitude (Smolders et
al., 2009). Since 2006, organic matter has been confirmed as an important influence on
Pb sequestration, leading to longer-term retention in soils with higher organic matter
content, and also creating the potential for later release of deposited Pb. Aging, both
under natural conditions and simulated through leaching, was shown to substantially
decrease bioavailability to plants, microbes, and vertebrates.

Evidence over several decades of research, previously reviewed in Pb AQCDs and in
more recent studies, shows that Pb accumulates in terrestrial plants, invertebrates and
vertebrates. Studies with herbaceous plant species growing at various distances from
smelters added to the existing strong evidence that atmospherically transported Pb is
taken up by those plants. In most species tested, soil Pb taken up by the roots is not
translocated into the stem and leaves. These studies did not establish the relative
proportion that originated from atmospheric Pb deposited in the soil, as opposed to that
taken up directly from the atmosphere through the leaves. In trees, studies have found
that soil Pb generally is translocated to other parts, in contrast to herbaceous plants, and
recent studies have shown that the proportion of Pb that is taken up through the leaves
and trunk is likely substantial. One study attempted to quantify this proportion Pb that is
taken up directly from the atmosphere suggested it amounts to 50% of the Pb contained
in Scots pine (Pinus sylvestris) in Sweden (Klaminder et al., 2005).

Since the 2006 Pb AQCD, various species of terrestrial snails have been found to
accumulate Pb from both diet and soil. Recent studies with earthworms have found that
both internal concentration of Pb and mortality increase with decreasing soil pH and
CEC, and the importance of the interaction of those factors with Pb concentration has
been strongly confirmed, but only very partially quantified. Tissue concentration
differences have been found between species of earthworms that burrow in different soil
layers, and the rate of accumulation in each of these species may result from differences
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in interacting factors such as pH and CEC between layers. Because earthworms often
sequester Pb in granules, some authors have suggested that earthworm Pb is not
bioavailable to their predators. There is some evidence that earthworm activity increases
Pb availability in soil, but it is inconsistent. In various arthropods collected at
contaminated sites, recent studies found gradients in accumulated Pb that corresponded to
gradients in soil with increasing distance from stationary sources.

There are a few recent studies of Pb bioavailability and uptake in birds since the

2006 Pb AQCD. Several found tissue levels in birds that indicated exposure to Pb, but
none of the locations for these studies was in proximity to stationary sources, and the
origin of the Pb could not be identified. A study at the Anaconda Smelter Superfund site
found increasing Pb accumulation in gophers with increasing soil Pb around the location
of capture. A study of swine fed various Pb-contaminated soils showed that the form of
Pb determined accumulation. Recent studies were able to measure Pb in the components
of various food chains that included soil, plants, invertebrates, and vertebrates. They
confirmed that trophic transfer of Pb is pervasive, but no consistent evidence of trophic
magnification was found.

Evidence in this review further supports the findings of the previous Pb AQCDs that
biological effects of Pb on terrestrial organisms vary with species and lifestage, duration
of exposure, form of Pb, and soil characteristics. In photosynthetic organisms,
experimental studies have added to the existing evidence of photosynthesis impairment in
plants exposed to Pb, and have found damage to photosystem Il due to alteration of
chlorophyll structure, as well as decreases in chlorophyll content in diverse taxa,
including lichens and mosses. Evidence of oxidative stress in response to Pb exposure has
also been observed in plants. Reactive oxygen species were found to increase in broad
bean and tomato plants exposed to increasing concentrations of soil Pb, and a
concomitant increase in superoxide dismutase, glutathione, peroxidases, and lipid
peroxidation, as well as decreases in catalase were observed in the same plants. Monocot,
dicot, and bryophytic taxa grown in Pb-contaminated soil or in experimentally spiked soil
all responded to increasing exposure with increased antioxidant activity. In addition,
reduced growth was observed in some experiments, as well as genotoxicity, decreased
germination, and pollen sterility.

In terrestrial invertebrates, evidence for Pb effects has included neurological and
reproductive endpoints. Recently published studies have shown neuronal damage in
nematodes exposed to concentrations of Pb [2.5 uM (0.5 mg Pb/L)] in laboratory settings,
accompanied by behavioral abnormalities. Reproductive adverse effects were found at
lower exposure in younger nematodes, and effects on longevity and fecundity were
shown to persist for several generations. Increased mortality was found in earthworms,
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but was strongly dependent on soil characteristics including pH, CEC, and aging. Snails
exposed to Pb through either topical application or through consumption of Pb-exposed
plants had increased antioxidant activity, and decreased food consumption, growth, and
shell thickness. Effects on arthropods exposed through soil or diet varied with species and
exposure conditions, and included diminished growth and fecundity, endocrine and
reproductive anomalies, and body malformations. Within each study, increasing
concentration of Pb in the exposure medium generally resulted in increased effects, but
the relationship between concentration and effects varied between studies, even when the
same medium, e.g., soil, was used. Evidence suggested that aging and pH are important
modifiers.

ALAD was identified in the 1977 Pb AQCD as a sensitive indicator of exposure to Pb in
rats and waterfowl, and became regarded as a biomarker of exposure in many terrestrial
vertebrates. Other effects of Pb on vertebrates reviewed in Pb AQCDs and the current
document include decreased white blood cell counts and behavioral anomalies observed
in amphibians and reptiles. However, large differences in effects were observed at the
same concentration of Pb in soil, depending on whether the soil was freshly amended or
field-collected from contaminated areas. As in most studies where the comparison was
made, effects were smaller when field-collected soils were used. In some birds, maternal
elevated blood Pb level was associated in recent studies with decreased hatching success,
smaller clutch size, high corticosteroid level, and abnormal behavior. Some species
evidenced little or no effect of elevated blood Pb level. Effects of dietary exposure were
studied in several mammalian species, and cognitive, endocrine, immunological, and
growth effects were observed.

Recent evidence reviewed in Sections 7.3.6 and 7.3.12.7 demonstrates that exposure to
Pb is generally associated with negative effects in terrestrial ecosystems. It also
demonstrates that many factors, including species and various soil physiochemical
properties, interact strongly with Pb concentration to modify those effects. In these
ecosystems, where soil is generally the main component of the exposure route, Pb aging
is a particularly important factor, and one that may be difficult to reproduce
experimentally. Without quantitative characterization of those interactions,
characterizations of exposure-response relationships would likely not be transferable
outside of experimental settings. Since the 2006 Pb AQCD, few studies of
exposure-response have been conducted, and results have been inconsistent.

Recent evidence of effects of Pb at the community and ecosystem levels of biological
organization include several studies of the ameliorative effects of mycorrhizal fungi on
plant growth in the presence of Pb, attributed to decreased uptake of Pb by plants,
although both mycorrhizal fungus and plant were negatively affected at the exposures
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assessed. Most recently published research on community and ecosystem-level effects of
Pb has focused on soil microbial communities, which have been shown to be impacted in
both composition and activity. Many of the recent studies of effects on soil microbial
communities have taken place in environments contaminated with multiple metals, and
some have attempted to separate the effects of individual metals when possible. Soil
microbial activity was generally diminished, but in some cases recovered over time.
Species and genotype composition were consistently altered, and those changes were
long-lasting or permanent. Recent studies have addressed differences in sensitivity
between species explicitly, and have clearly demonstrated high variability between
related species, as well as within larger taxonomic groupings. Mammalian no observed
effect concentration (NOEC) values expressed as blood Pb levels were shown to vary by
a factor of 8, while avian blood NOECs varied by a factor of 50 (Buekers et al., 2009).
Protective effects of dietary Ca’" have been found in plants, birds, and invertebrates.

2.7.2 Summary of Effects on Aquatic Ecosystems
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Effects of Pb on plants, invertebrates, and vertebrates are reported for both freshwater
and saltwater ecosystems. Although effects of Pb exposure are likely mediated through
common mode(s) of action across freshwater and marine/estuarine taxa, these ecosystems
are considered separately because of different environmental and physiological factors
that influence Pb toxicity such as bioavailability of the metal, form of Pb, water quality
parameters and adaptations in freshwater and saltwater organisms. Toxicity of Pb also
varies by organism, lifestage and duration of exposure. (U.S. EPA, 2006b, 1986a).
Closely related organisms can vary greatly in bioaccumulation of Pb and other
non-essential metals as well as in their susceptibility to Pb. Pb effects on aquatic biota
were previously assessed in the 1977 Pb AQCD, the 1986 Pb AQCD and the

2006 Pb AQCD (U.S. EPA, 2006b, 1986a, 1977).

Exposure of freshwater and estuarine organisms to Pb, and associated effects are tied to
terrestrial systems via watershed processes (Section 7.2). Atmospherically-derived Pb can
enter aquatic systems through runoff from terrestrial systems or via direct deposition over
a water surface. In aquatic ecosystems affected by Pb, exposures are most likely
characterized as low dose, chronic exposures. Once Pb enters surface waters, its fate and
bioavailability are influenced by Ca®* concentration, pH, alkalinity, total suspended
solids, and dissolved organic carbon (DOC), includinig humic acids. In saltwater, higher
levels of ions additionally affect Pb bioavailability. In sediments, Pb bioavailability may
be influenced by the presence of other metals, sulfides, iron (Fe-) and manganese
(Mn-)oxides, and physical disturbance. Recent studies provide further evidence for the
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role of modifying factors such as pH, DOC, and hardness. Toxicity of the same
concentration of Pb can vary greatly under different experimental conditions.

As recognized in the 2006 Pb AQCD and further supported in this review, uptake of Pb
by aquatic invertebrates and vertebrates may preferentially occur via exposure routes
other than direct absorption from the water column such as ingestion of contaminated
food and water, uptake from sediment pore waters, or incidental ingestion of sediment
(U.S. EPA, 2006b). Currently available models for predicting bioavailability focus on
acute toxicity and do not consider all possible routes of uptake. They are therefore of
limited applicability, especially when considering species-dependent differences in
uptake and bioaccumulation of Ph. Recent evidence supports the 2006 Pb AQCD
conclusion that processes such as Pb adsorption, complexation, and chelation alter
bioavailability to aquatic organisms.

Biological Effects of Pb on Freshwater Plants, Invertebrates and
Vertebrates

Recent evidence further supports the findings of the previous Pb AQCDs that waterborne
Pb is highly toxic to freshwater plants, invertebrates and vertebrates, with toxicity
varying with species and lifestage, duration of exposure, form of Pb, and water quality
characteristics. Concentration-response data from freshwater organisms indicate that
there is a gradient of response to increasing Pb concentration and that some effects in
sensitive species are observed at concentrations of Pb quantified in U.S. surface waters
(Table 2-1).

The toxicity of Pb to aquatic algae and plants has been recognized in earlier EPA reviews
of this metal. In the 1977 Pb AQCD, differences in sensitivity to Pb among different
species of algae were reported and concentrations of Pb varied within and between
genera. This observation was subsequently generalized across aquatic taxa (U.S. EPA
1977). At the time of the 1977 Pb AQCD, the information available on effects of Pb on
freshwater plants was limited. For plants in general, Pb was recognized to affect
photosynthesis, mitosis, and growth, but at concentrations higher than typically found in
the environment. Effects of Pb on plants reported in subsequent Pb AQCDs included
decreased growth, deformation of cells, and blocking of the pathways that lead to
pigment synthesis, thus affecting photosynthesis.

Effects of Pb on aquatic plants supported by additional evidence in this review include
oxidative damage, decreased photosynthesis, and reduced growth. Most recent studies
report effects on growth at concentrations much higher than Pb typically encountered in
the environment, however, some sublethal endpoints such as effects on chlorophyll were
reported at lower concentrations, albeit still much higher than those typically encountered
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in U.S. surface waters (in the 100 to 200 pg Pb/L range). Elevated levels of antioxidant
enzymes are commonly observed in aquatic plant, algae, and moss species exposed to Pb
(U.S. EPA, 1977) and recent evidence continues to support this observation. Recent
studies on uptake of Pb by aquatic plants support the findings of previous Pb AQCDs that
all such plants with roots tend to sequester larger amounts of Pb in their roots than in
their shoots, and provide additional evidence for species differences in
compartmentalization of sequestered Pb and in responses to Pb in water and sediments.
Exposure-response relationships in which increasing concentrations of Pb leads to
increasing effects have consistently been reported in freshwater algae and macrophytes,
suggesting that effects on growth and antioxidant activity are also occurring at lower
concentrations, however, most current observations of Pb effects in freshwater plants are
at concentrations that exceed Pb concentration values available for U.S. surface waters
(Table 2-1).

The largest body of evidence for effects of Pb at or near concentrations encountered in
U.S. surface waters is from invertebrates. In the 1986 Pb AQCD (U.S. EPA, 1986a) and
2006 Pb AQCD (U.S. EPA, 2006b), reduced reproduction, growth, and survival were
reported in various species of freshwater invertebrates. In the 2006 Pb AQCD,
concentrations at which effects were observed in aquatic invertebrates ranged from 5 to
8,000 pg Pb/L. Recent evidence for effects of Pb on reproduction, growth, and survival
supports findings in previous Pb AQCDs. In a series of 48-hour acute toxicity tests using
a variety of natural waters across North America, LCs, values ranged from 29 to

180 ug Pb/L tests with the cladoceran Ceriodaphnia dubia (Esbaugh et al., 2011). In this
same species, increased DOC leads to an increased mean ECs, for reproduction as low as
25 ug Pb/L. Reproductive and growth effects have also been reported in rotifer, midge
and mayfly species near the range of Pb concentrations encountered in freshwater
habitats. Several studies in this review have provided evidence of growth effects at lower
concentrations. Among the most sensitive species, growth of juvenile freshwater snails
(Lymnaea stagnalis) was inhibited at an EC,, of <4 pg Pb/L (Grosell and Brix, 2009;
Grosell et al., 2006b). A chronic value of 10 pg Pb/L, obtained in 28-day exposures of
2-month-old freshwater mussel (Lampsilis siliquoidea) juveniles, was the lowest
genus-mean chronic value ever reported for Pb (Wang et al., 2010e).

Since the 2006 Pb AQCD, there is additional evidence for Pb effects on antioxidant
enzymes, lipid peroxidation, stress response and osmoregulation in aquatic invertebrates,
as well as additional information on Pb bioaccumulation. Recent studies using stable
isotopes have enabled simultaneous measurement of uptake and elimination in several
aquatic organisms to assess the relative importance of water versus dietary uptake. In
uptake studies of various invertebrates, Pb was mainly found in the gills and digestive
gland/hepatopancreas.
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Pb effects on freshwater vertebrates were previously assessed in the 1977 Pb AQCD, the
1986 Pb AQCD and the 2006 Pb AQCD (U.S. EPA, 2006b, 1986a, 1977). Evidence of
toxicity of Pb and other metals to freshwater organisms goes back to early observations
of contamination of natural areas by Pb mining leading to extirpation of fish from streams
(U.S. EPA, 1977). Recent evidence supports the findings of effects on survival,
reproduction, and behavior reported in previous Pb AQCDs for freshwater vertebrates. In

a series of 96-hour acute toxicity tests with fathead minnow conducted in a variety of
natural waters across North America, LCs, values ranged from 41 to 3,598 ug Pb/L

(Esbaugh et al., 2011). Reproductive effects associated with water quality parameters
were also noted with this species (Mager et al., 2010). In fish, several recent studies on
behavioral effects of Pb indicate decreased prey capture rate, slower swim speed and

decline in startle response and visual contrast with Pb exposure. These reported effects
provide additional evidence for toxicity of Pb to fish. Chronic NOEC and EC,, values
reported for trout, a sensitive species, are within the range of Pb occasionally encountered
in U.S. surface waters (Table 7-2).

Observed responses of fish to Pb reported in the 1986 Pb AQCD and the 2006 Pb AQCD
included inhibition of heme formation, alterations in brain receptors, effects on blood
chemistry and hormonal systems, and decreases in some enzyme activities (U.S. EPA
2006b, 1986a). Since the 2006 Pb AQCD, possible molecular targets for Pb neurotoxicity
have been identified in fish and additional mechanisms of Pb toxicity have been
elucidated in the fish gill and the fish renal system. In the 2006 Pb AQCD, amphibians
were considered to be relatively tolerant to Pb. Observed responses to Pb exposure

included decreased enzyme activity (e.g., ALAD reduction) and changes in behavior.
Since the 2006 Pb AQCD, studies conducted at concentrations approaching
environmental levels of Pb have indicated sublethal effects on tadpoles including
deformities and decrements in growth and swimming ability.

In the 2006 Pb AQCD, adverse effects were found in freshwater fish at concentrations
ranging from 10 to >5,400 pg Pb/L, generally depending on water quality variables

(e.g., pH, hardness, salinity). Additional testing of Pb toxicity under conditions of varied
alkalinity, DOC, and pH has been conducted since the last review. Effects in fish
observed in recent studies fall within the range of concentrations observed in the previous
Pb AQCD. Recent evidence also supports the 2006 conclusions that the gill is a major
site of Pb uptake in fish, and that there are species differences in the rate of Pb
accumulation and distribution of Pb within the organism. The anterior intestine has been
newly identified as a site of uptake of Pb through dietary exposure studies. At the time of
the publication of the 2006 Pb AQCD, trophic transfer of Pb through aquatic food chains
was considered to be negligible. Measured concentrations of Pb in the tissues of aquatic
organisms were generally higher in algae and benthic organisms than in consumers at
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higher trophic levels, indicating that Pb was bioconcentrated but not biomagnified. Some
studies published since the 2006 Pb AQCD support the potential for transfer of Pb in
aquatic food webs, while other studies indicate that Pb concentration decreases with
increasing trophic level.

Ecosystem-level effects associated with Pb reported in previous Pb AQCDs include
alteration of predator-prey dynamics, species richness, species composition, and
biodiversity. Since the 2006 Pb AQCD, additional evidence for community and
ecosystem level effects of Pb have been observed primarily in microcosm studies or field
studies near contaminated areas (mining, effluent). Findings from field studies of aquatic
communities in the vicinity of heavily contaminated sites include changes in species
composition and species richness, predator/prey interactions, nutrient cycling and energy
flow; however, Pb is often found coexisting with other metals and other stressors, which
risk confounding the observed effects. Recent studies provide evidence in additional
habitats for these community and ecological-level effects, specifically in aquatic
macrophyte communities and sediment-associated communities. Different species may
exhibit different responses to Pb-impacted ecosystems dependent not only upon other
environmental factors (e.g., temperature, pH), but also on species sensitivity, lifestage, or
seasonally-affected physiological state. Aquatic ecosystems with low pH and low
dissolved organic matter are likely to be the most sensitive to the effects of
atmospherically-deposited Pb.

Biological Effects of Pb on Saltwater Plants, Invertebrates and Vertebrates

In general, Pb toxicity to marine/estuarine plants, invertebrates and vertebrates is less
well characterized than toxicity to Pb in freshwater systems due to an insufficient
quantity of studies on saltwater organisms. In marine algae, effects on growth are
observed in the most sensitive species at Pb concentrations that exceed amounts
measured in the open sea or estuaries (Table 2-1). The majority of available studies of Pb
effects on saltwater organisms are for invertebrate species. Evidence for Pb effects on
reproduction, growth and survival as well as neurobehavioral, hematological and
physiological stress endpoints are coherent with findings in freshwater invertebrates
although most effects are observed at concentrations above 100 pg Pb/L which exceeds
Pb typically encountered in seawater (Table 2-1). Fewer studies are available for Pb in
marine sediments. In the amphipod, Elasmopus laevis, onset to reproduction was
significantly delayed at 118 mg/Pb kg sediment; a concentration that the authors indicate
is below the current marine sediment regulatory guideline for Pb (218 mg Pb/kg
sediment) (Ringenary et al., 2007; NOAA, 1999). In the same study, no effects of Pb on
adult survival in 28-day or 60-day sediment exposures were observed. Additional studies
on reproduction, growth, and survival in marine invertebrates report effects above the
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range considered for causal determinations (Table Il Preamble). Several field monitoring
studies with marine bivalves have used ALAD as a biomarker for Pb exposure and
correlated ALAD inhibition to increased Pb tissue content. Field and laboratory studies
provide evidence for antioxidant response to Pb exposure, however, most effects are
observed at concentrations of Pb that are higher than concentrations detected in marine
environments. No recent evidence for effects of Pb on marine vertebrates in controlled
exposures was available for review.
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2.7.3 Determinations of Causality for Effects on Ecosystems
Table 2-3 Summary of Pb causal determinations for plants, invertebrates and
vertebrates.
Level Effect Terrestrial® Freshwater®  Saltwater®
Community-
and Community and Ecosystem Effects . .
Ecosystem- (Sections 7.3.12.7, 7.4.12.7, and 7.4.21.7) Likely Causal Likely Causal Inadequate
Level
Reproductive and Developmental Effects - Plants
(Sections 7.3.12.1, 7.4.12.1, and 7.4.21.1) Inadequate Inadequate Inadequate
Reproductive and Developmental Effects - Invertebrates Causal Causal Suggestive
(Sections 7.3.12.1, 7.4.12.1, and 7.4.21.1) 99
a Reproductive and Developmental Effects - Vertebrates Causal Causal Inadequate
= (Sections 7.3.12.1,7.4.12.1, and 7.4.21.1) a
o
o
o n Growth - Plants .
5 $  |(sections 7.3.12.2,7.4.12.2, and 7.4.21.2) Causal Likely Causal  Inadequate
c
) o
> Q Growth - Invertebrates .
ill) é (Sections 7.3.12.2, 7.4.12.2, and 7.4.21.2) Likely Causal Causal Inadequate
c —_
2 g Growth - Vertebrates Inadequate Inadequate Inadequate
© 2 (Sections 7.3.12.2, 7.4.12.2, and 7.4.21.2) q q q
= |
o .
IS Survival - Plants
DC_’ ® (Sections 7.3.12.3, 7.4.12.3, and 7.4.21.3) Inadequate Inadequate Inadequate
I
o Survival - Invertebrates Causal Causal Inadequate
o (Sections 7.3.12.3, 7.4.12.3, and 7.4.21.3) q
Survival - Vertebrates :
(Sections 7.3.12.3, 7.4.12.3, and 7.4.21.3) Likely Causal Causal Inadequate
I
E\Iseeucrtci)c?r?sh?,/:lsc,);gl,fﬁ; Ztivaae;tgl;ritEi 4) Likely Causal Likely Causal Inadequate
(NSeeugtﬁ):r?giYé?igl,fﬁi Zﬁéxegﬁzr?f& 4) Likely Causal Likely Causal Inadequate
Hematological Effects - Invertebrates . .
(Sectionsg7.3.12.5 7.4.12.5 and 7.4.21.5) Inadequate Likely Causal Suggestive
© Hematological Effects - Vertebrates
E ¢ |(Sections 7.3.12.5, 7.4.12.5, and 7.4.21.5) Causal Causal Inadequate
= n
c c . .
S Physiological Stress - Plants .
= § (Sections 7.3.12.6, 7.4.12.6, and 7.4.21.6) Causal Likely Causal Inadequate
o
T O
Qo Physiological Stress - Invertebrates . . .
@ (Sgctiong 7.3.12.6, 7.4.12.6, and 7.4.21.6) Likely Causal - Likely Causal Suggestive
Physiological Stress - Vertebrates Likely Causal Likely Causal Inadequate

®Based on the weight of evidence for causal determination in Table Il of the ISA Preamble. Ecological causal determinations are
based on doses or exposures generally within one to two orders of magnitude of the range of Pb currently measured in the
environment (Table 2-1).
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2.7.3.1 Effects on Development and Reproduction

Evidence from invertebrate and vertebrate studies from Pb AQCDs and in this review
indicates that Pb is affecting reproductive performance in multiple species. Various
endpoints have been measured in multiple taxa of terrestrial and aquatic organisms to
assess the effect of Pb on development, fecundity, and hormone homeostasis, and they
have demonstrated the presence of adverse effects. Reproductive effects are important
when considering effects of Pb because impaired fecundity at the organism level of
biological organization can result in a decline in abundance and/or extirpation of
populations, decreased taxa richness, and decreased relative or absolute abundance at the
community level (Suter et al., 2005; U.S. EPA, 2003a). The evidence is sufficient to
conclude that there is a causal relationship between Pb exposures and developmental and
reproductive effects in terrestrial (Section 7.3.12.1) and freshwater (Section 7.4.12.1)
invertebrates and vertebrates. Although there is less evidence for reproductive and
developmental effects of Pb in marine systems, available evidence is suggestive of a
causal relationship between Pb exposure and reproductive and developmental effects in
saltwater invertebrates (Section 7.4.21.1). The evidence is inadequate to conclude that
there is a causal relationship between Pb exposures and developmental and reproductive
effects in saltwater vertebrates and in either terrestrial or aquatic plants.

Recent evidence for developmental and reproductive endpoints in terrestrial invertebrates
shown to be affected by Pb include hatching success in collembolans, increased
development time in fruit flies and aphids, and disrupted hormone homeostasis in moths.
These studies have generally used Pb concentrations that exceed Pb soil concentrations
found at most U.S. locations (Table 2-1), but many of them included multiple
concentrations, and responses increased with increasing concentration. In terrestrial
vertebrates, recent evidence for decreased sperm count and quality in deer at a location
contaminated by mining, and for decreased testis weight in lizards, support previous
associations between Pb exposure and reproductive and developmental effects. Few
studies are available that specifically address reproductive effects of Pb exposure in either
terrestrial or aquatic plants.

In terrestrial invertebrates, Pb can alter developmental timing, hatching success, sperm
morphology, and hormone homeostasis. In fruit flies, Pb exposure increased time to
pupation and decreased pre-adult development. Sperm morphology was altered in
earthworms exposed to Pb-contaminated soils. Pb may also disrupt hormonal
homeostasis in invertebrates as studies with moths have suggested. Evidence of
multi-generational toxicity of Pb is also present in terrestrial invertebrates, specifically
springtails, mosquitoes, carabid beetles, and nematodes where decreased fecundity in
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progeny of Pb-exposed individuals was observed. However, effects have only been
studied in a small number of species.

For freshwater invertebrates, exposure to Pb under controlled conditions has provided
evidence for reproductive effects on sensitive taxa (gastropods, amphipods, cladocerans)
at or near the range of Pb concentration values available for U.S. surface waters (Table
2-1). Reproductive effects were reported to begin at 19 pg Pb/L for the snail Lymnaea
palustris and 27 pg Pb/L for Daphnia sp. as reported in the 1986 Pb AQCD (U.S. EPA
1986b). In a 42-day chronic study reviewed in the 2006 Pb AQCD, the LOEC for
reproduction was 3.5 pg Pb/L in amphipods receiving both waterborne and dietary Pb

(Besser et al., 2005). Several recent studies of snails, clams, and rotifers support previous

findings of adverse impacts to embryonic development. Reproductive effects have also
been observed in multi-generational studies with aquatic invertebrates. Larval settlement
rate and rate of population increase was decreased in rotifers and marine amphipods.
Rotifers have a reduced fertilization rate associated with Pb exposure that appears to be
due to decreased viability of sperm and eggs.

In freshwater vertebrates there is evidence for reproductive and developmental effects of
Pb. Recent evidence in frogs and freshwater fish continues to support developmental and
reproductive effects of Pb in aquatic vertebrates reported in earlier Pb AQCDs.
Pb-exposure in tadpoles has been demonstrated to delay metamorphosis, decrease larval
size, produce subtle skeletal malformations, and to result in slower swimming speed.
Previous Pb AQCDs have reported developmental effects in fish, specifically spinal
deformities in larvae at a concentration of 120 g Pb/L. In the 2006 Pb AQCD, decreased
spermatocyte development in rainbow trout was observed at 10 pug Pb/L and in fathead
minnow testicular damage occurred at 500 g Pb/L. In more recent studies, reproduction
in fathead minnows was affected in breeding exposures following 300-day chronic
toxicity testing. However, reproductive performance was unaffected in zebrafish Danio
rerio exposed to Pb-contaminated prey. In fish, there is recent evidence of Pb effects on
steroid profiles from nominal exposure studies.

In terrestrial vertebrates, evidence from Pb AQCDs and more recent evidence support an
association between Pb exposure and observed adverse reproductive effects. In mammals,
few studies in the field have addressed Pb specifically: most available data in wild or
grazing animals are from near smelters, where animals are co-exposed to other metals.
Evidence obtained using mammals in the context of human health research demonstrates
adverse effects of Pb on sperm, and on onset of puberty in males and females (Chapter 5),
which is coherent with the partial evidence from mammals in the wild. Other
reproductive endpoints including spontaneous abortions, pre-term birth, embryo
development, placental development, low birth weight, subfecundity, hormonal changes,
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and teratology were also affected, but less consistently. Recent toxicological data from
animal studies support trans-generational effects, a finding that is also an area of
emerging interest in ecology.

Many studies of effects on reproductive and developmental endpoints in terrestrial
invertebrates and vertebrates have been conducted with soil Pb concentrations exceeding
those found in most U.S. locations. Recent and past studies that include multiple,
increasing concentrations of Pb, from background level to levels greater than those
associated with heavily contaminated sites, showed exposure-dependent responses. For
some aquatic species, recent evidence supports previous findings of reproductive and
developmental effects of Pb and differential lifestage response at or near concentrations
of Pb reported from natural environments.

2.7.3.2 Effects on Growth

Alterations in the growth of an organism can impact population, community and
ecosystem level variables. Evidence is sufficient to conclude that there is a causal
relationship between Pb exposures and effects on growth in terrestrial plants (Section
7.3.12.2) and freshwater invertebrates (Section 7.4.12.2). Evidence is sufficient to
conclude that a causal relationship is likely to exist between Pb exposure and effects on
growth in terrestrial invertebrates and freshwater plants. Evidence is inadequate to
establish a causal relationship between Pb exposures and effects on growth in terrestrial
and aquatic vertebrates and saltwater biota (Section 7.4.21.2).

Evidence for effects of Pb on growth is strongest in terrestrial plants. In invertebrates,
evidence for effects of Pb on growth has been observed most extensively in freshwater
taxa, with inhibition in sensitive species occurring in or near the range of Pb
concentration values found in surveys of U.S. surface waters (Table 2-1). Vertebrates,
particularly terrestrial, have been the object of a comparatively much smaller number of
studies of the effects of Pb on growth. Growth effects observed in both invertebrates and
vertebrates, however, underscore the importance of lifestage to overall Pb susceptibility.
In general, juvenile organisms are more sensitive than adults. Evidence for growth effects
of Pb in freshwater and terrestrial plant species is primarily supported by earlier Pb
AQCDs. In aquatic invertebrates, the weight of the evidence continues to support growth
effects of Pb with several recent studies reporting effects at <10 ug Pb/L, specifically in
snails and mussels. Also, growth effects in frogs are reported at lower concentrations in
the current document than in earlier reviews.

There is evidence over several decades of research that Pb inhibits photosynthesis and
respiration in plants, both of which reduce growth (U.S. EPA, 2006b, 1977). Many
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toxicity studies conducted in laboratory and greenhouse settings have reported effects on
plants. These effects are typically observed in laboratory studies with high exposure
concentrations or in field studies near stationary sources and heavily contaminated sites,
but studies that include multiple concentrations of Pb show increased response with
increasing concentration. Pb has been shown to affect photosystem Il, altering the
pigment structure, and decreasing the efficiency of visible light absorption by affected
plants. Decreases in chlorophyll a and b content have been observed in various algal and
plant species. Most primary producers experience ECs, values for growth in the range of
1,000 to 100,000 pg Pb/L with minimal inhibition of growth observed as low as

100 pg Pb/L (U.S. EPA, 2006b).

Growth effects of Pb on aquatic invertebrates are reviewed in the draft Ambient Aquatic
Life Water Quality Criteria for Pb (U.S. EPA, 2008b) and the 2006 Pb AQCD (U.S.
EPA, 2006b). In the 2006 Pb AQCD, the LOEC for growth of freshwater amphipods
Hyalella azteca in 42-day chronic exposure to Pb was 16 pg Pb/L (Besser et al., 2005).
Recent studies provide additional evidence for effects on growth of aquatic invertebrates
at <10 pg Pb/L. Growth of juvenile freshwater snails L. stagnalis was inhibited below

the lowest concentration tested resulting in an ECyy <4 g Pb/L (Grosell and Brix, 2009;
Grosell et al., 2006b). In the same study, the NOEC was 12 ug Pb/L and the LOEC was
16 pg Pb/L. The authors indicated that the observed effect level for Pb was very close to
the current U.S. EPA water quality criteria for Pb (3.3 pg Pb/L normalized to test water
hardness) (Grosell and Brix, 2009). In the freshwater mussel, fatmucket (L. siliquoidea)
juveniles were the most sensitive lifestage (Wang et al., 2010e). A chronic value of

10 pg Pb/L in a 28-day exposure of 2-month-old fatmucket juveniles was the lowest
genus mean chronic value ever reported for Pb. Growth effects are also reported in
marine invertebrates at higher concentrations of Pb than sensitive freshwater
invertebrates.

In Pb AQCDs, a few studies have reported growth effects of Pb on vertebrates including
fish (growth inhibition), birds (changes in juvenile weight gain), and frogs (delayed
metamorphosis, smaller larvae). A recent study reviewed in this ISA supports findings of
growth effects in frogs and suggests that these effects may be occurring at lower
concentrations than previously reported: the growth rate of tadpoles of the northern
leopard frog exposed nominally to 100 pg Pb/L from embryo to metamorphosis was
slower than the growth rate of the controls (Chen et al., 2006b). In this study, Pb
concentrations in the tissues of tadpoles were quantified and the authors reported that
they were within the range of reported tissue concentrations reported in wild-caught
populations. Reports of Pb-associated growth effects in fish are inconsistent.
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2.7.3.3 Effects on Survival

Survival is a biologically important response that may have a direct impact on population
size and can lead to effects at the community and ecosystem level of biological
organization. The evidence is sufficient to conclude that there is a causal relationship
between Pb exposures and survival in terrestrial invertebrates (Section 7.3.12.3) and
freshwater invertebrates and vertebrates (Section 7.4.12.3). Evidence is sufficient to
conclude that a causal relationship is likely to exist between Pb exposure and survival in
terrestrial vertebrates (Section 7.3.12.3). The evidence is inadequate to conclude that
there is a causal relationship between Pb exposure and survival in terrestrial and
freshwater plants (Section 7.3.12.3, and Section 7.4.12.3), as well as in all saltwater biota
(Section 7.4.21.3). There is evidence for mortality in saltwater organisms at
concentrations that greatly exceed Pb concentrations typically encountered in seawater.
In general, marine organisms are less sensitive to Pb than freshwater species.

In terrestrial vertebrates, evidence for Pb effects on survival is primarily supported by Pb
AQCDs with no recent studies reporting effects on survival at lower concentrations. For
aquatic invertebrates recent studies support previous associations between Pb exposure
and mortality at concentrations near the range of Pb concentration values available for
U.S. surface waters (Table 2-1) in cladocerans, amphipods, and rotifers. In aquatic
vertebrates, there is recent evidence for effects in fish at <100 pg Pb/L. Pb is generally
not phytotoxic to freshwater or terrestrial plants at concentrations found in the
environment away from stationary sources and heavily contaminated sites, probably due
to the fact that plants often sequester large amounts of Pb in roots, and that translocation
to other parts of the plant is limited.

The relationship between Pb exposure and decreased survival rate has been well
demonstrated in terrestrial and aquatic species, as presented in Sections 7.3.12.3,
7.4.12.3,7.4.21.3, and in previous Pb AQCDs. Toxicological studies have established
LCs, values for some species of plants, invertebrates, and vertebrates. From the LCs, data
on Pb in this review and previous Pb AQCDs, a wide range of sensitivity to Pb is evident
across taxa. LCsq values are usually much higher than Pb concentrations near

contaminated sites, although physiological dysfunction that adversely impacts the fitness
of an organism often occurs well below concentrations that result in mortality.

Freshwater aquatic invertebrates are generally more sensitive to Pb exposure than other
taxa, with survival adversely impacted in a few species at concentrations near typical
ambient levels. Freshwater biota that exhibit sensitivity to Pb in the upper range of Pb
concentrations measured in U.S. waters [median 0.50 pg Pb/L, range 0.04 to 30 ug Pb/L
(U.S. EPA, 2006b)], include some species of gastropods, amphipods, cladocerans, and
rotifers although the toxicity of Pb is highly dependent upon water quality variables such
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as DOC, hardness, and pH. For example, amphipods tested under various water
conditions exhibited sensitivity to Pb at <10 pg Pb/L (U.S. EPA, 2006c) and the present
document). These impacted species may include endangered species or candidates for the
endangered species list, such as the freshwater mussel Lampsilis rafinesqueana (Neosho
mucket). The ECs, for foot movement (a measure of viability) for newly transformed
juveniles of this species was 188 pg Pb/L. Other aquatic invertebrates such as odonates
may be tolerant of Pb concentrations that greatly exceed Pb detected in aquatic
ecosystems.

Terrestrial invertebrates typically tolerate high concentrations of Pb relative to
concentrations found in most uncontaminated soils. In the 1986 Pb AQCD it was reported
that Pb at environmental concentrations occasionally found near roadsides and smelters
(10,000 to 40,000 pg Pb/g dry weight [mg Pb/kg]) can eliminate populations of bacteria
and fungi on leaf surfaces and in soil. LCs, values for soil nematodes vary from

10-1,550 mg Pb/kg dry weight dependent upon soil organic matter content and soil pH
(U.S. EPA, 2006b). In earthworms, 14 and 28 day LCs, values typically fall in the range
of 2,400-5,800 mg Pb/kg depending upon the species tested.

Data on mortality of saltwater species associated with exposure to Pb is limited; however,
in general, marine organisms are less sensitive to this metal than freshwater organisms
and the highest toxicity is observed in juveniles. In one study, effects of Pb on survival at
environmentally relevant concentrations of Pb in diet have been demonstrated through a
simulated marine food chain in which the primary producer, the microalgae Tetraselmis
suecica, was exposed nominally to 20 pg Pb/L and subsequently fed to brine shrimp
Artemia franciscana, (mean Pb content 12 to 15 ug Pb/g) which were consumed by
white-leg shrimp Litopenaeus vannamei, itself consumed by grunt fish Haemulon
scudderi representing the top of the marine food chain (Soto-Jiménez et al., 2011b).
Survival of brine shrimp was 25 to 35% lower than the control and both white shrimp and
grunt fish had significantly higher mortalities than controls.

In vertebrates, toxicity is observed in terrestrial avian and mammalian species in
laboratory studies over a wide range of doses (<1 to >1,000 mg Pb/kg body weight-day)
as reviewed for the guidance and development of ecological soil screening levels
(Eco-SSLs) (U.S. EPA, 2005b). The NOAELSs for survival ranged from 3.5 to 3,200 mg
Pb/kg « day. In freshwater vertebrates there is considerable historic information on Pb
toxicity to fish. Recent studies support earlier AQCD findings of Pb effects on fish
survival and indicate effects at lower concentrations when testing with juvenile lifestages.
In a series of 96-hour acute toxicity tests with fathead minnow conducted in a variety of
natural waters across North America, LCs, values ranged from 41 to 3,598 pg Pb/L and
no Pb toxicity occurred in three highly alkaline waters (Esbaugh et al., 2011). Thirty day
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LCx values for larval fathead minnows ranged from 39 to 1,903 pg Pb/L in varying
concentrations of DOC, calcium sulfate (CaSQ,), and at various pH values (Grosell et al.
2006b). In a recent study of rainbow trout fry at 2-4 weeks post-swim up, the 96-hour
LCso was 120 pg Pb/L at a hardness of 29 mg/L as calcium carbonate (CaCOs), a value
much lower than in testing with older fish (Mebane et al., 2008). In the same study, two
chronic (>60 day) tests were conducted with rainbow trout and the NOECs for survival
were 24 and 87 ug Pb/L and the LOECs were 54 and 125 ug Pb/L, respectively.

2.7.3.4 Neurobehavioral Effects

Overall, the evidence from terrestrial and freshwater systems is sufficient to conclude that
a causal relationship is likely to exist between Pb exposures and neurobehavioral effects
in invertebrates and vertebrates (Sections 7.3.12.4 and 7.4.12.4). Evidence is inadequate
to conclude that there is a causal relationship between Pb exposure and neurobehavioral
endpoints in saltwater species (Section 7.4.21.4).

Observations from laboratory studies reported in Chapter_7 and previous Pb AQCDs have
shown adverse effects of Pb on neurological endpoints in both terrestrial and freshwater
animal taxa. Studies that consider mode-of-action and molecular targets of Pb toxicity in
biota are now available for a few species. Recent studies have continued adding to the
evidence from both invertebrate and vertebrate studies that Pb adversely affects behaviors
such as food consumption, avoidance, and escape from predators, behavioral
thermoregulation, and prey capture. These changes are likely to decrease the overall
fitness of the organism. Recent evidence includes reports of behavioral responses across a
larger variety of organisms including fish larvae born from Pb-exposed adults and
reptiles, while some impairments in feeding and escaping behaviors were reported for the
first time.

Central nervous system effects in fish recognized in previous Pb AQCDs include effects
on spinal neurons and brain receptors. Recent evidence from this review identifies
possible molecular targets for Pb neurotoxicity in fish. Additionally, there is recent
evidence for neurotoxic action of Pb in invertebrates with exposure to Pb observed to
cause changes in the morphology of gamma aminobutyric acid (GABA)-motor neurons
in nematodes (Caenorhabditis elegans) (Du and Wang, 2009).

Decreased food consumption of Pb-contaminated diet has been demonstrated in some
invertebrates (snails) and vertebrates (lizards, pigs, fish). Behavioral effects in grunt fish
H. scudderi, occupying the top level of a simulated marine food chain included lethargy
and decreased food intake in a 42-day feeding study (Soto-Jiménez et al., 2011b). These
fish were fed white shrimp exposed to Pb via brine shrimp that were initially fed
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microalgae cultured nominally at 20 pg Pb/L. In the same study, surfacing, reduction of
motility, and erratic swimming were observed in the white shrimp after 30 days of
exposure to Pb via diet. Pb may also decrease the ability of an organism to capture prey
or escape predation. For example, Pb exposure has been demonstrated to adversely affect
prey capture ability of certain fungal and fish species, and the motility of nematodes was
adversely affected in Pb-contaminated soils (Wang and Xing, 2008). Prey capture ability
was decreased in 10-day-old fathead minnows born from adult fish exposed to

120 pg Pb/L for 300 days, then subsequently tested in a 21-day breeding assay (Mager et
al., 2010). Altered pattern of escape swimming in larval zebrafish exposed to Pb as
embryos was reported at low nominal concentrations of Pb (2 and 6 pg Pb/L). Other
behavioral effects of Pb observed in fish include increased hyperactivity and decreased
ability to detect visual contrast. In a laboratory study, Pb-exposed gull chicks exhibited
abnormal behaviors such as decreased walking, erratic behavioral thermoregulation and
food begging that could make them more vulnerable in the wild (Burger and Gochfeld,
2005). The chicks were exposed to Pb via injection to produce feather Pb concentration
approximately equivalent to those observed in wild gulls. Lizards exposed to Pb through
diet in the laboratory exhibited abnormal coloration and posturing behaviors. These
findings show strong coherence with findings from studies in laboratory animals that
show that Pb induces changes in learning and memory (Section 5.3.2.3), as well as
attention (Section 5.3.3) and motor function (Section 5.3.8).

2.7.3.5 Hematological Effects

Based on observations in both terrestrial and freshwater organisms and additionally
supported by toxicological and epidemiological findings in laboratory animals and
humans, evidence is sufficient to conclude that there is a causal relationship between Pb
exposures and hematological effects in terrestrial and aquatic vertebrates (Sections
7.3.12.5and 7.4.12.5). The evidence is sufficient to conclude that a causal relationship is
likely to exist between Pb exposures and hematological effects in freshwater
invertebrates and inadequate to conclude that there is a causal relationship between Pb
exposures and hematological effects in terrestrial invertebrates. Limited evidence from
marine invertebrates is suggestive of a causal relationship between Pb exposures and
hematological effects (Section 7.4.21.5). The mode of action of Pb on ALAD activity is
likely mediated through a common pathway in terrestrial, freshwater and saltwater

organisms.

Recent studies add support to the strong body of evidence presented in Pb AQCDs that
Pb exposure is associated with hematological responses in terrestrial and aquatic
vertebrates. Lower ALAD activity has been significantly correlated with elevated blood
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Pb levels in fish and mammals. In the 1986 Pb AQCD, decreases in RBC ALAD activity
following Pb exposure were well documented in birds and mammals (U.S. EPA, 1986a).
The draft Ambient Aquatic Life Water Quality Criteria for Pb summarized several studies
of ALAD activity in fish (U.S. EPA, 2008b). Further evidence from the 2006 Pb AQCD
and this review suggests that this enzyme is an indicator for Pb exposure across a wide
range of taxa. Since the 2006 Pb AQCD, evidence of Pb effects on ALAD activity has
been found in additional species of invertebrates and fish, and has been identified in
bacteria. ALAD activity has been shown to vary greatly between species. In addition to

consideration of ALAD activity, there is recent evidence for deceased white blood cell
counts in amphibians affected by Pb exposure. The consistency and coherence of these
findings of effects on ALAD activity in vertebrates are also supported by some evidence
of Pb-induced alterations of blood chemistry in fish reported in the 2006 Pb AQCD (U.S.
EPA, 2006b). This evidence is strongly coherent with observations from human
epidemiologic and animal toxicology studies where a causal relationship was identified
between Pb exposure and decreased RBC survival and function, and altered heme

synthesis in humans and laboratory animals (Sections 2.6.5 and 5.7).

In environmental assessments of metal-impacted habitats, ALAD is a recognized
biomarker of Pb exposure in invertebrates as well as vertebrates (U.S. EPA, 2006b).

Recent field studies of ALAD activity include observations in songbirds and owls near
historical mining areas and in bivalves collected from freshwater and estuarine
environments. Evidence for hematological effects of Pb in saltwater invertebrates is
limited primarily to field monitoring studies with bivalves.

2.7.3.6 Effects on Physiological Stress

Evidence is sufficient to conclude that there is a causal relationship between Pb
exposures and physiological stress in terrestrial plants (Section 7.3.12.6). Evidence is
sufficient to conclude that a causal relationship is likely to exist between Pb exposures
and physiological stress in terrestrial invertebrates and vertebrates (Section 7.3.12.6) as
well as freshwater plants, invertebrates and vertebrates (Section 7.4.12.6). Further
evidence in saltwater invertebrates is suggestive of a causal relationship between Pb
exposures and physiological stress (Section 7.4.21.6). Evidence is inadequate to conclude
that there is a causal relationship between Pb exposure and physiological stress responses
in saltwater plants and vertebrates.

Endpoints associated with physiological stress received no consideration prior to the
2006 Pb AQCD. Studies reviewed in the 2006 Pb AQCD reported stress-related effects
including upregulation of antioxidant enzymes and increased lipid peroxidation (U.S.
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EPA, 2006b). Recent evidence in additional species of terrestrial and freshwater plants,
invertebrates and vertebrates support, and expand upon findings in the previous Pb
AQCD. Some of these studies report findings within one to two orders of magnitude of
the range of Pb concentrations measured in terrestrial and freshwater environments

(Table 2-1). Recent studies include evidence for production of reactive oxygen species in
terrestrial plant species and in freshwater algae and fish in response to Pb exposure.

In the current document and the 2006 Pb AQCD (U.S. EPA, 2006b), there is strong
evidence of upregulation of antioxidant enzymes and increased lipid peroxidation
associated with Pb exposure in many species of plants, invertebrates and vertebrates. In

plants, increases of antioxidant enzymes with Pb exposure occur in algae, aquatic mosses,
floating and rooted aquatic macrophytes, and terrestrial species. Most observations of
antioxidant responses in plants typically occur at concentrations of Pb higher than found
in the environment. However, in a few terrestrial plant species, increases of antioxidant
enzymes occur at concentrations approaching the average Pb concentrations in U.S. soils
(Table 2-1) and limited transplantation studies with aquatic plants indicate elevated
antioxidant enzyme activity associated with Pb levels measured in sediments at polluted
sites. There is evidence for antioxidant activity in invertebrates, including gastropods,
mussels, and crustaceans, in response to Pb exposure. Some recent evidence for
invertebrate antioxidant responses in freshwater bivalves, and marine bivalve and
crustacean species indicates effects at Pb concentrations associated with polluted sites.
Markers of oxidative damage are also observed in fish, amphibians, and mammals, both
in the laboratory and in exposed natural environments. Across all biota, there are
differences in the induction of antioxidant enzymes that appear to be species-dependent.

Additional stress responses observed in terrestrial and freshwater invertebrates include
elevated heat shock proteins, osmotic stress and decreased glycogen levels. Heat shock
protein induction by Pb exposure has been observed in zebra mussels and mites. Tissue
volume regulation is adversely affected in freshwater crabs and glycogen levels
decreased in freshwater snails following Pb exposure. Although correlated with Pb
exposure, these responses are non-specific and may be altered with exposure to any
number of environmental stressors.

Upregulation of antioxidant enzymes and increased lipid peroxidation are considered to
be reliable biomarkers of stress, and suggest that Pb exposure induces a stress response in
those organisms, which may increase susceptibility to other stressors and reduce
individual fitness. The oxidative stress responses associated with Pb exposure are
consistent in terrestrial biota and in freshwater organisms. Furthermore, these responses
are also observed in experimental animal studies.
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2.7.3.7 Community and Ecosystem Effects

More evidence for Pb toxicity to terrestrial and aquatic biota has been reported from
single-species assays in laboratory studies than from whole ecosystem studies. The
evidence is strong for effects of Pb on growth, reproduction, and survival in very diverse
species, but considerable uncertainties exist in generalizing effects observed under
particular, small-scale conditions, up to the ecosystem level of biological organization. At
the ecosystem level, the presence of multiple stressors, variability in field conditions, and
differences in bioavailability of Pb make it difficult to measure the magnitude of effects,
and to quantify relationships between ambient concentrations of Pb and ecosystem
response. However, the cumulative evidence that has been reported for Pb effects at
higher levels of biological organization and for endpoints in single species with direct
relevance to population and ecosystem level effects (i.e., development and reproduction,
growth, survival) is sufficient to conclude that a causal relationship is likely to exist
between Pb exposures and the alteration of species richness, species composition and
biodiversity in terrestrial and freshwater ecosystems (Sections 7.3.12.7 and 7.4.12.7).

Evidence is inadequate to conclude that there is a causal relationship between Pb
exposure and effects at higher levels of biological organization in saltwater ecosystems
(Section 7.4.21.7).

Ecosystem-level studies in situ are complicated by the frequent confounding of Pb
exposure in Pb-polluted sites with other factors such as other trace metals and acidic
deposition. In those natural systems, Pb is often found co-existing with other stressors,
and observed effects may be due to cumulative toxicity. In laboratory studies and
simulated ecosystems, where it is possible to isolate the effect of Pb, this metal has been
shown to alter competitive behavior of species, predator-prey interactions, and
contaminant avoidance. At higher levels of biological organization, these effects may
change species abundance and community structure. Uptake of Pb into aquatic and
terrestrial organisms and its effects on survival, growth, and reproductive endpoints at the
organism level are expected to have ecosystem-level consequences. Where evidence of
effects is observed at the ecosystem level of organization, evidence from lower levels
brings consistency and plausibility for causality.

Most direct evidence of community and ecosystem level effects is from near stationary
sources and contaminated sites where Pb concentrations are higher than typically
observed in the environment. For terrestrial systems, evidence of impacts on natural
ecosystems near smelters, mines, and other industrial sources of Pb has been assembled
in previous decades. Those impacts include decreases in species diversity and changes in
floral and faunal community composition. For freshwater systems, the literature focuses
on evaluating ecological stress from Pb originating from urban and mining effluents
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rather than atmospheric deposition. Some organisms exhibit contaminant avoidance
behaviors when exposed to Pb-contaminated areas. For example, snails and fish avoid
higher concentrations of Pb while frogs and toads lack avoidance response. Recent
evidence, published since the 2006 Pb AQCD indicates that some species of worms will
avoid Pb-contaminated soils (Langdon et al., 2005).These dynamics are likely to change
species abundance and community structure at higher levels of biological organization.

Recent studies continue to demonstrate associations between Pb exposures and effects at
higher levels of biological organization that were shown in field and microcosm studies
in previous Pb AQCDs. Recent studies on plant and soil microbial communities and
sediment-associated and aquatic plant communities increase the total number of types of
ecological associations impacted by Pb. In terrestrial ecosystems, most studies show
decreases in microorganism abundance, diversity, and function with increasing soil Pb
concentration. Specifically, shifts in nematode communities, bacterial species, and fungal
diversity have been observed. Furthermore, presence of arbuscular mycorrhizal fungi
may protect plants growing in Pb-contaminated soils. Increased plant diversity
ameliorated effects of Pb contamination on a microbial community.

In aquatic ecosystems, Pb effects reviewed in the 2006 Pb AQCD (U.S. EPA, 2006b)
included reduced species abundance, richness and diversity, decreased primary
productivity, and altered predator-prey interactions. Since the 2006 Pb AQCD, there is
further evidence for effects of Pb in sediment-associated communities in both saltwater
and freshwater systems. Community structure and nematode diversity were altered in a
microcosm study with marine sediments (Mahmoudi et al., 2007). Sediment-bound Pb
contamination appears to differentially affect members of the benthic invertebrate
community, potentially altering ecosystems dynamics in small urban streams
(Kominkova and Nabelkova, 2005). Although surface water Pb concentrations in
monitored streams were determined to be very low, concentrations of the metal in
sediment were high enough to pose a risk to the benthic community

(e.g., 34-101 mg Pb/kg). These risks were observed to be linked to benthic invertebrate
functional feeding group, with collector-gatherer species exhibiting larger body burdens
of heavy metals than benthic predators and collector-filterers.

Changes to aquatic plant community composition have been observed in the presence of
elevated surface water Pb concentrations. A shift toward more Pb-tolerant species is also
observed in terrestrial plant communities near smelter sites (U.S. EPA, 2006b). Certain
types of plants such as rooted and submerged aquatic plants may be more susceptible to
aerially-deposited Pb resulting in shifts in Pb community composition. High Pb sediment
concentrations are linked to shifts in amphipod communities inhabiting plant structures.
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The health and ecological effects considered for causal determination are summarized in
Table 2-4. The health outcomes were nervous system, cardiovascular, renal, immune,
effects on heme synthesis and RBC function, reproductive effects, and cancer. The
ecological endpoints considered for causal determination were: community and
ecosystem level effects, reproductive and developmental effects, growth, survival,
neurobehavioral effects, hematological effects, and physiological stress. The evidence
relating to specific ecological endpoints is also integrated across aquatic and terrestrial
habitats. Further, the substantial overlap between the ecological and health endpoints
considered in the causal determinations allowed the integration of the evidence across
these disciplines.
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Table 2-4

Summary of causal determinations for health and ecological effects.

Outcome/Effect

Human Health
Causal Determination®

Ecological Receptors
Causal Determination®

Nervous System

Causal Relationship: Cognition and Attention-

Likely Causal Relationship: Neurobehavioral Effects in

Effects” Related Behavior Problems in Children Terrestrial and Freshwater Invertebrates and
Vertebrates
Cardiovascular Effects ~ Causal Relationship: Hypertension and N/A®
Coronary Heart Disease
Renal Effects Likely Causal Relationship: Reduced Kidney N/A®
Function
Immune System Likely Causal Relationship: Atopic and N/A®

Effects

Inflammatory Conditions

Hematologic Effects®

Causal Relationship: Heme Synthesis and
RBC Function

Causal Relationship: ALAD Activity in Terrestrial and
Freshwater Vertebrates

Likely Causal Relationship: ALAD activity in
Freshwater Invertebrates

Reproductive and
Developmental

Causal Relationship: Development and Male
Reproductive Function

Causal Relationship: Invertebrates and Vertebrates

Cancer Likely to be a causal relationship N/A®

Mortality N/A® (The strongest evidence of Pb-induced Causal Relationship: Survival Terrestrial Invertebrates
mortality in humans was observed for and Freshwater Invertebrates and Vertebrates
cardiovascular disease related mortality and
this evidence was considered in determining ) ) ) )
the causal relationship between Pb exposure Likely Causal Relationship: Terrestrial Vertebrates
and coronary heart disease.)

Growth N/A® (There is evidence from toxicological and Causal Relationship: Terrestrial Plants and Freshwater

epidemiologic studies of Pb effects on
postnatal growth, which was considered in
determining the causal association between Pb
exposure and developmental effects.)

Invertebrates

Likely Causal Relationship: Freshwater Plants and
Terrestrial Invertebrates

Physiological Stress

N/A® (In Human Health, oxidative stress was
considered as a upstream event in the modes
of action of Pb, leading downstream to various
effects. Ecological literature commonly uses
oxidative stress as a proxy indicator of overall
fitness, and thus treats it as an effect.)

Causal Relationship: Terrestrial Plants

Likely Causal Relationship: Terrestrial and Freshwater
Invertebrates and Vertebrates and Freshwater Plants

Community and
Ecosystem Level
Effects

N/A®

Likely Causal Relationship: Terrestrial and Freshwater
Ecosystems

®Causal determinations were made within approximately 1-2 orders of magnitude of current levels.

®In ecological receptors, the causal determination was developed considering neurobehavioral effects that can be observed in
toxicological studies of animal models and studies of ecological effects in vertebrates and invertebrates.

“The ecological evidence considered for the causal determination included ALAD activity, blood cell count, and altered serum

profiles.

“For health effects the strongest evidence was for delayed onset of puberty and effects on sperm. In the ecological literature, a wide
range of endpoints, including embryonic development, multigenerational studies, delayed metamorphosis, and altered steroid

profiles, was considered.

°N/A, not applicable, i.e., Endpoints were not directly comparable the health and ecological evidence.
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The diverse health and ecological effects of Pb are mediated through multiple,
interconnected modes of action. This section summarizes the principal
cellular/subcellular effects contributing to modes of action for human health endpoints
associated with Pb exposure and the concentrations at which those effects are observed.
Then, effects of Pb observed in aquatic and terrestrial species (Section 2.7) are evaluated
along with evidence from epidemiological and laboratory animal studies to determine the
extent to which common modes of action can be inferred from the observed effects. The
rationale for this approach is that the mechanism of Pb toxicity is likely conserved from
invertebrates to vertebrates to humans in some organ systems.

Each of the modes of action discussed in Section 5.2 has the potential to contribute to the
development of a number of Pb-induced health effects (Table 2-4). Evidence for the
majority of these modes of action is observed at low blood Pb levels in humans and
laboratory animals, between 2 and 5 pg/dL, and at doses as low as the picomolar range in
animals and cells. The concentrations eliciting the modes of action (reported in Table
2-5) are drawn from the available data and do not imply that these modes of action are
not acting at lower exposure levels or that these doses represent the threshold of the
effect. Also, the data in presented this table does not inform regarding the exposure
frequency and duration required to elicit a particular MOA.

2-57 Draft — Do Not Cite or Quote



Table 2-5

eliciting the MOAs.

MOASs, their related health effects, and information on concentrations

Mode of Action

[Related Health Effects
(ISA Section)]

Concentrations or Doses (Conditions)®

Blood Pb

Dose

Altered lon Status
[All Health Effects of Pb]

3.5 pg/dL

(Mean in cord blood; association with cord
blood Ca**ATPase pump activity)

Huel et al. (2008)

0.00005 pM free Pb?*

(In vitro; 30 minutes; calmodulin activation
assay)

Kern et al. (2000)

Protein Binding

[Renal (5.5),
Heme Synthesis and
RBC Function (5.7)]

17.0 pg/dL

(Concurrent mean in adult workers with
wildtype metallothionein expression;
increased BP susceptibility)

Chen et al. (2010a)

50 uM Pb glutamate

(In vitro; 24 hours; increased nuclear protein
in neurological cell)

Klann and Shelton (1989)

Oxidative Stress
[All Heath Effects of Pb

5.4 pg/dL
(Concurrent mean in adult male workers;

0.1 uM Pb acetate
(In vitro; 48 hours; decreased cellular GSH in

(Chapter 5)] decreased CAT activity in blood) neuroblastoma cells)
Conterato et al. (In Press) Chetty et al. (2005)
Inflammation Among males with concurrent blood Pb 0.01 uM Pb acetate

[Nervous System (5.3),
Cardiovascular (5.4),

Renal (5.5),

Immune ( 5.6),

Respiratory (5.6.5 and 5.9.6),
Hepatic (5.9.1)]

2 2.5 ug/dL

(Increased serum TNF-a and blood WBC
count)

Kim et al. (2007)

(In vitro; 48 hours; increased cellular PGE; in
neuroblastoma cells)

Chetty et al. (2005)

Endocrine Disruption

[Reproductive and
Developmental Effects (5.8),
Endocrine System (5.9.3) ,
Bone and Teeth (5.9.4)]

1.7 pg/dL

(Lowest blood Pb level at which a
relationship could be detected in adult
women with both ovaries removed;
increased serum follicle stimulating hormone
[FSH])

Krieg (2007)

10 puM Pb nitrate

(In vitro; 30 minutes; displaced GHRH
binding to rat pituitary receptors)

Lau et al. (1991)

Cell Death/Genotoxicity

[Cancer (5.10),
Reproductive and
Developmental Effects (5.8),
Bone and Teeth (5.9.4)]

3.3 pg/dL

(Concurrent median in adult women;
increased rate of hypoxanthine guanine
phospho ribosyltransferase reporter gene
[HPRT] mutation frequency)

Van et al. (2004)

0.03 uM Pb acetate

(In vitro; 18 hours; increased formation of
micronuclei)

Bonacker et al. (2005)

This table provides examples of studies that report effects with low doses or concentration; they are not the full body of evidence
used to characterize the weight of the evidence. In addition, the levels cited are reflective of the data and methods available and
do not imply that these modes of action are not acting at lower Pb exposure or blood Pb levels or that these doses represent the
threshold of the effect. Additionally, the blood concentrations and doses (indicating Pb exposure concentrations from in vitro
systems) refer to the concentrations and doses at which these modes of action were observed. While the individual modes of
action are related back to specific health effects sections (e.g., Nervous System, Cardiovascular), the concentrations and doses
given should not be interpreted as levels at which those specific health effects occur.
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Ecosystem studies have presented evidence for the occurrence of many of these modes of
action in animals, and to some degree in plants, however the connection to ecological
outcomes must usually be inferred because ecological studies are typically not designed
to address mode of action directly. The level at which Pb elicits a specific effect is more
difficult to establish in terrestrial and aquatic systems due to the influence of
environmental variables on Pb bioavailability and toxicity and substantial species
differences in Pb susceptibility.

The alteration of cellular ion status (including disruption of Ca?* homeostasis, altered ion
transport mechanisms, and perturbed protein function through displacement of metal
cofactors) appears to be the major unifying mode of action underlying all subsequent
modes of action in plants, animals, and humans (Figure 5-1). Pb can interfere with
endogenous cation homeostasis, necessary as a cell signal carrier mediating normal
cellular functions. Pb is able to displace metal ions, such as Zn, Mg, and Ca*", from
proteins due to the flexible coordination numbers and multiple ligand binding ability of
Pb, leading to abnormal conformational changes to proteins and altered protein function.
Disruption of ion transport leading to increased intracellular Ca** levels is due in part to
the alteration of the activity of transport channels and proteins, such as Na'/K* ATPase
and voltage-sensitive Ca®* channels. Pb can interfere with these proteins through direct
competition between Pb and the native metals present in the protein metal binding
domain or through disruption of proteins important in Ca**-dependent cell signaling, such
as protein kinase C (PKC) or calmodulin.

This competition between metals has been reported not only in human systems, but also
in fish, snails, and plants. Altered Ca** channel activity and binding of Pb with
Na*/K*ATPase in the gills of fish disrupts the Na” and CI" homeostasis, which may lead
to ionoregulatory failure and death. Ca?* influx and ionoregulation has also been shown
to be inhibited by Pb exposure in a sensitive species of snail, leading to a reduction in
snail growth. In plants, substitution of the central atom of chlorophyll, Mg, by Pb
prevents light-harvesting, resulting in a breakdown of photosynthesis. Pb-exposed
animals also have decreased cellular energy production due to perturbation of
mitochondrial function.

Disruption of ion transport not only leads to altered Ca?* homeostasis, but can also result
in perturbed neurotransmitter function. Evidence for these effects in Pb-exposed
experimental animals and cell cultures has been linked to altered neurobehavioral
endpoints and other neurotoxicity. Neurobehavioral changes that may decrease the
overall fitness of the organism have also been observed in aquatic and terrestrial
invertebrate and vertebrate studies. There is evidence in tadpoles and fish to suggest Pb
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may alter neurotransmitter concentrations, possibly resulting in some of these
neurobehavioral changes.

Altered cellular ion status following Pb exposure can result in the inhibition of heme
synthesis. Pb exposure is commonly associated with altered hematological responses in
aquatic and terrestrial invertebrates, experimental animals, and human subjects. The
proteins affected by Pb are highly conserved across species accounting for the common
response seen in human health and ecological studies. This evolutionarily conserved
response to Pb is likely the result of the competition of Pb with the necessary metal
cofactors in the proteins involved in heme synthesis.

Although Pb will bind to proteins within cells through interactions with side group
moieties, thus potentially disrupting cellular function, protein binding of Pb may
represent a mechanism by which cells protect themselves against the toxic effects of Pb.
Intranuclear and intracytosolic inclusion body formation has been observed in the kidney,
liver, lung, and brain following Pb exposure in experimental animals. A number of
unique Pb binding proteins have been detected, constituting the observed inclusion
bodies. The major Pb binding protein in blood is ALAD with carriers of the ALAD-2
allele potentially exhibiting higher Pb binding affinity. Inhibition of ALAD activity is a
widely recognized response to Pb in environments where Pb is present and is considered
to be biomarker of Pb exposure in both terrestrial and aquatic biota. Additionally,
metallothionein is an important protein in the formation of inclusion bodies and
mitigation of the toxic effects of Ph. Protein binding of Pb is a recognized mechanism of
Pb detoxification in some terrestrial and aquatic biota. For example, plants can sequester
Pb through binding with phytochelatin and some fish have the ability to store
accumulated Pb in heat-stable proteins.

A second major mode of action of Pb is the development of oxidative stress, due in many
instances to the antagonism of normal metal ion functions. Disturbances of the normal
redox state of tissues can cause toxic effects and is involved in the majority of health and
ecological outcomes observed after Pb exposure. The origin of oxidative stress produced
after Pb exposure is likely a multi-pathway process. Studies in humans and experimental
animals provide evidence to conclude that oxidative stress results from oxidation of
3-ALA, NAD(P)H oxidase activation, membrane and lipid peroxidation, and antioxidant
enzyme depletion. Evidence of increased lipid peroxidation associated with Pb exposure
exists for many species of plants, invertebrates, and vertebrates. Enhanced lipid
peroxidation can also result from Pb potentiation of Fe*" initiated lipid peroxidation and
alteration of membrane composition after Pb exposure. Increased Pb-induced ROS will
also sequester and inactivate biologically active ‘NO, leading to the increased production
of the toxic product nitrotyrosine, increased compensatory NOS, and decreased sGC
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protein. Pb-induced oxidative stress not only results from increased ROS production but
also through the alteration and reduction in activity of the antioxidant defense enzymes.
The biological actions of a number of these enzymes are antagonized due to the
displacement of the protein functional metal ions by Pb. Increased ROS are often
followed by a compensatory and protective upregulation in antioxidant enzymes, such
that this observation is indicative of oxidative stress conditions. A number of studies in
plants, invertebrates, and vertebrates present evidence of increased antioxidant enzymes
with Pb exposure. Additionally, continuous ROS production may overwhelm this
defensive process leading to decreased antioxidant activity and further oxidative stress
and injury.

In a number of organ systems Pb-induced oxidative stress is accompanied by
misregulated inflammation. Pb exposure will modulate inflammatory cell function,
production of proinflammatory cytokines and metabolites, inflammatory chemical
messengers, and proinflammatory signaling cascades. Cytokine production is skewed
toward the production of proinflammatory cytokines like TNF-o and TL-6 as well as
leading to the promotion of Th2 response and suppression of Thlcytokines and
Th1-related responses.

Pb is a potent endocrine disrupting chemical. Steroid receptors and some endocrine
signaling pathways are known to be highly conserved over a broad expanse of animal
phylogeny. Pb will disrupt the HPG axis evidenced in humans, other mammals, and fish,
by a decrease in serum hormone levels, such as FSH, LH, testosterone, and estradiol. Pb
interacts with the hypothalamic-pituitary level hormone control causing a decrease in
pituitary hormones, altered growth dynamics, inhibition of LH secretion, and reduction in
StAR protein. Pb has also been shown to alter hormone receptor binding likely due to
interference of metal cations in secondary messenger systems and receptor ligand binding
and through generation of ROS. Pb disrupts hormonal homeostasis in invertebrates
necessary for reproduction and development. Pb also may disrupt the HPT axis by
alteration of a number of thyroid hormones, possibly due to oxidative stress. These
studies have been conducted in humans and animals, including cattle; however the results
of these studies are mixed and require further investigation.

Genotoxicity and cell death has been investigated after Pb exposure in humans, animals,
plants, and cell models. High level Pb exposure to humans leads to increased DNA
damage, however lower blood Pb levels have caused these effects in experimental
animals and cells. Reports vary on the effect of Pb on DNA repair activity, however a
number of studies report decreased repair processes following Pb exposure. There is
some evidence in plants, earthworms, freshwater mussels and fish for DNA damage
associated with Pb exposure. There is evidence of mutagenesis and clastogenicity in
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highly exposed humans, however weak evidence has been shown in animals and cells
based systems. Human occupational studies provide limited evidence for micronucleus
formation (>10 pg/dL), supported by Pb-induced effects in both animal and cell studies.
Micronucleus formation has also been reported in amphibians. Animal and plant studies
have also provided evidence for Pb-induced chromosomal aberrations. The observed
increases in clastogenicity may be the result of increased oxidative damage to DNA due
to Pb exposure, as co-exposures with antioxidants ameliorate the observed toxicities.
Limited evidence of epigenetic effects is available, including DNA methylation,
mitogenesis, and gene expression. Altered gene expression may come about through Pb
displacing Zn from multiple transcriptional factors, and thus perturbing their normal
cellular activities. Consistently positive results have provided evidence of increased
apoptosis following Pb exposure.

Overall, Pb-induced health and ecological effects can occur through a number of
interconnected and evolutionarily well conserved modes of action that generally originate
with the alteration of ion status.

2.9 Policy Relevant Considerations

29.1 Public Health Significance

November 2012

The rationale for establishing the public health significance of the various health
endpoints associated with Pb exposure is multifaceted. The 2006 Pb AQCD (U.S. EPA
2006b) concluded that neurodevelopmental effects in children and cardiovascular effects
in adults were among the effects best substantiated as occurring at blood Pb levels as low
as 5-10 ug/dL (or possibly lower), and that these categories of effects were clearly of the
greatest public health concern. The evidence reviewed in the current assessment supports
and builds upon this conclusion with recent epidemiologic studies of children reporting
deleterious effects in populations with lower mean blood Pb levels than previously
reported. The supralinear concentration-response relationship, which is widely
documented for Pb and cognitive function in children, does not provide evidence for a
threshold for Pb-associated neurodevelopmental effects in the range of blood Pb levels
examined (Sections 2.9.3 and 5.3.13)

The World Health Organization (WHO) definition of “health” is “the state of complete
physical, mental, and social well-being and not merely the absence of disease or
infirmity” (WHO, 1948). By this definition, decrements in health status that are not
severe enough to result in the assignment of a clinical diagnosis might reflect a decrement
in the well-being of an individual. Further, deficits in subtle indices of health or
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well-being may not be observable except in aggregate, at the population level, so the
critical distinction between population and individual risk is essential for interpreting the
public health significance of study findings. This concept of population risk is relevant to
the interpretation of findings regarding both 1Q and blood pressure in the assessment of
their public health significance.

Weiss et al. (1988) discusses concepts related to understanding the shift in a population
distribution of an 1Q Score. The conceptual model described by these authors is not based
on actual data and assumes that the incremental concentration-response between Pb
exposure and 1Q is similar in children with high and low intelligence. As shown in Figure
2-1 small shifts in population means are often significant from a public health
perspective. Even a small relative risk for a health effect that is highly prevalent in the
population can translate into a large increase in the number of clinical cases.

Figure 2-1

November 2012

Shiftin Population Mean

— gClriticaI
> :Line

Percentof Population

Health Outcome

The effect of a small shift in population mean on the proportion of
individuals in the population diagnosed with clinical disease
(i.e., the proportion to the right of the “Critical Line”).

For example, small shift in the population mean IQ may result in a substantial increase in
the number of individuals functioning in the low range of the 1Q distribution, which is
associated with increased risk of educational, vocational, and social failure

(Section 5.3.13). A downward shift in the mean IQ value can also reduce the proportion
of the population achieving very high 1Q scores. It is also important to note that the
change in a population mean observed in an epidemiologic study may be small compared
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to the standard error of measurement for the outcome. Measurement error can affect the
likelihood of detecting an association and is not relevant to the size of the association that
is detected. If a study is large enough it will have adequate statistical power to detect
small changes. Bias may be introduced if the measurement error of the outcome is highly
correlated with the exposure. There is no evidence indicating that individuals with higher
blood Pb levels test systematically lower than their true 1Q.

Pb-associated changes in blood pressure also increase an individual’s risk for health
effects that are of greater clinical consequence than is suggested by a small individual
change in blood pressure. Nawrot et al. (2002) found that a doubling of blood Pb was
associated with an approximate 1 mmHg increase in systolic blood pressure. Results from
the Framingham Heart Study show that higher levels of blood pressure, even within the
nonhypertensive range, impose increased rates of cardiovascular disease (Kannel, 2000a,
b). A continuous graded increase in cardiovascular risk is observed as blood pressure

increases, with no evidence of a threshold value. Most events arise not in the most severe
cases, but mainly in those with high normal blood pressure (i.e., mild hypertension).
Kannel (2000a) emphasized that systolic blood pressure exerts a strong influence on more
serious cardiovascular events, as it is the primary cause of hypertension and its adverse
cardiovascular sequelae. In addition to the small increases in blood pressure associated
with Pb, Pb-associated effects on cardiovascular morbidity outcomes such as ischemic
heart disease (Section 5.4.3.6) and mortality (Section 5.4.5) have been observed. The
high correlation between blood pressure and clinical cardiovascular outcomes combined
with the high prevalence of cardiovascular disease in the U.S. adult population translate
into a large increase in the prevalence of conditions in the population. In addition, some
groups within the population can be at greater risks for cardiovascular effects; as
summarized in Chapter 6, there is evidence for increased cardiovascular effects based on
race/ethnicity and several genetic markers. Overall, while some of the specific health
endpoints that have been associated with Pb exposure are small physiological changes in
an individual, these changes can represent substantial risk at the population level.

29.2 Air-Pb—to-Blood-Pb Relationships

November 2012

The 1986 Pb AQCD described epidemiological studies of relationships between air Pb
and blood Pb. Much of the pertinent earlier literature for children described in the 1986
Pb AQCD was included in a meta-analysis by Brunekreef (1984). Based on the studies
available at that time, the 1986 Pb AQCD concluded that “the blood Pb versus air Pb
slope B is much smaller at high blood and air levels.” This is to say that the slope  was
much smaller for occupational exposures where high blood Pb levels (>40 ug/dL) and
high air Pb levels (much greater than 10 pg/m®) prevailed relative to lower environmental
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exposures which showed lower blood Pb and air Pb concentrations (<30 pg/dL and

<3 pg/m®). For those environmental exposures, it was concluded that the relationship
between blood Pb and air Pb “...for direct inhalation appears to be approximately linear
in the range of normal ambient exposures (0.1-2.0 pg/m®)” (pp 1-98 of the 1986 Pb
AQCD). In addition to the meta-analysis of Brunekreef (1984), more recent studies have
provided data from which estimates of the blood Pb-air Pb slope can be derived for
children (Table 2-6, Table 4-12). The range of estimates from these studies is 2-9 ug/dL
per pg/m®, which encompasses the estimate from the Brunekreef (1984) meta-analysis of
(3-6 pg/dL per ug/m?). Most studies have described the blood Pb-air Pb relationship as
either log-log (Schnaas et al., 2004; Hayes et al., 1994; Brunekreef, 1984), which predicts
an increase in the blood Pb-air Pb slope with decreasing air Pb concentration or linear
(Hilts, 2003; Tripathi et al., 2001; Schwartz and Pitcher, 1989), which predicts a constant
blood Pb-air Pb slope across all air Pb concentrations. These differences may simply
reflect model selection by the investigators; alternative models are not reported in these
studies.

The blood Pb-air Pb slope may also be affected in some studies by the inclusion of
parameters (e.g., soil Pb) that may account for some of the variance in blood Pb
attributable to air Pb. Other factors that likely contribute to the derived blood Pb-air Pb
slope include differences in the populations examined and Pb sources, which varied
among individual studies. See Section 4.5 for a detailed discussion of studies that inform
air Pb-to blood-Pb relationships.
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Table 2-6

Summary of estimated slopes for blood Pb to air Pb relationships

in children.
Blood Pb—
Reference Study Methods Model Description Air Pb Slope®
Brunekreef (1984) Location: Various countries Model: Log-Log All children:
Years: 1974-1983 Blood Pb: 5-76 pg/dL 4.6 (1.5)"°
Subjects: Children (varying age ranges, n>190,000) (mean range for studies) Children
Analysis: Meta analysis of 96 child populations from  Air Pb: 0.1-24 ug/m° <20 pg/dL:
18 study locations (mean range for studies) 4.8 (0.54)°
Hayes et al. (1994) Location: Chicago, IL Model: Log-Log
Years: 1974-1988 Blood Pb: 10-28 pg/dL
Subjects: 0.5-6 yr (n = 9,604) (quarterly median range) 8.2 (0.62)GI
Analysis: Regression of quarterly median blood Pb Air Pb: 0.05-1.2 pg/m®
and quarterly mean air Pb (quarterly mean range)
Hilts et al. (2003) Location: Trail, BC Model: Linear
Years: 1989-2001 Blood Pb: 4.7-11.5 pg/dL
Subjects: 0.5-6 yr (Estimated n = 220-460, based on  (annual geometric mean
292-536 blood Pb measurements/yr with 75-85% range) 7.0 (0.48)°
participation). Air Pb: 0.03-1.1 ug/m®
Analysig: Rggression o_f blood Pb _screening and (annual geometric mean
community air Pb following upgrading of a local range)
smelter
Schwartz and Pitcher  Location: Chicago, IL Model: Linear
(1989), U.S. EPA Years: 1976-1980 Blood Pb: 18-27 ug/dL
(1986a) . . f
Subjects: Black children, 0-5 yr (n = 5,476) (mean range) .
Analysis: Multivariate regression of blood Pb with Air Pb: 0.36-1.22 ug/m3 8.6(0.75)
mass of Pb in gasoline (derived from gasoline (annual maximum quarterly
consumption data and Pb concentrations in gasoline mean) "
for the U.S.)
Tripathi et al. (2001) Location: Mumbai, India (multiple residential Model: Linear
locations) Blood Pb: 8.6-14.4 pg/dL
Years: 1984-1996 (GM range for residential ‘
Subjects: 6-10 yr (n = 544) locations) 3.6 (0.45)'

Analysis: Regression of residential location-specific
average blood Pb and air Pb data

Air Pb: 0.11-1.18 pg/m®

(GM range for residential
locations)

®Slope is predicted change in blood Pb (ug/dL per pg/m3) evaluated at £ 0.01 ug/m3 from central estimate of air Pb for the study
(shown in parentheses). The central estimate for the Brunekreef (1984) study, is the median of air Pb concentrations, since it was a
meta-analysis; for all other studies the mean is presented. For multiple regression models, this is derived based only on air Pb
coefficient and intercept. Depending on the extent to which other variables modeled also represent air Pb, this method may
underestimate the slope attributable to air pathways. In single regression models, the extent to which non-modeled factors,
unrelated to air Pb exposures, exert an impact on blood Pb that co-varies with air Pb may lead to the slope presented here to over
represent the role of air Pb.
®In(PbB) = In(PbA) x 0.3485 + 2.853
‘In(PbB) = In(PbA) x 0.2159 + 2.620
Yn(PbB) = IN(PbA) x 0.24 + 3.17

°PbB = PbA x 7.0

fobserved blood Pb values not provided; data are for regressed adjusted blood Pb.

%PbB = PbA x 8.6

"Based on data for the U.S. [1986 Pb AQCD, (U.S. EPA, 1986a)].

'PbB =Pb A x 3.6

GM, geometric mean; GSD, geometric standard deviation; PbB, blood Pb concentration (ug/dL); PbA, air-Pb concentration (ug/m3)

November 2012

2-66

Draft — Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=56932
http://hero.epa.gov/index.cfm?action=search.view&reference_id=50824
http://hero.epa.gov/index.cfm?action=search.view&reference_id=49335
http://hero.epa.gov/index.cfm?action=search.view&reference_id=625648
http://hero.epa.gov/index.cfm?action=search.view&reference_id=710341
http://hero.epa.gov/index.cfm?action=search.view&reference_id=73120
http://hero.epa.gov/index.cfm?action=search.view&reference_id=56932
http://hero.epa.gov/index.cfm?action=search.view&reference_id=710341

© 00 N oo O A W DN P

e =
N B O

13
14
15
16
17
18
19
20

21
22
23
24
25
26
27

28
29
30
31
32
33

2.9.3 Concentration-Response Relationships for Human Health Effects

November 2012

Concentration response (C-R) relationships have been examined most extensively in
studies of neurodevelopmental effects in children. Although relatively few studies
examined the shape of the concentration-response relationship between Pb in blood or
bone and effects in adults, several recent studies of adult endpoints (i.e., cognitive
function, cardiovascular and mortality effects) add to the evidence. Some of the
populations examined (e.g., NHANES, NAS) are likely to have had higher past than
recent Pb exposure. Other populations (e.g., worker populations) studied have ongoing
exposure to Pb. As described elsewhere in the document (Sections 4.3, 5.3, 5.4, and 5.5),
the interpretation of the study findings depends on the exposure history and the choice of
the biomarker in the context of what is known about that exposure history. There is
uncertainty regarding the frequency, duration, timing and level of exposure contributing
to the blood Pb or bone Pb levels in the adult populations studied.

Cognitive and Behavioral Effects in Children

With each successive Pb AQCD and supplement, the epidemiologic and toxicological
study findings show that progressively lower blood Pb levels or Pb exposures are
associated with cognitive deficits in children (Section 5.3.13). For example, effects were
observed in association with blood Pb levels in the range of 10-15 pg/dL in the 1986
Addendum (U.S. EPA, 1986¢) and 1990 Supplement (U.S. EPA, 1990a), and 10 ug/dL
and lower in the 2006 Pb AQCD (U.S. EPA, 2006b). No evidence of a threshold for the
effects of Pb on neurodevelopmental effects has been reported across the range of blood
Pb levels examined in epidemiologic studies.

Compelling evidence for a larger decrement in cognitive function per unit increase in
blood Pb among children with lower mean blood Pb concentrations compared to children
with higher mean blood Pb concentrations was presented in the 2006 Pb AQCD. This
evidence was based on the international pooled analysis of seven prospective cohort
studies by Lanphear et al. (2005), a subsequent reanalysis of these data focusing on the
shape of the concentration response function (Rothenberg and Rothenberg, 2005), and
several individual studies (Section 5.3.16, Figure 5-16, and Table 5-16).

Attenuation of concentration-response (C-R) relationships at higher exposure or dose
levels has been reported in the occupational literature for a range of exposures. Reasons
proposed to explain the attenuation include greater exposure measurement error and
saturation of biological mechanisms at higher levels as well depletion of the pool of
susceptible individuals at higher exposure levels (Stayner et al., 2003). Explanations
specific to nonlinear relationships observed in studies of Pb exposure in children include
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a lower incremental effect of Pb due to covarying risk factors such as low SES, poor
caregiving environment, and higher exposure to other environmental factors (Schwartz,
1994), differential activity of mechanisms at different exposure levels, and confounding
by omitted or misspecified variables. Review of the evidence did not reveal a consistent
set of covarying risk factors to explain the differences in blood Pb 1Q C-R relationship
across high and low Pb exposure groups observed in epidemiologic studies. Nonlinear
concentration-response relationships including U- or inverted U-shaped curves for
various endpoints, including those related to cognitive impairment were demonstrated in
the toxicological literature. However, these toxicological findings are distinct from
epidemiologic findings of supralinear relationships in that some U- or inverted U-shaped
relationships do not indicate Pb-induced impairments at higher exposure concentrations.

The supralinear relationship reported in multiple prospective studies does not provide
evidence supporting a threshold for Pb-associated cognitive function decrements. As
detailed in Section 5.3.13, higher age 2 year blood Pb levels were associated with FSIQ
decrements in children aged 10 years whose blood Pb levels were in the range of

1.0-9.3 pg/dL, e.g.(Bellinger, 2008). Supporting evidence was provided by Pb-associated
decrements in academic performance observed in fourth grade children with earlier
childhood blood Pb levels 2 pg/dL versus 1 pg/dL (Miranda et al., 2009; 2007a). The
lack of a reference population with blood Pb levels reflecting pre-industrial Pb exposures
limits the ability to identify a threshold in the current population. Toxicological studies

showed that lower Pb exposures (e.g., 50 ppm in drinking water) induced learning and
memory impairments in animals compared to control exposures or higher Pb exposures
(e.g., 150 ppm). Additional toxicological evidence suggests that mechanisms may be
differentially activated at lower and higher Pb exposures, and reduced long-term
potentiation (LTP) and hippocampal glutamate release with lower Pb exposures may
provide explanation for impaired learning and memory with lower Pb exposures.

Studies of Pb Effects in Adults

The shape of the C-R function (e.g., linear versus non-linear) was not examined in most
studies of the association of Pb biomarkers with cognitive function in adults

(Sections 5.3.2.7 and 5.3.13). Log-linear models were used to fit the data in NHANES
analyses. Nonlinearity in the relationship between bone Pb and cognitive function among
participants in the BMS and NAS cohorts was examined with the use of quadratic terms,

penalized splines, or visual inspection of bivariate plots. There was some evidence for
nonlinearity in prospective analyses of the NAS cohort (Figure 5-8 and Figure 5-9), but

not all results indicated a larger decrement in cognitive function per unit increase in bone
Pb level in lower bone Pb groups. In the BMS cohort, statistical tests of nonlinearity
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indicated that a linear model fit the relationship between tibia Pb level and various tests
of cognitive function.

A meta-analysis of human studies found that each doubling of blood Pb level (between 1
and >40 ug/dL measured concurrently in most studies of adults for which past exposures
were likely higher than current exposures) was associated with a 1 mmHg increase in
systolic BP and a 0.6 mmHg increase in diastolic BP (Nawrot et al., 2002). In this
analysis, effect sizes were adjusted for the purpose of pooling them depending on

whether a linear or log (common or natural) linear model was used. The functional form
of the C-R relationship was examined in few individual studies of cardiovascular effects
(Section 5.4.2.1). Weaver (2010), reported that a logarithmic function of blood Pb level
better described data from a cohort of Korean workers than the linear form. Only a small
number of studies that focused on Pb-induced hypertension in experimental animals have
included more than two exposure concentrations; however these studies appear to have a
supralinear concentration-response (Figure 5-21).

Studies investigating both all-cause and cardiovascular mortality report both linear and
non-linear relationships (Section 5.4.5). Although associations a re consistently reported,
findings regarding the shape of C-R relationship between blood Pb level and mortality in
NHANES analyses were mixed. In the NAS cohort, C-R relationships between bone Pb
and mortality were approximately linear for patella Pb on the log(heart rate [HR]) scale
for all cardiovascular disease (CVD), but appear nonlinear for IHD (Weisskopf et al.,
2009). It is important to note the wide confidence limits, which increase uncertainty at the

lower and upper bounds of patella Pb levels. The strongest associations were observed
between mortality and baseline patella Pb concentration while tibia Pb levels were more
weakly associated with CVD mortality. Tibia bone Pb level is thought to reflect a longer
cumulative exposure period than is patella bone Pb level because the residence time of Pb
in trabecular bone is shorter than that in cortical bone.

294 Patterns of Pb Exposure and Neurodevelopmental Deficits in Children

November 2012

Blood Pb, which is the most common biomarker of exposure used in epidemiologic
studies of children, is an integrative measure that does not allow aspects of exposure such
as frequency, timing, duration, and level to be distinguished. Exposure metrics based on
blood Pb measurements at different ages in childhood are typically highly correlated.
Analyses of serial blood Pb concentrations measured in longitudinal epidemiologic
studies find relatively strong correlations (e.g., r = 0.5-0.8) among each child’s individual
blood Pb concentrations measured after 6-12 months of age. (Section 4.3.2).
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Consequently, it is difficult to distinguish the relative importance of various exposure
metrics in both cross-sectional and longitudinal studies of the effect of Pb in children.

As discussed in Section 4.3.5, blood Pb may reflect both recent exposures as well as past
exposures since Pb is both taken up by and released from the bone. The relative
proportion of blood Pb from recent versus past exposure is uncertain in the absence of
specific information about the pattern of exposure contributing to observed blood Pb
levels. This uncertainty is greater in adults and older children than in young children who
do not have lengthy exposure histories. Several lines of evidence, which are summarized
below, inform the interpretation of epidemiologic studies of young children with regard
to the patterns of exposure that contribute to observed health effects. See Section 5.3.12
for additional details on specific studies that form the evidence base on lifestage of
exposure and neurodevelopmental deficits.

Epidemiologic studies consistently show that blood Pb levels measured during lifestages
throughout childhood, as well as averaged over multiple years during childhood, are
associated with cognitive function decrements and increases in attention-related
behaviors (Section 5.3.12). Evidence in animals also indicates that Pb exposures during
multiple lifestages, including prenatal only, prenatal plus lactational, postnatal only,
lifetime are observed to induce impairments in learning in rodents and monkeys (Rice,
1992b, 1990; Rice and Gilbert, 1990b). These findings are consistent with the
understanding that the nervous system continues to develop (i.e., synaptogenesis and
synaptic pruning remains active) throughout childhood and into adolescence.

The international pooled analysis of seven prospective studies found that increments in
concurrent and peak blood Pb levels were associated with a decrease in FSIQ measured
between ages 5 and 10 years (Lanphear et al., 2005). In individual studies, postnatal
(early childhood and concurrent) blood Pb levels are also consistently associated with
cognitive function decrements in children and adolescents (Figure 5-2, Table 5-3, Table
5-14).

Although concurrent blood Pb levels in children are highly affected by recent exposure,
they are also influenced by past/prenatal exposure due to the rapid growth-related bone
turnover in children. Thus, concurrent blood Pb level in children also may reflect
cumulative dose (Section 4.3.5.1). Animal toxicology data indicate that developmental Pb
exposures creating steady-state blood-Pb concentrations of ~10 pg/dL result in behavioral
impairments that persist into adulthood in rats and monkeys. In rats, neurobehavioral
deficits that persisted well into adulthood were observed with prenatal, preweaning, and
postweaning Pb exposure. In monkeys, such impaired learning and short-term memory at
when tested at 7 to 8 years (Rice and Karpinski, 1988) and impairments in attention

when tested at 9 to 10 years (Gilbert and Rice, 1987) were observed with Pb exposure
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that did not begin until postnatal day 400 and that produced peak blood-Pb levels
<15 pg/dL and steady-state levels ~11 ng/dL, indicating that postnatal juvenile Pb
exposures were sufficient to produce neurodevelopmental deficits.

Pb can cross the placenta to affect the developing fetal nervous system and fetal Pb
exposure can occur from recent maternal exposure or from mobilization of bone Pb stores
from past exposures (Section 4.2.2.4). In very young children, ages <2 years, decrements
in mental development, as assessed with MDI, was associated with higher prenatal
(maternal and cord) and concurrent blood Pb levels (Section 5.3.2.2). Thus, both
postnatal child and maternal Pb exposures may contribute to neurodevelopmental effects
in children from infancy to age 2 years.

There is some evidence that the relative influence of maternal Pb levels on postnatal
blood Pb level is substantially reduced soon after birth (Section 4.4). There was also a
good correlation between child blood Pb level and child hand Pb loading (R? = 0.70) in a
study following children living in a contaminated area, indicating the influence of
concurrent Pb exposures on blood Pb during the early childhood years (Simon et al.
2007). In another study (Carbone et al., 1998) blood Pb levels of infants aged 6-12
months were significantly lower than their neonatal cord blood Pb levels (2.24 ug/dL

versus 4.87 ug/dL). Among infants born with blood Pb levels of greater than 7 pg/dL,
who were followed for a week, there was a dramatic drop in the blood Pb (Carbone et al.
1998).

295 Reversibility and Persistence of Neurotoxic Effects of Pb
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The 2006 Pb AQCD concluded that the human and animal evidence suggest that the
neurotoxic effects of Pb are not generally reversible (U.S. EPA, 2006b). Chelation studies

in humans and animals show that chelation decreases total body Pb burden, but does not
necessarily exert evident effects on Pb-induced cognitive deficits. For example, analysis
of multi-center study data indicates that medical interventions involving chelation therapy
(e.g., Succimer use) do not fully reverse cognitive deficits associated with early Pb
exposure (Liu et al., 2002).

The persistence of neurodevelopmental effects from comparatively low-level Pb
exposure was also considered in the 2006 Pb AQCD (U.S. EPA, 2006b), with some
evidence suggesting that the effects of Pb on neurodevelopmental outcomes persisted into
adolescence and young adulthood. The toxicological evidence continues to support a
range of effects with prenatal and early postnatal Pb exposures that persist to adulthood
(Sections 5.3.2.3 and 5.3.3.1). A number of mechanisms, including changes in
neurogenesis, synaptogenesis and synaptic pruning, long term potentiation, and
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neurotransmitter function have been identified that provide biological plausibility for
epidemiologic and toxicological findings of persistent cognitive and behavioral effects
that result from Pb exposures during prenatal and early childhood periods. Furthermore,
the normal dynamic and rapid rate of development that occurs early in life in the CNS
makes insults early in life especially problematic in that they can permanently change the
trajectory of brain development such that there are little or no compensatory pathways to
replace the lost potential for proper brain development (Bayer, 1989).

The persistence of effects appears to depend on the duration and window of exposure as
well as other factors that may affect an individual’s ability to recover from an insult.
There is evidence that some cognitive effects of prenatal Pb exposure may be transient
and that recovery is greater among children reared in households with more optimal
caregiving characteristics and in children whose concurrent blood Pb levels were low
(Bellinger et al., 1990); the animal toxicology literature supports these findings using
studies of Pb-exposed animals that live in enriched environments.

Toxicological studies in the 2006 Pb AQCD highlighted the importance of Pb exposure
during early life in promoting Alzheimer’s-like pathologies in the adult rodent brain, with
Pb-induced neurodegeneration and formation of neurofibrillary tangles in aged animals in
which blood Pb levels had returned to control levels after an earlier life Pb exposure
(U.S. EPA, 2006b). Sensitive windows of early life Pb exposure or a Pb biomarker and
have been associated with persistent changes in adulthood as demonstrated with animal
models of neurodegeneration, i.e., neurofibrillary tangle formation. These effects are not
reflective of concurrent blood-Pb levels at the age of manifestation of the pathology but
instead are associated with an earlier life Pb exposure.

2.9.6 Populations Potentially At-Risk for Health Effects

November 2012

The NAAQS are intended to protect public health with an adequate margin of safety. In
so doing, protection is provided for both the population as a whole and those groups
potentially at increased risk for health effects from exposure to the air pollutant for which
each NAAQS is set (Preface to this ISA). To facilitate the identification of populations at
increased risk for Pb-related health effects, studies have evaluated various factors that
may contribute to susceptibility and/or vulnerability to Pb. These characteristics include
various factors, such as genetic background, race and ethnicity, sex, age, diet, pre-
existing disease, SES, and characteristics that may modify exposure or the response to
Pb. Table 2-7 (Table 6-5) provides an overview of the factors examined as potentially
increasing the risk of Pb-related health effects based on the recent evidence integrated
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across disciplines. They are classified according to the criteria discussed in the

introduction to Chapter 6.

Table 2-7  Summary of evidence for factors that potentially increase the risk of

Pb-related health effects.

Factor Evaluated

Classification

Childhood (Sections 6.2.1, 6.3.1) Adequate
Older Adulthood (Sections 6.2.1.2, 6.3.1.2) Suggestive
Sex (Sections 6.2.2, 6.3.2) Suggestive
Genetics (Sections 6.3.3) Suggestive
Pre-existing Disease® (Section 6.3.4) Suggestive
Smoking Status (Section 6.3.5) Inadequate
Socioeconomic Status (SES) (Sections 6.2.4, 6.3.6) Suggestive
Race/Ethnicity (Sections 6.2.3, 6.3.7) Adequate
Proximity to Pb Sources (Section 6.2.5) Adequate
Residential Factors (Section 6.2.6) Adequate
Body Mass Index (BMI) (Section 6.3.8) Inadequate
Alcohol Consumption (Section 6.3.9) Inadequate
Nutrition (Section 6.3.10) Adequate
Stress (Section 6.3.11) Suggestive
Maternal Self-Esteem (Section 6.3.12) Inadequate
Cognitive Reserve® (Section 6.3.13) Inadequate
Other Metals (Section 6.3.14) Suggestive

possible mediator

In consideration of the evidence base as a whole (e.g., stratified and longitudinal
analyses) and integrating across disciplines of toxicokinetics, exposure, and health, there
is adequate evidence to conclude that children are an at-risk population. It is recognized
that Pb can cross the placenta and affect the developing nervous system of the fetus
(Section 4.2.2.4). Children may have increased exposure to Pb compared with adults
because children’s behaviors and activities (including increased hand-to-mouth contact,
crawling, and poor hand-washing), differences in diets, and biokinetic factors. There is
evidence of increased risk to the neurocognitive effects of Pb exposure during several
lifestages throughout gestation, childhood, and into adolescence (Section 5.3.12).
Findings from magnetic resonance imaging (MRI) studies indicate that normal brain
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development remains dynamic throughout adolescence, and epidemiologic studies have
linked concurrent blood Pb level (as well as other blood Pb metrics) in adolescents to
decrements in cognitive function and delinquent or criminal behavior (Section 5.3.4).
Delays in puberty onset (Section 5.8.1), and renal effects (Section 5.5.2.2), are also
observed in association with concurrent blood Pb level in cross-sectional studies of
adolescents. Since the populations of older children in these studies generally had higher
past exposures, the current evidence does not clearly establish the link between a time
and duration of exposure during adolescence and the observed health effects in the
adolescent populations studied. Elevated biomarkers levels, which may be related to
remobilization of stored Pb during bone loss and/or higher historical Pb exposures, are
observed in older adults. Studies of older adults report inconsistent findings for effect
measure modification of Pb-related mortality by age and no modification of other health
effects studied. However, toxicological studies support the possibility of age-related
differences in Pb-related health effects. The overall evidence, based on limited
epidemiologic evidence but support from toxicological studies and differential exposure
studies, is suggestive that older adults are potentially at risk of Pb effects. However, there
are uncertainties related to the exposure profile associated with the effects in older
populations.

The evidence regarding the other at-risk factors listed in the table above is summarized in
detail in Section 6.4. Some studies suggest that males at some ages have higher blood Pb
levels than comparably aged females; this was supported by stratifying the total sample
of NHANES subjects. Sex-based differences appeared to be prominent among the
adolescent and adult age groups but were not observed among the youngest age groups
(1-5 years and 6-11 years). Studies of effect measure modification of Pb and various
health endpoints by sex were inconsistent; although it appears that there are some
differences in associations for males and females. This is also observed in toxicological
studies. Overall, there is suggestive evidence to conclude that sex is a potential at-risk
factor, with males, adolescents, and adults typically demonstrating higher blood Pb
levels, although evidence regarding health outcomes is limited due to inconsistencies
between whether males or females are at greater risk of certain outcomes.

Regarding race and ethnicity, recent data suggest that the difference in blood Pb levels
between black and white subjects is decreasing over time, but black subjects still tend to
have higher Pb body burden and Pb exposures than white subjects. Compared to whites,
non-white populations were observed to be more at risk of Pb-related health effects.
Studies of race/ethnicity provide adequate evidence that race/ethnicity is an at-risk factor
based on the higher exposure observed among non-white populations and some
modification observed in studies of associations between Pb levels and health effects. For
example, Muntner et al. (2005) reported modification by race/ethnicity in an analysis of
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hypertension among NHANES II1 participants. In comparisons of the highest quartile of
blood Pb to the lowest, the odds ration for hypertension was 1.54 (95% ClI: 0.99, 2.39)
among Mexican Americans, 1.44 (95% CI: 0.89, 2.32) among Non-Hispanic Blacks and
1.10 (95% 0.87, 1.41) among Non-Hispanic Whites.

The gap between SES groups with respect to Pb body burden appears to be diminishing.
However, biomarkers of Pb exposure have been shown to be higher among lower SES
groups even in recent studies in which differences among SES groups have lessened.
Studies of SES and its relationship with Pb-related health effects are few and report
inconsistent finding regarding low SES as a potential at-risk factor. Overall, the evidence
is suggestive that low SES is a potential at-risk factor for Pb-related health effects.

There is adequate evidence that proximity to areas with Pb sources, including areas with
large industrial sources, is associated with increased Pb exposure. Relatively high
concentrations of ambient air Pb have been measured near sources, compared with large
urban areas without sources and high Pb exposures have been documented near
Superfund sites. NHANES analyses report increased Pb biomarker levels related to
increase house dust Pb levels, homes built after 1950, and renovation of pre-1978 homes.
Thus, there is adequate evidence that residing in a residence with sources of Pb exposures
will increase the risk of Pb exposure and associated health effects.

There is suggestive evidence to conclude that various genes potentially modify the
associations between Pb and health effects. Epidemiologic and toxicological studies
reported that ALAD variants may increase the risk of Pb-related health effects. Other
genes examined that may also affect risk of Pb-related health effects were VDR, DRD4,
GSTM1, TNF-a, eNOS, and HFE. Overall the interaction between genes and Pb
exposure were examined in a small number of studies and these types of analysis are
potentially vulnerable to type Il error if multiple statistical tests are conducted. However,
there may be a large potential impact of Pb exposure in specific at-risk populations
carrying specific gene variants. For example, Scinicariello et al. (2010) found that Non-
Hispanic white carriers of the ALAD2 genetic variant in the highest blood Pb quartile had
a 2-fold higher risk of hypertension compared with ALAD1 homozygous individuals
(OR=2.00 95%CI: 1.12, 3.55). No evidence of effect modification of the association of
Pb with blood pressure by ALAD was observed in an occupational study of Korean

Pb workers, however (Weaver et al., 2008). NAS subjects with the H63D polymorphism
of the HFE gene an IQR had a larger Pb-associated increase in pulse pressure compared
to those with the C282Y variant [i.e., 3.3 mmHg increase (95%CI: 0.16, 6.46) versus an
0.89 mmHg increase (95%CI 0-5.24) (Zhang et al., 2010a)].

Diets sufficient in minerals such as calcium (Ca?"), iron (Fe), and zinc (Zn) offer some
protection from Pb exposure by preventing or competing with Pb for absorption in the Gl
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tract. Additionally, those with iron deficiencies were observed to be an at-risk population
for Pb-related health effects in both epidemiologic and toxicological studies. Thus, there
is adequate evidence across disciplines that some nutritional factors contribute to a
population being at increased risk. Other nutritional factors, such as Ca®*, Zn, and protein
intake, demonstrated the potential to modify associations between Pb and health effects
in toxicological studies. Recent epidemiologic studies of these factors were either not
performed or observed no effect modification. Folate was also examined in an
epidemiologic study of birth size but no interaction was reported between Pb and folate.

There was suggestive evidence for several other factors as potentially increasing the risk
of Pb-related health effects: pre-existing diseases/conditions, stress, and co-exposure with
other metals. Pre-existing diseases/conditions have the potential to affect the risk of
Pb-related health effects. Recent epidemiologic studies did not support modification of
associations between Pb and health endpoints (i.e., mortality, HRV) by the prevalence of
diabetes; however, past studies have found individuals with diabetes to be an at-risk
population with regard to renal function. Studies of Pb levels and both renal effects and
heart rate variability demonstrated greater odds of the associations among hypertensive
individuals compared to those that are normotensive. Stress was evaluated as a factor that
potentially increases the risk of Pb-related effects on cognitive function in adults and
hypertension and although limited by the small number of epidemiologic studies,
increased stress was observed to exacerbate the effects of Pb. Toxicological studies
supported this finding. High levels of other metals, such as Cd and Mn, were observed to
result in greater effects for the associations between Pb and various health endpoints
(e.g., renal function, cognitive function in children) but overall the evidence was limited.
Finally, there was inadequate evidence to conclude that smoking, BMI, alcohol
consumption, maternal self-esteem, and cognitive reserve are potential at-risk factors due
to limited quantities of studies regarding their effect on Pb-related health outcomes.

29.7 Ecological Effects and Corresponding Pb Concentrations

November 2012

There is limited evidence to relate ambient air concentrations of Pb to levels of deposition
onto terrestrial and aquatic ecosystems and to subsequent movement of
atmospherically-deposited Pb through environmental compartments (e.g., soil, sediment,
water, biota). The proportion of observed effects of Pb attributable to Pb from
atmospheric sources is difficult to assess due to a lack of information not only on
bioavailability, as affected by the specific characteristics of the receiving ecosystem, but
also on deposition, and on Kinetics of Pb distribution in ecosystems in long-term exposure
scenarios. Therefore, the connection between air concentration and ecosystem exposure
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continues to be poorly characterized for Pb, and the contribution of atmospheric Pb to
specific sites is not clear.

Furthermore, the level at which Pb elicits a specific effect is difficult to establish in
terrestrial and aquatic systems, due to the influence of other environmental variables on
both Pb bioavailability and toxicity, and also to substantial species differences in Pb
susceptibility. Current evidence indicates that Pb is bioaccumulated in biota; however,
the sources of Pb in biota have only been identified in a few studies, and the relative
contribution of Pb from all sources is usually not known. There are large differences in
species sensitivity to Pb, and many environmental variables (e.g., pH, organic matter)
determine the bioavailability and toxicity of Pb.

2.10 Summary

November 2012

Table 2-8 characterizes the evidence in the 2006 Pb AQCD (U.S. EPA, 2006b) and
previous assessments and compares it to the evidence evaluated in the current
assessment. Evidence regarding both the health and ecological effects of Pb are
summarized. The purpose of the table is to highlight the extent to which recent evidence
may contribute to current conclusions. The critical assessment of body of evidence as a
whole, however, is discussed in Chapter 5 and Chapter 7 of this document, and
summarized in Sections 2.6 and 2.7. For the health effects evidence, population mean
blood Pb levels are included for studies of children, along with the mean age or range of
ages included in the study, because there is less uncertainty regarding the exposure
patterns contributing to the mean blood Pb levels reported in studies of younger
populations. With regard to ecological effects, evidence pointing to responses in species
at ambient or near ambient concentrations is highlighted in the table.
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Table 2-8

Summary of evidence from epidemiologic, animal toxicological and

ecological studies on the effects associated with exposure to Pb.

Endpoint

Evidence in the 2006 Pb AQCD

Evidence in the (2012-3rd Draft) Pb ISA

Health Outcomes:

Nervous System Effects

Cognitive Function
in Children

The “overall weight of the available evidence
provides clear substantiation of neurocognitive
decrements being associated in young children with
blood-Pb concentrations in the range of 5-10 pg/dL,
and possibly lower”. Prenatal, early childhood,
lifetime average, and concurrent blood Pb levels
were associated with decrements in 1Q, learning
and memory; however, concurrent blood Pb level
was the strongest predictor.

Recent epidemiologic studies in children continue to
demonstrate associations of concurrent blood Pb
level with 1Q decrements; most recent evidence
describes associations of concurrent blood Pb
levels with decrements in cognitive abilities related
to memory, executive function, and academic
performance. These associations were found in
populations with mean blood Pb levels 2-7 pg/dL.

Attention-Related

Several epidemiologic studies reported

Recent studies in children continue to support

Behavioral associations between blood and tooth Pb levels associations of blood Pb levels with inattention and
Problems in and inattention and impulsivity in children ages 8-17  hyperactivity in children ages 8-17 years. In several
Children years and young adults 19-20 years. Most studies recent studies, associations were found with
examined blood Pb levels measured earlier in concurrent blood Pb in populations with mean blood
childhood (means ~11-14 pg/dL), tooth Pb, or bone  Pb levels 1-5 pg/dL; however, the influence of
Pb. The few studies of concurrent blood Pb levels higher past Pb exposures in these older children
did not find associations with inattention in children cannot be excluded. A few case-control studies
ages 5 years. There were no studies specifically found higher concurrent blood Pb levels in children
examining ADHD diagnosis. Uncertainty remained with ADHD.
regarding whether Pb exposure was an
independent predictor of neurobehavioral effects.
Prenatal and postnatal Pb exposure was found to
reduce ability to inhibit inappropriate responding
and increase distractibility in animals.
Internalizing Several prospective studies reported associations The few recent available studies found associations
Behaviors in of concurrent, childhood average, tooth, and bone between concurrent blood Pb level and higher
Children Pb levels with parent or teacher ratings of ratings of internalizing behaviors in children ages

withdrawn behavior, depression-like symptoms,
fearfulness, and anxiety in children ages 3-13
years.

3-13 years but had limited implications because of
lack of representativeness of populations and/or
limited consideration for potential confounding,

Misconduct in
Children and Young
Adults

Several epidemiologic studies reported
associations between Pb exposure and conduct
problems as rated by parents and teachers and
criminal offenses in children, adolescents, and
young adults. Most studies examined blood Pb
levels measured earlier in childhood (means

~10 pg/dL), tooth Pb, or bone Pb. There was little
examination of concurrent blood Pb levels.

Recent studies in children continue to support
associations of parent and teacher ratings of
conduct problems with early childhood blood Pb
levels and provide new evidence for concurrent
blood Pb levels. Additional follow-up of previous
cohorts to older ages, support associations of early
childhood blood Pb levels or tooth Pb levels with
criminal offenses in adults ages 19-24 years.

Sensory Function
Decrements in
Children

The selective action of Pb on retinal rod cells and
bipolar cells (e.g., ERG effects) is well documented
in earlier AQCDs. Developmental Pb exposure
reduced visual acuity in animals. There was
coherence between the extensive animal and the
limited available human literature reporting
associations between concurrent blood Pb levels
(population means 7-12 pg/dL) and increased
hearing thresholds in children.

The few available recent epidemiologic studies on
sensory organ function in children examined
children with high blood Pb levels (means

>30 pg/dL) and did not consider potential
confounding. Early postnatal Pb exposure of
monkeys (blood Pb level 35-40 pg/dL increased
hearing thresholds and decreased visual acuity.
Retinal effects were found in male rodents with
gestation/early postnatal Pb exposure producing
lower blood Pb levels (~12 pg/dL) than those at
which effects had been previously reported.

Motor Function
Decrements in
Children

November 2012

A small number of studies indicated associations of
earlier childhood average, lifetime average, and
concurrent blood Pb levels (means: 5-12 pg/dL)
with poorer fine and motor function in children ages
4-17 years. The few toxicological studies did not
consistently find Pb-induced impairments in
balance and coordination in animals with blood Pb
levels >60 pg/dL.

2-78

The few recent epidemiologic studies did not
consistently find associations between concurrent
blood Pb level and decrements in fine motor
function. A toxicological study found poorer balance
in male mice with gestational plus lactational Pb
exposure (blood Pb level: 33-42 pg/dL).
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Endpoint

Evidence in the 2006 Pb AQCD

Evidence in the (2012-3rd Draft) Pb ISA

Cognitive Function
Decrements in
Adults

Among environmentally-exposed adults, bone Pb
levels but not blood Pb levels were associated with
poorer cognitive performance. These findings point
to an effect of long-term cumulative Pb exposure.

Recent studies support previous evidence. Recent
prospective studies provide new evidence of
associations of bone Pb levels with subsequent
declines in cognitive function in environmentally-
exposed adults over 3-4 year periods. However, as
these outcomes are observed in adults with likely
higher past Pb exposures, uncertainty exists as to
the Pb exposure level, frequency, duration, and
timing contributing to the observed associations

Psychopathological
Effects in Adults

Environmentally-exposed adults were not widely
examined; however a study found associations of
concurrent blood and tibia Pb level with self-
reported symptoms of depression and anxiety in
men. Several studies found higher prevalence of
symptoms related to mood disorders and anxiety in
Pb-exposed workers with mean blood Pb levels
15-38 pg/dL.

Concurrent blood Pb levels were associated with
symptoms of major depressive disorder and general
anxiety disorder among men and women
participating in NHANES.

Sensory Function
Decrements in

A few studies found blood Pb level or cumulative Pb
exposure duration to be associated with increased

A prospective study found higher tibia Pb level to be
associated with a faster rate of increase in hearing

Adults hearing thresholds and hearing loss in Pb-exposed threshold in environmentally-exposed men over a
workers. median of 23 years.

Neurodegenerative  In the limited body of epidemiologic studies, The few case-control studies reported associations

Diseases occupational Pb exposure and brain Pb levels were  of bone Pb levels with Parkinson’s disease in

not associated with Alzheimer’s disease. Blood Pb
levels were not consistently associated with
Amyotrophic Lateral Sclerosis among
environmentally-exposed adults. A few studies
found associations between occupational Pb
exposure and Parkinson’s disease and blood Pb
levels and essential tremor. Each study had
sufficient limitations. Toxicological studies found
Pb-induced neuronal cell death loss.

environmentally-exposed adults and blood Pb
levels with Amyotrophic Lateral Sclerosis and
essential tremor. Limitations of previous studies
apply to the recent evidence. Recent toxicological
evidence suggests that early-life, not adult-only Pb
exposure may be associated with
neurodegeneration in adult animals.

Cardiovascular Effects

Hypertension

A meta-analysis of numerous epidemiologic studies
estimated that a doubling of blood Pb level

(e.g., from 5 to 10 pg/dL) was associated with a

1 mmHg increase in systolic BP and a 0.6 mmHg
increase in diastolic BP.”

Epidemiologic studies consistently demonstrated
associations between Pb and incidence of
hypertension with suggestive evidence that bone
Pb may be associated with hypertension. Animal
studies demonstrated that long-term exposure to
Pb resulted in hypertension that persisted after
cessation of exposure.

Recent epidemiologic and toxicological studies
continue to support associations between long-term
Pb exposure and increased BP. Associations of
increased BP with blood and bone Pb
concentrations are observed in populations with
lower mean blood Pb levels.

Recent studies, including those using bone Pb as a
metric of cumulative exposure, continue to
demonstrate associations of hypertension with Pb
levels in adults at lower population Pb
concentrations. Recent studies have emphasized
the interaction of cumulative exposure to Pb with
other factors including stress.

Subclinical
Atherosclerosis

One NHANES analysis reported an association of
blood Pb with PAD

Limited evidence for Pb-induced subclinical
atherosclerosis, including one high-quality
epidemiologic study that reports an increasing trend
in the odds of PAD and concurrent blood Pb level in
adults. Recent toxicological studies describe a
plausible biological mechanism.

Coronary Heart
Disease

The evidence for an association of Pb with
cardiovascular mortality was limited but supportive.
A few cross-sectional studies indicated
associations between Pb biomarker levels and
increased risk of CHD outcomes (i.e., Ml and left
ventricular hypertrophy).

Recent studies address limitations of previous
studies and provide additional evidence for an
association of Pb with cardiovascular mortality in
adults. Specific causes of mortality that were
associated with Pb could be related to increased BP
and hypertension.

Cerebrovascular
Disease

No evidence available on the risk of
cerebrovascular disease from Pb exposure.

Limited, mixed evidence for increased risk of
mortality from stroke.

Renal Effects

Reduced Kidney

Circulating and cumulative Pb was associated with

Recent epidemiologic and toxicological studies

Function longitudinal decline in renal function in adults. evaluated in the current review support or expand
Toxicological studies demonstrated that initial upon the strong body of evidence indicating that Pb
accumulation of absorbed Pb occurred primarily in exposure is associated with kidney dysfunction
the kidneys and noted a hyperfiltration (e.g., lower creatinine clearance, higher serum
phenomenon during the first 3 months of exposure,  creatinine, and lower GFR) in nonoccupationally-
followed by decrements in kidney function. exposed adults.
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Evidence in the 2006 Pb AQCD

Evidence in the (2012-3rd Draft) Pb ISA

Immune System Effects

Increases in Atopic
and Inflammatory
Conditions

Children:

Several epidemiologic studies suggested that Pb
exposure may be associated with effects on cellular
and humoral immunity in children. The principal
effects demonstrated were decreases in T cell
abundance and increases in serum immunoglobulin
E (IgE) levels with concurrent blood Pb levels

>10 pg/dL. Toxicological evidence supported these
findings with extensive evidence for prenatal and
early postnatal Pb exposures skewing toward Th2
cytokine production and affecting downstream
events such as increases in IgE and inflammation
Several toxicological studies found a Pb-induced
shift to Th2 cytokine production and a
hyperinflammatory phenotype of macrophages in
animals with long-term (>4 weeks) prenatal or
postnatal Pb exposure.

Recent studies in children added to the evidence for
associations of blood Pb levels with asthma, allergy,
and IgE. The consistency and coherence of findings
among related immune effects that support a shift
from a Thl to a Th2 phenotype supports the
biological plausibility for epidemiologic observations
of associations with asthma, allergy and
inflammation-related effects in other organ systems.

Adults:

Pb exposure-associated immune effects were not
widely examined in environmentally-exposed
adults.

A small body of recently available studies provide
new evidence for increases in cytokines and other
indicators of inflammation in association with higher
concurrent blood Pb level. Associations were
observed in populations with a wide range of mean
concurrent blood Pb levels (3-22 pg/dL). However,
as these outcomes are observed in adults with
likely higher past Pb exposures, uncertainty exists
as to the Pb exposure level, frequency, duration,
and timing contributing to the observed
associations. A few available toxicological studies
find Pb-associated increases in cytokines and
effects on dendritic cells in adult mice.

Decreases in Host
Resistance

Toxicological evidence demonstrated Pb-induced
increases in bacterial and viral infection and
suppressed DTH in animals. These effects were
supported by extensive evidence for prenatal and
early postnatal Pb exposures decreasing Thl
cytokine production, for short-term prenatal Pb
exposure decreasing nitric oxide production by
macrophages), and for long-term (>4 weeks)
exposure Pb exposure inducing a
hyperinflammatory phenotype of macrophages in
adult animals.

A few epidemiologic studies found higher
prevalence of respiratory infections in association
with higher blood Pb levels in children and
occupational Pb exposure in adults; however,
studies did not consider potential confounding.

In the large body of studies in occupationally-
exposed adults, the most consistent findings were
reduced neutrophil functionality in workers with
blood Pb levels >30 pg/dL. Environmentally-
exposed adults were not widely examined.

A small body of recent studies supports previous
findings of decreased bacterial resistance and
decreased IFN-yTh1 cytokine production in animals
and blood-Pb associated decreases in host
resistance in children. Epidemiologic evidence is
limited to an ecological study that lacked
consideration for potential confounding.

Autoimmunity

A small number of toxicological studies found that
prenatal and postnatal Pb treatment, several by i.p.
injection, increased generation of auto-antibodies.

A study found higher auto-antibodies to neural
proteins in Pb-exposed workers with blood Pb
levels 10-40 pg/dL

A recent toxicological study provided indirect
evidence by showing Pb-induced increases in the
activation of neo-antigen specific T cells, which
have the potential to induce formation of auto-
antibodies.
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Evidence in the 2006 Pb AQCD

Evidence in the (2012-3rd Draft) Pb ISA

Hematologic System

Red Blood Cell
Function and Heme
Synthesis

Children:

Pb exposure was associated with disruption in
heme synthesis with increases in blood Pb levels of
approximately 20 pg/dL sufficient to halve ALAD
activity and inhibit ferrochelatase. Risk of clinical
anemia in children becomes apparent at high blood
Pb levels: 10% probability of anemia was estimated
to be associated with ~20 pg/dL Pb at 1 year of
age, 50 pg/dL at 3 years of age, and 75 pg/dL at 5
years of age.

Recent epidemiologic studies provide strong
evidence that exposure to Pb is associated with
numerous deleterious effects on the hematological
system in children, including altered hematological
parameters (Hb, MCV, MCH, RBC count), perturbed
heme synthesis mediated through decreased ALAD
and ferrochelatase activities, and oxidative stress.

Adults:

Pb exposure was associated with disruption in
heme synthesis with increases in blood Pb levels of
approximately 20 pg/dL sufficient to halve ALAD
activity and inhibit ferrochelatase. Exposures to Pb
resulting in blood concentrations <40 pg/dL appear
to be tolerated without decreases in blood
hemoglobin or hematocrit, however changes in
erythropoiesis do occur at these blood levels.

Recent epidemiologic studies provide strong
evidence exposure to Pb is associated with
numerous deleterious effects on the hematological
system, including altered hematological parameters
(Hb, MCV, MCH, RBC count), perturbed heme
synthesis mediated through decreased ALAD and
ferrochelatase activities, decreased erythropoiesis,
and oxidative stress.

Developmental and Reproductive Effects

Development

Epidemiologic studies reported effects including
delayed puberty in girls. Animal toxicological
studies reported Pb-associated developmental
effects on teeth, sensory organs, the Gl system, the
liver, and postnatal growth. Delayed puberty was
also observed in both male and female populations
in animal toxicology studies showing associations
with dam blood Pb levels of ~40 pg/dL and pup
blood Pb levels of 26 pg/dL.

Recent toxicological and epidemiologic studies
provide strong evidence for delayed onset of
puberty in males and females. Most studies found
delayed onset of puberty was among children ages
6-18 years with mean/median blood Pb levels less
than 5 pg/dL. These findings were supported by
studies in the toxicological literature showing effects
on puberty onset at blood Pb levels of 3.5-13 pg/dL.

Birth Outcomes

Toxicological studies reviewed concluded that Pb
exposure can increase fetal mortality and produce
sublethal effects, smaller litters, reduced birth
weight, and fewer implantation sites. Epidemiologic
studies on preterm birth and low birth weight/fetal
growth reported inconsistent findings.
Epidemiologic studies reported the possibility of
small associations between increased Pb exposure
and birth defects, and toxicological studies
demonstrated associations between exposure to
high doses of Pb and increased incidences of
teratogenic effects.

Recent toxicological and epidemiological studies
have reported inconsistent findings for studies for
birth defects, preterm birth, and low birth
weight/fetal growth. A few well-conducted
epidemiologic studies of preterm birth and low birth
weight/fetal growth reported associations between
increased Pb levels and decreased gestational age
and birth weight/fetal growth.

Male Reproductive
Function

Epidemiologic evidence suggested small
associations between Pb exposure and male
reproductive outcomes including perturbed semen
quality and increased time to pregnancy.
Associations between Pb exposure and male
reproductive endocrine status were not observed in
the occupational populations studied. Toxicological
studies provided evidence that Pb produced effects
on male and female reproductive junction and
development and disrupts endocrine function.

Recent toxicological studies provide strong
evidence for effects on sperm (blood Pb levels
34-37 pg/dL). Epidemiologic studies support the
association observed in toxicological studies of Pb
exposure and detrimental effects on sperm.

Female Toxicological studies reported that Pb exposure Epidemiologic studies of Pb levels and hormones
Reproductive was associated with effects on female reproductive ~ demonstrate associations but are inconsistent
Function function that can be classified as alterations in overall and there is a lack of large, well-conducted
female sexual maturation, effects on fertility and epidemiologic studies examining associations
menstrual cycle, endocrine disruption, and changes  between Pb levels and fertility. Toxicological studies
in morphology or histology of female reproductive of Pb and effects on female reproduction
organs including the placenta. Epidemiologic demonstrate effects in some studies.
studies on Pb and female reproductive function
provided little evidence for an association between
Pb biomarkers and effects on female reproduction
and fertility.
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Evidence in the (2012-3rd Draft) Pb ISA

Cancer

Cancer Epidemiologic studies of highly exposed
occupational populations suggest a relationship
between Pb and cancers of the lung and the
stomach; however the evidence is limited by the
presence of various potential confounders,
including metal co-exposures (e.g., to As, Cd),
smoking, and dietary habits. The 2003 NTP and
2004 IARC reviews concluded that Pb and Pb
compounds were probable carcinogens, based on
limited evidence in humans and sufficient evidence
in animals. Based on animal data and inadequate
human data Pb and Pb compounds would be
classified as likely carcinogens according to the
EPA Cancer Assessment Guidelines for Carcinogen
Risk Assessment.

The toxicological literature continues to provide the
strongest evidence for Pb exposure and cancer with
supporting evidence provided by the epidemiologic
literature. Epidemiologic studies of cancer incidence
and mortality reported inconsistent results.

Ecological/Welfare Effects:

Endpoint Evidence in the 2006 Pb AQCD

Evidence in the (2012 3rd Draft) Pb ISA

Developmental and Terrestrial Organisms:
Reproductive Effects

No information on reproduction in plants.

There is an insufficient number of studies that
consider Pb effects on plant reproduction.

Limited evidence in invertebrates and vertebrates.

Recent studies in a few taxa expand the evidence
for Pb effects on developmental and reproductive
endpoints for invertebrates and vertebrates at
concentrations that generally exceed Pb levels in
U.S. soils. In some organisms, exposure-dependent
responses in development and reproductive
outcomes are observed in experiments where
exposure increases from background
concentrations to concentrations found in heavily
exposed sites near stationary sources. Data on
terrestrial species is coherent with toxicological data
from mammals in the context of human health
research.

Aquatic Organisms:

No reviewed studies on reproductive effects in
aquatic plants.

Reproductive and developmental effects reported in
a few species of invertebrates at <50 pug Pb/L and
in fish at <150 pg Pb/L

Recent evidence supports previous findings of
reproductive and developmental effects of Pb in
freshwater invertebrates and vertebrates and
differential lifestage response at near ambient
concentrations of Pb in some organisms.

Growth Terrestrial Organisms:

Pb inhibits photosynthesis and respiration in plants.

Limited evidence for growth effects in soil
invertebrates, avian and mammalian consumers.

Recent studies support previous findings of Pb
effects on plant growth, with some evidence for
exposure-dependent decreases in the biomass of
some plant species grown in Pb-amended or
Pb-contaminated soil.

Recent data for soil invertebrates supports previous
evidence of increasing effects on growth with
increasing exposure.

Limited studies considered effects on growth on
vertebrates.

Aquatic Organisms:

Evidence for growth effects in algae, aquatic plants
and aquatic invertebrates

Most primary producers experience ECs values for
growth in the range of 1,000 to 100,000 pug Pb/L

The weight of the evidence continues to support
growth effects of Pb in freshwater plants and
invertebrates. Recent studies on growth in
freshwater invertebrates find effects of Pb at lower
concentrations than previously reported.

Growth inhibition in one species of freshwater snail
was observed at <4 pg Pb/L in juveniles.

Lowest genus mean chronic value for Pb reported
at 10 pg Pb/L in a freshwater mussel.
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Endpoint Evidence in the 2006 Pb AQCD Evidence in the (2012-3rd Draft) Pb ISA
Survival Terrestrial Organisms:
No information on mortality in plants. Effects of Pb Recent studies in invertebrates and vertebrates
on invertebrates and vertebrates include decreased  support previous associations between Pb
survival. exposure and mortality.
In terrestrial and avian species toxicity was
observed in laboratory studies over a wide range of
doses (<1 to >1,000 mg Pb/kg body weighteday)
(U.S. EPA, 2005b).
Aquatic Organisms:
No studies reviewed on mortality in plants at current  The weight of evidence continues to support Pb
concentrations of Pb in the environment. effects on survival of freshwater invertebrates and
Pb impacted survival of some aquatic invertebrates ~ Vertebrates and indicates that there are effects in a
at <20 pg Pbl/L dependent upon water quality few spedues at lower concentrations than previously
variables (i.e., DOC, hardness, pH). reported.
Range of 96-hour LCs values in fathead minnow: Recent evidence for effects in a few freshwater
810->5,400 pug Pb/L ’ invertebrates: at <20 pg Pb/L
Recent evidence in freshwater fish for impacts to
survival at <100 pg Pb/L dependent upon water
quality parameters and lifestage.
96- hour LCs values as low as 41 pg Pb/L in
fathead minnows tested in natural waters from
across the U.S.
Neurobehavioral Terrestrial Organisms:
Effects

Exposure to Pb in laboratory studies and simulated
ecosystems may alter species competitive
behaviors, predator-prey interactions, and
contaminant avoidance behaviors.

Recent studies continue to support previous
evidence that Pb exposure is associated with
behavioral alterations. Recent studies identify
possible molecular targets for Pb neurotoxicity in
invertebrates and there is new evidence in a few
invertebrate and vertebrate species for behavioral
effects associated with Pb exposure (i.e., feeding
and escape behaviors).

Aquatic Organisms:

Exposure to Pb has been shown to affect brain
receptors in fish and may alter avoidance behaviors
and predator-prey interactions.

Recent studies continue to support previous
evidence that Pb exposure is associated with
behavioral alterations. Recent studies identify
possible molecular targets for Pb neurotoxicity in
fish and provide additional evidence for Pb effects
on behaviors in freshwater organisms that may
impact predator avoidance (swimming).

Hematological Effects

November 2012

Terrestrial Organisms:

Pb effects on heme synthesis were documented in
the 1986 Pb AQCD and continue to be studied in
terrestrial biota. Changes in ALAD are not always
related to adverse effects but may simply indicate
exposure. The linkage between effects of Pb on
blood parameters is well documented; however, the
linkage between hematological indicators and
ecologically relevant effects is less well understood.

Consistent with previous studies, the weight of the
evidence in recent studies continues to support
findings of Pb effects on heme synthesis and ALAD
enzyme activity. Recent studies in birds near
historical mining areas and altered serum profiles
and blood cell counts in vertebrates provide
evidence for additional species in which
hematological endpoints are potentially affected by
Pb.

Aquatic Organisms:

In metal impacted habitats, ALAD is a recognized
biomarker of Pb exposure. Changes in ALAD are
not always related to adverse effects but may
simply indicate exposure. In fish, Pb effects on
blood chemistry have been documented with Pb
concentrations ranging from 100 to 10,000 pg Pb/L.
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Consistent with previous studies, the weight of the
evidence in recent studies continues to support
findings of Pb effects on ALAD and expands this
evidence to additional species of bacteria,
invertebrates, and vertebrates as well as in recent
studies on altered blood cell counts in vertebrates.
Additional field studies in aquatic bivalves report a
correlation between Pb and ALAD activity.
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Endpoint

Evidence in the 2006 Pb AQCD

Evidence in the (2012-3rd Draft) Pb ISA

Physiological Stress

Terrestrial Organisms:

Pb exposure may cause lipid peroxidation and
changes in glutathione concentrations. There are
species differences in resistance to oxidative
stress.

Recent studies continue to support previous
associations of Pb exposure with physiological
stress. New evidence includes upregulation of
antioxidant enzymes, production of reactive oxygen
species and increased lipid peroxidation associated
with Pb exposure in additional species of terrestrial
plants, invertebrates and vertebrates. Experimental
exposures increasing from background
concentrations to concentrations found in heavily
exposed sites near stationary sources.

Aquatic Organisms:

Pb exposure associated with alterations in
enzymes involved in physiological stress
responses.

Recent studies continue to support previous
associations of Pb exposure with physiological
stress. New evidence in freshwater organisms
includes upregulation of antioxidant enzymes,
production of reactive oxygen species and
increased lipid peroxidation associated with Pb
exposure. Observed effects generally occurred at
concentrations that typically exceed Pb levels in
U.S. waters with limited evidence for effects
associated with Pb at polluted sites.

Community and
Ecosystem Level
Effects

Terrestrial Ecosystems:

Effects of Pb difficult to interpret because of the
presence of other stressors including metals. The
1986 Pb AQCD reported shifts toward Pb-tolerant
communities at 500 to 1,000 mg Pb/kg soil.

In the 2006 Pb AQCD, decreased species diversity
and changes in community composition were
observed in ecosystems surrounding former
smelters.

Recent evidence for effects of Pb in soil microbial
communities adds to the body of evidence for
effects at higher levels of biological organization. In
addition, effects of Pb uptake on reproduction,
growth, and survival at the species level are likely to
lead to effects at the population, community, and
ecosystem level. However, most evidence for Pb
toxicity to terrestrial biota is from single-species
assays, and there are important uncertainties in
generalizing from effects observed under small-
scale, controlled conditions, up to effects at the
ecosystem level of biological organization. .

Aquatic Ecosystems:

Most evidence of community and ecosystem level
effects is from near Pb sources, usually mining
effluents. Effects of Pb difficult to interpret because

of the presence of other stressors including metals.

Generally, there is insufficient information available
for single materials in controlled studies to permit
evaluation of specific impacts on higher levels of
organization (beyond the individual organism).

Recent evidence for Pb effects on sediment-
associated and freshwater aquatic plant
communities add to the body of evidence of effects
at higher levels of biological organization. However,
most evidence for Pb toxicity to aquatic biota is
from single-species assays. Uncertainties exist in
generalizing effects observed under small-scale,
predicted conditions up to effects at the ecosystem-
level however, uptake of Pb into aquatic organisms
and subsequent effects on reproduction, growth,
and survival at the species level are likely to lead to
effects at the population, community, and
ecosystem level.
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3AMBIENT LEAD: SOURCE TO CONCENTRATION

3.1 Introduction

This chapter reviews concepts and findings in atmospheric sciences that provide a
foundation for the detailed presentation of evidence of Pb exposure and Pb-related health
and ecological effects in subsequent chapters. Information in this chapter builds on
previous Pb AQCDs using more recent data and studies. This includes new knowledge of
Pb fate and transport, the latest developments in monitoring and analysis methodologies,
and recent data describing Pb concentrations as a function of size range. The chapter
focuses on Pb concentrations in the U.S. but includes non-U.S. studies to the extent that
they are informative regarding current conditions in the U.S. Description of the chemical
forms of Pb is not provided here, however, because this information is well established.
The reader is referred to the 2006 Pb AQCD for a description of the chemical forms of Pb
(U.S. EPA, 2006b).

Section 3.2 provides an overview of the sources of ambient air Pb. Section 3.3 provides a
description of the fate and transport of Pb in air, soil, and aqueous media. Descriptions of
Pb measurement methods, monitor siting requirements, and monitor locations are
presented in Section 3.4. Ambient Pb concentrations, their spatial and temporal
variability, size distributions of Pb-bearing particulate matter (PM), associations with
copollutants and background Pb concentrations are characterized in Section 3.5.
Concentrations of Pb in non-air media and biota are described in Section 3.6.

3.2 Sources of Atmospheric Pb

The following section reviews emissions estimates from the 2008 National Emissions
Inventory (NEI) data from 2008 (U.S. EPA, 2011a), augmented with information on
sources not included in the 2008 NEI version 2 and compares these emissions data with
those from previous years. This section also reviews updated information from the peer-
reviewed literature regarding sources of ambient Pb. Detailed information about
processes for anthropogenic emissions and naturally-occurring emissions can be found in
the 2006 Pb AQCD (U.S. EPA, 2006b). The papers cited herein generally utilized PM

! For presentation in this ISA, 2008 NEI, version 2 emissions estimates have been augmented with emissions
estimates from the 2008 Toxics Release Inventory for a number of additional facilities that had been estimated to
emit more than 0.5 tons per yr in 2005 and that are not included in the 2008 NEI, v2 for reasons related to the Pb
emissions reporting threshold. This issue is described (and the facilities identified) as “NEI Identified Issue” #29
under “Point Data Category” in the 2008 NEI version 2 issues file accessible from
ftp://ftp.epa.gov/Emisinventory/2008v2/doc/2008neiv2_issues.xIsx.
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sampling data, because a majority of ambient airborne Pb readily condenses to PM. The
mobile source category included combustion products from organic Pb antiknock
additives used in piston-engine aircraft (hereafter referred to piston-engine aircraft
emissions).

National Emissions Inventory

The 2006 Pb AQCD (U.S. EPA, 2006b) listed the largest sources to be (in order):
industrial-commercial-institutional boilers and process heaters (17%), coal utilities
boilers (12%), mobile sources (10%), iron and steel foundries (8%), and miscellaneous
sources from industrial processes, incineration, and utilities, each contributing less than
5% (53%). The sources listed in the 2006 Pb AQCD were based on the 2002 NEI (U.S.
EPA, 2006a). Subsequent correction of computational errors prior to completion of the
2008 NAAQS review provided corrected estimates for the 2002 inventory which
indicated the largest sources to be (in order): mobile sources from leaded aviation gas
usage in piston-engine aircraft (45%), metallurgical industries (23%), manufacturing
(14%), incineration (8%), boilers (6%), and miscellaneous sources contributing less than
5% (U.S. EPA, 2007h). The 2002 and prior year inventories discussed in this document
reflect the corrected information.

Emissions of Pb have dropped substantially over the past forty years, as shown in Figure
3-1 and Figure 3-2. The reduction before 1990 is largely due to the phase-out of Pb as an
anti-knock agent in gasoline for on-road automobiles, as discussed in the 2006 Pb AQCD
(U.S. EPA, 2006b). This action resulted in a 98% reduction in Pb emissions from
1970-1995. Total Pb emissions over the period 1995-2008 decreased an additional 76%,
from 4,100 tons in 1995 to 964 tons in 2008. Additional emissions reductions are related
to enhanced control of the metals processing industry. In 1995, metals processing
accounted for 42% (2,200 tons) of total Pb emissions. By 2008, metals processing
accounted for 17% (168 tons) of total emissions. This represented more than an order of
magnitude decrease in Pb emissions from metals processing. Emissions from piston-
engine aircraft decreased 34% over this time period. In 1990, nonroad Pb emissions were
990 tons, 830 tons of which were generated from piston-engine aircraft, and represented
19% of total Pb emissions. In 2008, nonroad Pb emissions from piston-engine aircraft
were slightly lower at 550 tons,* which represented 57% of all Pb emissions. 2008 piston-
engine aircraft emissions were comprised of 254 tons of Pb from emissions at or near
airports and 296 tons of Pb emitted in flight (i.e., outside the landing and take-off cycles).
“Miscellaneous” emissions from other industrial processes, solvent utilization,

! This reflects EPA’s best estimates of piston-engine aircraft emissions. The piston-engine aircraft emissions
inventory can be obtained from the following site: http://www.epa.gov/ttn/chief/net/2008neiv2/2008_neiv2_tsd_draft.pdf.
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agriculture, and construction constituted 3% of emissions (25 tons) in 2008 (U.S. EPA
2011a, 2008a).
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Figure 3-1 Trends in Pb emissions (thousand tons) from stationary and
mobile sources in the U.S., 1970-2008.

November 2012 3-3 Draft — Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=684241
http://hero.epa.gov/index.cfm?action=search.view&reference_id=684241
http://hero.epa.gov/index.cfm?action=search.view&reference_id=665052
http://hero.epa.gov/index.cfm?action=search.view&reference_id=684241
http://hero.epa.gov/index.cfm?action=search.view&reference_id=665052

© 00O N o 0o B~ W N -

[y
o

S
1

Pb Emissions (1,000 Tons)
(98]

]
|

W Highway Vehicles
m Metal Working and Mining
 Fuel Combustion
m Piston Engine Aircraft
M Miscellaneous
) I I
0 T T T T T l

1990 1995 1999 2002 2005 2008

Source: U.S. EPA

Figure 3-2

November 2012

(2011a, 2008a)

Trends in Pb emissions (thousand tons) from stationary and
mobile sources in the U.S., 1990-2008.

Direct emissions of Pb into the atmosphere primarily come from piston-engine aircraft,
fuel combustion, and industrial activities. Direct Pb emissions estimated by the 2008 NEI
are shown in Figure 3-3. Piston-engine aircraft produced 57% of all emissions (550 tons).
Metal working and mining contributed 168 tons (17%) of Pb emissions in 2008, followed
by fuel combustion (12%), other industry (10%), and miscellaneous contributions from
agriculture, solvent utilization, and operation of commercial marine vessels and
locomotives (3%) (U.S. EPA, 2011a). Pb emissions from the “metal working and
mining” category include the single primary Pb smelter in the U.S., the Doe Run facility
in Herculaneum, MO; secondary Pb smelters, mostly designed to reclaim Pb for use in
Pb-acid batteries; and smelters for other metals.
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Figure 3-3
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Nationwide stationary and mobile source Pb emissions (tons) in
the U.S. by source sector in 2008.

There is substantial variability in Pb emissions across U.S. counties, as shown in Figure
3-4 for the continental U.S. The emissions levels, shown in units of tons, vary over
several orders of magnitude. Ninety-five percent of U.S. counties, territories, and tribal
areas had 2008 emissions below 1 ton; 50% of counties, territories, and tribal areas had
2008 emissions below 0.041 tons. Jefferson County, MO was the highest emitting single
county, with over 20 tons of airborne Pb emissions in 2008. Jefferson County is home to
the Doe Run primary Pb smelting facility, which is the only remaining operational
primary Pb smelter in the U.S. and is planning to cease the existing smelter operations at
this site by April, 2014 (DRRC, 2010). Pb emissions from piston-engine aircraft
operating on leaded fuel are estimated to occur at approximately 20,000 airports across
the U.S. Many of the more active airports are more numerous in highly populated
metropolitan regions, which suggests that emissions from piston-engine aircraft may be
higher in these locations compared with rural areas. In twenty-five counties, piston-
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engine aircraft are estimated to emit cumulatively greater than one ton of Pb in 2008 U.S.
EPA (2011a).
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Figure 3-4
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County-level Pb emissions (tons) in the U.S. in 2008.

Figure 3-5 illustrates the locations and relative magnitude of Pb emissions for 182
facilities in the U.S. emitting 0.5 tons or more in 2008 (U.S. EPA, 2011a). One facility,
Doe Run in Herculaneum (Jefferson Co.), MO, emitted more than 10 tons in 2008.
Additionally, the map illustrates several locations where there is a confluence of point

sources (not to be confused with total sources including non-point), including Jefferson
Co., MO, Lake Co., IN, Iron Co., MO, and Gila, AZ, in each of which are facilities that
were estimated to cumulatively emit more than 10 tons. Among the facilities shown, 124
are non-airport facilities; nine of these were estimated to emit more than 5 tons, 52 to
emit between 1 and 5 tons, and 63 to emit between 0.5 and 1 tons in 2008. Figure 3-5
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additionally includes 58 airports, the six largest of which were estimated to emit between
1 and 1.3 tons.
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Figure 3-5 Pb facilities estimated to emit 0.5 tons or more in 2008.
3.2.2 Anthropogenic Sources

Anthropogenic Pb source categories are organized below in order of magnitude with
regard to the sum of emissions nationally reported on the 2008 NEI (U.S. EPA, 2011a).
Pb sources were reviewed in the 2006 Pb AQCD (U.S. EPA, 2006b) by species. Forms of
Pb commonly observed in the environment are carried forward from the 2006 Pb AQCD
(U.S. EPA, 2006b) and are presented in Table 3-1 to serve as a reference for the
categories of Pb sources described in Sections 3.2.1 and 3.2.2.
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Table 3-1 Pb compounds observed in the environment.

Emission Source

Observed Pb Compounds

Minerals

PbS (Galena)

PbO (Litharge, Massicot)

PbsO, (‘Red Pb”)

PbSO, (Anglesite)

Smelting aerosols

Pb°, PbS

PbSO,, PbO

PbCOs

Pb silicates

Coal combustion aerosols

PbS

PbSe

Coal combustion flue gases

Pb°, PbO, PbO, (Above 1,150 K)

PbCI, (Low rank coals, above 1,150 K)

PbSO, (Below 1,150 K)

Wood combustion

PbCOs

Waste incineration aerosols

PbCl,, PbO

Soils near mining operations

PbCO;

PbSO,

[PbFes(SO4)a(OH)12]

[Pbs(PO.)sCl]

[PbsSO4(CO3)2(OH)s]

PbS-Bi,S3

Pb oxides, silicates

Piston-engine aircraft emissions, racing vehicle exhaust
(combustion of leaded fuel)

PbBI’z

Alkyl Pb

PbBrCI-NH,4Cl, PbBrCI-2NH,CI

Roadside dust

PbSO;, Ph°, PbSO4(NH,)SO,, Pb:0,, PbO-PbSO, and
,PbCO;-Pb(OH),

Brake wear, wheel weights

Pb°

Aircraft engine wear

Pb°

Source: Biggins and Harrison (1980, 1979); U.S. EPA (2006b).
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Pb emissions in the U.S. derive from a combination of mined, processed, and imported
Pb. Figure 3-6 illustrates trends in the origin of Pb used in the various sectors described
below over the period 1991-2010. Over this time period, the amount of Pb used in
secondary Pb processing increased by 37%, while exports of Pb increased by 103%.
Primary Pb processing decreased by 67%. Pb mining and imports fluctuated over
1991-2010 without a clear increasing or decreasing trend. In 2008, 1.28 million tons of
Pb were introduced to the market by primary and secondary processing combined. 964
tons of Pb were emitted to the ambient air. Hence, 99.9% of Pb produced in 2008
remained in products or was emitted directly to soil or water following disposal.

B Mine

m Primary Production

W Secondary Preduction

HImports

Lead (million tons)

m Exports

1991-1995

Note: Exports are shown by negative numbers to illustrate that the Pb was leaving the U.S. Data were aggregated into five-year
totals to stabilize the data shown.

Source: U.S. Geological Survey (2012, 2006; 2001; 1996)

Figure 3-6
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Five-year totals for Pb mining, primary and secondary production,
imports, and exports, 1991-2010.
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3.2.2.1 Pb Emissions from Piston-engine Aircraft Operating on
Leaded-Aviation Gasoline and Other Non-road Sources

The largest source of Pb in the NEI, in terms of total emissions nationally, is emissions
from piston-engine aircraft operating on leaded aviation gasoline (U.S. EPA, 2011a). As
outlined in Table 3-1, there are several forms of Pb emitted from engines operating on
leaded fuel. Dynamometer testing has indicated that Pb emissions from piston engines
operating on leaded fuel can occur in the particulate and gaseous forms. For example,
Gidney et al. (2010) performed dynamometer testing on automobiles operating on
standard gasoline and on gasoline with low levels of organometallic additives. Tetraethyl
Pb was included since it is still used in piston-engine aircraft fuel. Gidney et al. (2010)
point out that, where tetraethyl Pb is used as an additive in piston-engine aircraft fuel, the
fuel also contains ethylene dibromide, which reacts with Pb to form Pb bromide and Pb
oxybromides. Pb bromides and Pb oxybromides are more volatile than elemental Pb at
combustion temperatures and are therefore exhausted from the engine. After being
exhausted, the brominated Pb compounds cool to ambient temperatures and condense to
form solid particles. In contrast, emissions of organic Pb would remain largely in the
vapor phase at ambient temperatures. Studies of Pb emissions within enclosed
microenvironments where automobiles were the dominant Pb source cited within the
1986 Pb AQCD (U.S. EPA, 1986a), reported that organic Pb vapors contributed less than
20% of total vehicular Pb emissions. A more recent study supports this (Shotyk et al.,
2002). The 20% estimate of organic Pb emissions from the previous studies of on-road
Pb emissions may potentially provide an upper bound for organic Pb emissions from
current piston-engine aircraft.

Pb emission rates from piston aircraft vary with fuel consumption rates, which depend on
the engine/airframe combination and the mode of operation of the aircraft. The ASTM
specification for the maximum Pb content in “100 Low Lead”, the most commonly used
leaded piston-engine aircraft fuel, is 2.12 g of elemental Pb/gallon (ASTM, 2007). Fuel
consumption rates can be obtained for some engine/aircraft combinations by running
FAA’s Emissions and Dispersion Modeling System (FAA, 2011). Fuel consumption for
piston-engine aircraft operating at one airport in the U.S. were estimated to range from
1.6 g/sec of fuel during taxi-out to 15.3 g/sec of fuel during run-up preflight check for
single-engine aircraft and 5.1 g/sec during taxi and 50 g/sec during preflight run-up check
for twin-engine aircraft (Carr et al., 2011). Fuel consumption rates for aircraft listed in
FAA’s Emissions and Dispersion Modeling System were used to develop the Pb
emissions inventory for piston aircraft that are discussed in Section 3.2.1. EPA estimates
that on average, 7.34 g of Pb is emitted during a landing and take-off cycle conducted by
piston-engine aircraft (ERG, 2011).
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3.2.2.2 Emissions from Metals Processing and Mining

High Pb emissions were observed in the 2008 NEI (U.S. EPA, 2011a) in Herculaneum,
MO, where the Doe Run Pb smelter is operated. Although it is set to cease smelting
operations in 2014 (DRRC, 2010), it is of interest to consider studies of primary smelter
emissions in the context of the data analyzed in this ISA. Batonneau et al. (2004) and
Sobanska et al. (1999) found that the Pb content in PM emitted from a primary Pb
smelter was 56.6% by weight, and the Pb content in PM from a Pb/Zn smelter was 19.0%
by weight. Choel et al. (2006) confirmed that Pb was strongly associated with sulfur in
Pb-Zn smelter emission PM, and that Pb sulfates and Pb oxy-sulfates were the most
abundant species, with important contributions from Pb oxides. Pb concentrations
1,800 meters downwind of the smelter (0.625-0.880 ug/m?) were roughly thirty-five
times higher than a monitor 1,800 meters upwind (0.017-0.026 pg/m®).

Fugitive emissions (i.e., unaccounted ambient air Pb emissions) from secondary Pb
processing (e.g., Pb recovery from batteries) can be substantial over the course of a year,
but they are difficult to estimate. Thurston et al. (2011) performed source apportionment
of PM, s found that Pb-PM, 5 concentrations from the Chemical Speciation Network
(CSN) were associated with the metals industry along with Zn-PM,s. Goyal et al. (2005)
estimated fugitive emissions using concentration data obtained from samplers sited in
close vicinity of secondary Pb processing facilities and meteorological data from nearby
weather monitoring stations. Regression modeling and Bayesian hierarchical modeling
were both used to estimate fugitive and stack emissions from secondary Pb processing
facilities in Florida, Texas, and New York. Depending on the model used, median
fugitive emissions were estimated to be 1.0 x 10°t0 4.4 x 10™ g Pb/m*sec at the Florida
site, 9.4 x 10710 2.0 x 10°® g/m*sec for the Texas site, and 8.8 x 107 to

1.1 x 10°® g/m*sec at the New York site. Median stack emissions estimates varied widely
among the models, with the Florida site median ranging from 1.4 x 10°t01.4 x 10 g
Pb/sec, the Texas site median ranging from 8.4 x 10t0 8.6 x 107 g/sec, and the New
York site ranging from 8.4 x 10°t0 1.0 x 102 g/sec. Additionally, the Bayesian
hierarchical model was used to estimate fugitive Pb emissions from secondary Pb
processing facilities nationwide using concentration data as prior information.
Nationwide median fugitive emissions from secondary Pb processing facilities were
estimated to be 9.4 x 107 to 3.3 x 10°® g/m*sec. Recently, speciation of emissions from a
battery recycling facility indicated that PbS was most abundant, followed by Pb sulfates
(PbSO, and PbSO,4-PbO), PbO and Pb® (Uzu et al., 2009).

In addition to secondary Pb smelting, Pb emissions occur from processing of other
metals. For example, a recent study examined Pb emissions from a sintering plant, a
major component of the steel making process in southern France (Sammut et al., 2010).
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Cerussite, a Pb carbonate (PbCOs-2H,0), was observed to be the most abundant species
and contributed 20 g Pb/kg measured PM. In another example, Reinard et al. (2007) used
a real-time single particle mass spectrometer to characterize the composition of PM;
collected in Wilmington, Delaware in 2005 and 2006. Strong Pb-Zn-K-Na associations
were observed within 13% of PM samples. Comparison with stack emissions revealed
that a nearby steel manufacturing facility was an important source of Pb. Ambient PM
classes containing only a subset of such elements, e.g., Zn only, Pb-K only were
non-specific and so could not be mapped to individual sources. Ogulei et al. (2006)
observed that 6% of Pb in PM,, along with some Os, Cu, and Fe, was attributed to steel
processing in Baltimore, MD. Murphy et al. (2007) conducted a detailed study of the
distribution of Pb in single atmospheric particles during the fifth Cloud and Aerosol
Characterization Experiment in the Free Troposphere campaign at the Jungfraujoch High
Altitude Research Station in Switzerland and found that the predominant type of urban
Pb-bearing aerosols contained Pb together with K and Zn. The mode of the size
distribution for this type was around 200 nm.

Waste from current or defunct mines has been shown to present an additional fugitive
source of Pb. For example, distribution of Pb along a haul road connecting an active mine
to a port has been documented in Alaska (see Section 3.6.6). Additionally, Zheng et al.
(2009) applied source apportionment in three northeastern Oklahoma towns to identify
the influence of “chat”, or waste piles from formerly operational Pb-Zn mines, on PMyp.»5
and PM, . They estimated that mine waste was responsible for 88% of Pb in PMyg., 5
samples and 40% of Pb in PM,s samples.

3.2.23 Fossil Fuel Combustion

Murphy et al. (2007) found that the volatility of Pb and its compounds such as PbO may
result in its presence at high concentration in the submicron fraction of PM emitted from
coal emissions. PbSQy,, also derived from coal combustion, has low water solubility
(Barrett et al., 2010). PbSO, was estimated to comprise 37% of Pb in PMy, from a
2002-2003 study of PM in Shanghai, China (Tan et al., 2006) and 0.6% of total PMyq
from a study of PM in Taiyuan City, China (Xie et al., 2009). Murphy et al. (2007)
presented an estimated U.S. mass budget for Pb emitted from consumption of select fuels
and crude oil. Fuel consumption estimates for 2005 were employed (Freme, 2004). Based
on an annual consumption of 1.0 x 10° metric tons coal with an average Pb concentration
of 20 mg/kg (range: 5 to 35 mg/kg) and using an emission factor (airborne fraction) of
approximately 0.01, coal contributed approximately 200 metric tons Pb/yr to the
atmosphere. At the time of the Murphy et al. (2007) study, there were no emission factors
available to estimate airborne Pb emissions for crude oil or residual oil, but these
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represent potentially large sources (with total Pb in these sources estimated by Murphy et
al. (2007) to be as much as 100-500 metric tons/year and 25-700 metric tons/year,
respectively). These calculations imply that there is substantial uncertainty in estimates of
Pb emissions resulting from fuel combustion. It is important to note that Murphy et al.
(2007) state that the crude oil estimates are based on a limited number of samples and
that there was uncertainty in the estimates of Pb content in residual oil. Furthermore,
Murphy et al. (2007) was based on data ranging back in time from 1972 to 2005.
Therefore, the Murphy et al. (2007) findings do not necessarily conflict with reported
ambient air Pb emissions from the NEI. As part of recent rulemaking, EPA has developed
a draft Pb emission factor of 1.3x10° Ib/MMBtu for boilers larger than 25 MW that use
#2 or #6 fuel oil (U.S. EPA, 2011b).The amounts of Pb emitted from these U.S. sources,
however, are several orders magnitude smaller than those estimated to arise from coal
combustion in China.

Coal combustion is considered to be a major source of Pb in the atmosphere now that
leaded gasoline has been phased out for use in on-road vehicles (Diaz-Somoano et al.,
2009). Global Pb estimates are considered here to inform understanding of U.S. Pb
emissions from coal combustion. McConnell and Edwards (2008) examined correlations
of Pb with BC, Cd, Ce, sea salt Na, non-sea salt S, and Tl in a Greenland ice core and
observed high correlations for BC, Cd, non-sea salt S and Tl during the period
1860-1940, when coal combustion was the predominant energy source. With the
exceptions of non-sea salt S and TI, the high correlations were not maintained into the
years 1940-2003, when oil combustion was the most prevalent energy source. This
suggests common industrial sources of PbS or PbSO,. Rauch and Pacyna (2009)
constructed global metal cycles using anthropogenic data from 2000. They confirmed that
the largest anthropogenic airborne Pb emissions arise from fossil fuel combustion, and
they quantified Pb emissions at 85,000 tons/year worldwide. Globally, Pb emissions from
stationary sources have been increasing and the north-south gradient in aerosol Pb
concentrations over the Atlantic Ocean has disappeared as a result of industrialization of
the southern hemisphere (Witt et al., 2006; Pacyna and Pacyna, 2001). The Pb isotope
ratio values (mainly **Pb/*’Pb) for coal from around the world have been compared with
those for atmospheric aerosols. In most parts of the world, there has been a difference
between the signature for aerosols and that for coal, where the atmospheric **Pb/?’Pb
ratio values are lower, indicative of additional contributions from other sources. Zhang et
al. (2009a) used single particle aerosol mass spectrometry (ATOFMS) to find that PM
containing Pb along with OC and/or EC was attributed to coal combustion processes in
Shanghai, China; this accounted for roughly 45% of Pb-bearing PM.

Seasonal effects of the contributions of Pb emissions from coal combustion have been
observed. For example, in Tianjin, northern China, the winter heating period starts in
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November, and the contribution from coal combustion to the Pb aerosol becomes high
during the winter. This leads to both a high Pb content and a high ***Pb/*°’Pb ratio. Coal
consumption and Pb-bearing PM concentrations declined during the summer months, and
Pb from other sources, mainly vehicle exhaust emissions, became relatively more
pronounced (Wang et al., 2006¢). This seasonal relationship contrasts with observations
for the U.S. when power stations are more active in summer months (EIA, 2012). The
increased energy use in summer periods in the U.S. may be attributable to increased
requirements for air-conditioning.

3.2.24 Waste Incineration

Waste incineration studies suggest that the Pb content vary by industrial or municipal
waste stream. For example, Ogulei et al. (2006) performed positive matrix factorization
of PM, s and gaseous copollutants for Baltimore, MD and observed that 63% of Pb in
PM, 5 was attributed to waste incineration during the six day study duration. Other
prevalent compounds associated with incineration included NO3', EC, Cd, Cu, Fe, Mn,
Se, Zn, Oz, and NO, (note that Cl was not observed in this study). Likewise, Song et al.
(2001) used PMF to deduce sources of PM,s measured at Washington, D.C., Brigantine,
NJ, and Underhill, VT during the years 1988-1999. They observed a waste incineration
source loaded with OC, EC, Pb, and Zn at all three sites. A study by Moffet et al. (2008b)
found that Pb-Zn-Cl-containing particles in PM,s samples collected from an industrial
area in Mexico City represented as much as 73% of fine PM. These were mainly in the
submicron size range and were typically mixed with elemental carbon (EC), suggesting a
combustion source. Zhang et al. (2009a) also observed high correlation between Pb and
Cl associated with waste incineration in Shanghai, China. Several Pb isotope studies have
also been used to distinguish contributions to incineration from industrial sources. Isotope
analysis is discussed in more detail in Section 3.4.1.5. Novak et al. (2008) evaluated
changes in the amounts and sources of Pb emissions in the U.K. and Czech Republic
during the 19th and 20th centuries and found uncertainty in the amount and the isotope
composition of Pb emanating from incineration plants. The isotopic signature of Pb
recycled into the atmosphere by incineration of various industrial wastes could have
shifted from relatively high ?*°Pb/?°’Pb ratios consistent with local Variscan ores to lower
values reflecting imported Precambrian ores. However, other environmental studies
concerning incineration have given highly consistent values for the Pb isotope ratio for
European incineration sources. For example, Cloquet et al. (2006) showed that the Pb
isotopic composition of urban waste incineration flue gases in northeastern France was
~1.16. De la Cruz et al. (2009) reported that waste incineration was an important source
of Pb and showed that the **Pb/*’Pb and 2®Pb/*®" Pb ratios for waste incineration Pb
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emitted in European countries were 1.14-1.16 and 2.43 respectively (de la Cruz et al.,
2009).

3.2.25 Wood Burning

Another potentially uncontrollable source is Pb deposited historically in forests and
remobilized during forest fires. Section 4.1.3.1 describes residential Pb-PM
concentrations related to in-home burning of wood contaminated with Pb of ambient
origin, while this section describes ambient air measurements of Pb attributed to wood
burning. The 2006 Pb AQCD (U.S. EPA, 2006b) presented data by Nriagu (1989)
estimating that 1,900 metric tons of Pb were emitted globally each year from wildfires.
Wildfire Pb emissions were not included in the NEI. Murphy et al. (2007) observed that a
fraction of particles contained small quantities of Pb on biomass particles measured using
ATOFMS to sample directly from forest fire plumes in northwest Canada and eastern
Alaska in July, 2004; these particles also typically contained SO,. Several studies
illustrate moderate-to-long range transport of biomass burning plumes containing Pb.
Using positive matrix factorization, Ogulei et al. (2006) estimated that 20% of Pb in
PM, s measured in Baltimore, MD was attributed to a July, 2002 episode of wildfires in
Quebec, Canada in his 6-day study. Other components strongly associated with the
Quebec wildfires included NOj3', OC, EC, Cd, Mn, Zn, Oz, and CO. Qureshi et al. (2006)
also observed a spike up to 42 ng/m3 in Pb-PM, 5 concentration in Queens, NY coinciding
with the Quebec wildfires; for comparison, the authors provide the 3-month average from
July to September of 5.1 ng/m?® for Pb-PM, 5 in Queens. Similarly, Anttilla et al. (2008)
measured PMy, in Virolahti, Finland during a wildfire in Russia and observed average
Pb-PM, concentrations during the forest fire episodes to be 1.7-3.0 times higher than the
reference concentration of 3.5 ng/m®. Hsu et al. (2009¢) observed Pb concentrations in
Taiwan attributed to biomass burning in Northeastern China; Pb was highly correlated
with K attributed to biomass burning during these episodes. Odigie and Flegal (2011)
studied remobilization of Pb during the 2009 wildfires in Santa Barbara, CA. Pb
concentrations in ash samples obtained after the wildfire ranged from 4.3 to 51 mg/kg.
Isotopic analysis of the ash suggested that the remobilized Pb was initially emitted by a
mix of contemporary and previous industrial sources and historic combustion of leaded
gasoline. Grouped with “miscellaneous” Pb emissions, fires from agricultural field
burning and prescribed fires accounted for 2.4 tons of U.S. Pb emissions in 2008 (U.S.
EPA, 2011a). Polissar et al. (1998) used positive matrix factorization to apportion PM, 5
and found small Pb signals attributed to the forest fire factor at two of six Alaskan sites
where a forest fire factor was detected; the forest fire factor was dominated by a
combination of BC, H, and K.
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Several studies have explored the chemical properties of biomass emissions. Obernberger
et al. (2006) simulated biomass combustion in a laboratory setting to assess emissions.
They reported pre-combustion mean Pb content in wood, bark, and logging residues to
range from 2-5 mg/kg dry basis. They reported volatilization and subsequent
condensation of Pb emissions from combustion. Van Lith et al. (2008; 2006) studied the
inorganic element content of wood chips and particle board and the release of inorganic
elements during combustion of those materials in laboratory experiments. They measured
a Pb content of 16 mg/kg dry basis in particle board and of 0.44 mg/kg dry basis in
spruce wood chips. Using three different types of combustion for different materials, they
found that up to 10% of Pb was released at a combustion temperature of 500 °C and up to
85% was released at a temperature of 850 °C. At temperatures greater than 650 °C, PbO
gas was released under oxidizing conditions; under reducing conditions, Pb gas, PbCl
gas, and PbS gases were released at temperatures above 500 °C. Jimenez et al. (2008)
performed laboratory experiments of olive tree combustion and concluded that Pb
vaporizes upon combustion and then condenses between 900 °C and 560 °C. Jimenez et
al. (2008) also observed that Pb concentration in PM changes with oxygen content and
temperature, with concentrations converging toward 2,000 mg/kg for increasing percent
available oxygen and increasing temperature.

Pb deposition on trees has been documented in Acadia National Park in Maine with mean
foliar concentrations ranging from <0.5 to 3.1 mg/kg (Wiersma et al., 2007). Tree ring
core samples obtained in the Czech Republic illustrate that the amount of Pb deposited on
trees from coal and leaded gasoline combustion sources tended to increase over the depth
of the core, with maximum concentrations corresponding to time periods of 1969-1972,
1957-1960, and 1963-1966 in three samples (Zuna et al., 2011).

3.2.2.6 Roadway-Related Sources

Contemporary Emissions from Vehicle Parts

Contemporary Pb emissions from motor vehicles may occur because several vehicle parts
still contain Pb. Wheel weights, used to balance tires, are clipped to the rims of tire
wheels in order to balance the tires, and may become loose and fall off. Pb wheel weights
have been banned in several states including Washington, Maine, and Vermont with
legislation considered in lowa, California