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1.0 Executive Summary 

   

  North Carolina established identical acceptable ambient levels (AAL) of 5.5 x 10-6 mg/m3 

(equivalent to 0.0055 µg/m3) for cadmium, cadmium acetate, and cadmium bromide in 1992. AALs are 

airborne chemical concentrations above which the substance may be considered to have an adverse 

effect on human health. They are used in pollution permitting to ensure that facility emissions do not 

add concentrations of toxic air pollutants to the air that may be harmful to human health. Review of the 

cadmium AAL was conducted by the North Carolina Secretary’s Science Advisory Board on Toxic Air 

Pollutants (NCSAB) during 2012-2014. The current AAL for cadmium is based on an epidemiological 

study demonstrating increased incidence of lung cancer in cadmium workers. 

 

Permitted stationary sources in North Carolina emitted approximately 1,150 pounds of cadmium 

in 2011. It is estimated that 12% of ambient cadmium concentrations in North Carolina are attributable 

to point source emissions with phosphate fertilizer manufacturing and electrical power generation 

facilities being the largest contributors. 

 

 Human exposure to cadmium occurs primarily through ingestion and/or inhalation. Cadmium is 

distributed and stored in organs throughout the body with the kidney and liver being the sites of highest 

accumulations. Chronic, low-level exposures to cadmium have been linked with kidney, liver, lung, 

cardiovascular, skeletal, pancreas, immune/hematopoietic system, and reproductive system effects in 

animals and/or humans. Renal effects have been the most widely studied. Cadmium and its compounds 

are classified as known human carcinogens by the International Agency for Research on Cancer (IARC) 

and the National Toxicology Program (NTP) based on sufficient evidence of lung cancer in animals and 

humans following inhalation exposures. 

 

Candidate AALs were derived for non-cancer renal effects and lung/respiratory cancer effects 

for comparative purposes. Results showed that a candidate AAL based on a cancer endpoint was more 

conservative and hence also protective for non-cancer endpoints. The North Carolina Science Advisory 

Board on Toxic Air Pollutants (NCSAB) recommends that the AAL for cadmium be revised to 5.4 x 10-7 

mg/m3 (equivalent to 0.00054 µg/m3) from its current value of 5.5 x 10-6 mg/m3 (equivalent to 0.0055 

µg/m3). The proposed AAL value is a central (or maximum likelihood) estimate with a lower 5% 

confidence bound of 1.4 x 10-7 mg/m3 (equivalent to 0.00014 µg/m3) and an upper 95% confidence 
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bound of 4.3 x 10-6 mg/m3 (equivalent to 0.0043 µg/m3). The Division of Air Quality (DAQ) has assigned 

an annual averaging time for the cadmium AAL since cadmium is a known human carcinogen via 

inhalation. 

The proposed AAL for cadmium is an order of magnitude (10-fold) more restrictive than the 

current AAL. The proposed  AAL was obtained via (1) use of a recently published re-analysis of the study 

population data that formed the basis for the current AAL; (2) the use of a life table analysis to estimate 

ambient concentrations associated with increased lifetime risk of mortality from lung cancer;  (3) use of 

a one in one million (10-6)  increased lifetime cancer risk rather than an increased lifetime cancer risk of 

one in one hundred thousand (10-5); and (4) an increase in the estimated average human lifetime from 

70 years to 78 years. The proposed AAL for cadmium aligns with airborne permitting levels established 

by other states that use a one in one million risk estimate.
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2.0 Background Information 

The acceptable ambient level (AAL) for cadmium and its compounds, established in 1992, was 

reviewed by the North Carolina Secretary’s Science Advisory Board on Toxic Air Pollutants (NCSAB) in 

2012-2014. This review was prompted by cadmium’s inclusion on a list of carcinogenic metals slated for 

evaluation by the Division of Air Quality (DAQ). The assessment encompasses elemental cadmium, 

cadmium acetate, cadmium bromide, cadmium chloride, cadmium iodide, cadmium nitrate, cadmium 

octadecanoic acid, cadmium oxide, cadmium sulfate, and cadmium sulfide. 

This document describes the fundamental toxicological properties of cadmium and the NCSAB 

recommendation for an updated AAL for cadmium. This document serves as a brief narrative and 

summary of the discussions and deliberations of the NCSAB in their risk assessment of cadmium and is 

not an exhaustive summary of the toxicological literature for cadmium. Journal articles selected for 

review were identified using a combination of review papers, risk assessments and literature searches 

post-2000. The scope of this risk assessment is limited to human health risks associated with inhalation 

exposures to cadmium. 

2.1 Physical Sources and Uses 

Cadmium (CAS 7440-43-9), abbreviated Cd, is a bluish-white colored divalent metal.  It has an 

atomic number of 48 and a molecular weight of 112.41 g/mole. Cadmium commonly exists in the +2 

oxidation state but also exists in the +1 state.  

Cadmium occurs naturally and in small concentrations in the Earth’s crust, predominantly in 

zinc, lead, and copper ores. Industrial sources of cadmium emissions include zinc, lead, copper, and 

cadmium smelting operations; coal and oil-fired boilers; phosphate fertilizer manufacture; and 

municipal and sewage sludge incinerators (ATSDR, 2012). Commercially, cadmium is used in nickel-

cadmium batteries (83%), pigments (8%), coatings and platings (7%), and plastics stabilizers (1.2%) 

(ATSDR, 2012).  

2.2 North Carolina Sources of Cadmium 

According to the most recent USEPA National Air Toxics Assessment (NATA) report (U.S. 

Environmental  Protection Agency; 2005 data), the majority of North Carolina ambient air cadmium 

(66%)  is estimated to be from  background sources. Natural sources, emissions of persistent air toxics 

occurring in previous years, and long-range transport of pollutants from distant sources contribute to 

background pollutant concentrations (Overview of Methods for EPA’s National-Scale Air Toxics 
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Assessment, 2011). NATA estimated that approximately 12% of ambient cadmium concentrations in 

North Carolina are attributable to point source emissions (Table 1).  

Table 1: Estimated Source Contributions to Ambient Cadmium  

Source NC Ambient Contributions US Ambient Concentrations 

Point Source 12% 15% 

Non Point Source 21% 48% 

On-road Source 0% 0% 

Non-road Source 1% 1% 

Background 66% 36% 
Source: NATA 2005 North Carolina Data 

  The 2011 North Carolina Emissions Inventory (accessed July 23, 2013), the most complete and 

up to date emission inventory available at the time of this assessment, was used to identify the primary 

North Carolina source categories emitting cadmium. The data show that phosphate fertilizer 

manufacturing and electrical power generation facilities are the largest point source contributors of 

cadmium emissions in North Carolina based on the North American Industrial Classification System 

(NAICS) categories (Table 2).  

Table 2: Cadmium Point Source Emissions, Contribution by NAICS Source Category  

NAICS Category Descriptions Contribution to Cadmium Point 
Source Emissions 

Phosphate Fertilizer Manufacturing 29% 

Electrical Power Generation 28% 

Pulp and Paper Mills 20% 

National Security 3% 

Glass-related Manufacturing 2% 

Other 18% 
Source: 2011 North Carolina Emission Inventory (accessed July 23, 2013) 

The North Carolina Division of Air Quality analyzes ambient cadmium concentrations in support 

of the EPA Chemical Speciation Network or Speciation Trends Network. Ambient cadmium 

concentrations are measured in 2.5 µm particulate fraction samples using an energy dispersive x-ray 

fluorescence (XRF) method (Minimum detection limit= 0.0105 µg/m3, AQS method code 811, EPA 

Method IO-3.3). The analytical method routinely used by North Carolina to measure ambient cadmium 

concentrations in the 2.5 µm particulate fraction is not sufficiently sensitive to detect airborne cadmium 

at the current AAL concentration of 0.005 µg/m3. 
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Analysis of reported ambient air concentrations of cadmium is further complicated by the fact 

that approximately 50 - 75% of the data are reported as zeroes (i.e., nondetects). Additionally, many 

non-zero values are reported below the minimum detection limit (Appendix 1 and 2). There is a high 

level of uncertainty associated with the analysis of such data sets. Non-parametric statistical methods, 

such as the Kaplan Meier method, are recommended for data sets with approximately <70% non-

detects while no reliable analysis is available for data sets containing >70% censored data (Antweiler and 

Taylor, 2008). The Kaplan-Meier non-parametric method does not require a normal data distribution 

and is not sensitive to outlier data. For the purpose of this analysis, “zero” data was considered to be 

“censored” while all “non-zero” data (whether above or below the minimum detection limits) were 

considered “non-censored” data. Using these definitions, the majority of the cadmium ambient 

monitoring data met the < 70% censored data criteria; hence the Kaplan Meier method was used to 

analyze these data.  

Yearly cadmium concentrations, calculated as the upper 95% value using the Kaplan Meier 

method (ProUCL, version 4.1), are plotted by North Carolina monitoring location in Figure 1. Sampling 

data for Fayetteville, Greensboro, Kinston, and Reidsville are not included as these monitoring sites 

were discontinued prior to 2007. 

Figure 1: North Carolina Ambient Air Cadmium Concentration by Monitoring Site and Year  

 

Source: EPA Air Quality System (AQS) database (http://www.epa.gov/ttn/airs/airsaqs/ ) 

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Current NC AAL 0.0055 0.0055 0.0055 0.0055 0.0055 0.0055 0.0055 0.0055 0.0055 0.0055

Candidate NC AAL 0.00054 0.00054 0.00054 0.00054 0.00054 0.00054 0.00054 0.00054 0.00054 0.00054

Asheville 0.0027 0.0034 0.0042 0.0041 0.0035 0.0031 0.0016 0.0026 0.0033 0.0049

Hickory 0.0034 0.0027 0.0021 0.0036 0.0023 0.0044 0.0041 0.0027

Lexington 0.0026 0.0033 0.0031 0.0012 0.0024 0.0037 0.0043 0.0029

Charlotte 0.0025 0.0034 0.0030 0.0036 0.0024 0.0013 0.0015 0.0040 0.0050 0.0038

Raleigh 0.0024 0.0031 0.0035 0.0029 0.0019 0.0010 0.0018 0.0032 0.0037 0.0029

Rockwell 0.0033 0.0026 0.0016 0.0032 0.0028 0.0031 0.0034

Winston-Salem 0.0037 0.0025 0.0021 0.0038 0.0031 0.0020 0.0027 0.0031 0.0048 0.0047

0

0.001

0.002

0.003

0.004

0.005

0.006

ug
/m

3

North Carolina ambient cadmium concentrations (2002-2011)
95% UCL (Kaplan Meier)

Current NC AAL = 0.005 μg/m3

Proposed Candidate AAL= 0.0005 μg/m3

http://www.epa.gov/ttn/airs/airsaqs/
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North Carolina cadmium emissions from stationary point sources for 2000 through 2011 are illustrated 

in Figure 2.   

Figure 2: North Carolina Stationary Source Cadmium Emissions (2000-2011) 

 

Source: North Carolina Emissions Inventory Database (Accessed October 14, 2013) 

2.3 Environmental Fate  

 Cadmium is listed as a priority persistent, bioaccumulative, and toxic (PBT) substance under the RCRA 

waste minimization chemical listing (ATSDR, 2012). It is released to the atmosphere through natural or 

anthropogenic sources and exists mainly as cadmium oxide or cadmium chloride (ATSDR, 2012). 

Atmospheric cadmium is subject to long-range transport and may deposit in waterways or soil where it 

has been shown to bioaccumulate in the food chain.   

2.4 Acceptable Ambient Level (AAL) History 

 The current North Carolina AAL for cadmium and inorganic cadmium compounds, established in 

1992, is 5.5 x 10-6 mg/m3 (equivalent to 0.0055 µg/m3). This AAL is based on a U.S. Environmental 

Protection Agency (EPA) Inhalation Unit Risk Factor (IUR) of 1.8 x 10-3 per µg/m3. The IUR was derived 

from an epidemiological study demonstrating an increased incidence of respiratory tract and lung 

cancers in cadmium workers (Thun et al., 1985). In accordance with North Carolina risk assessment 

guidelines (North Carolina Academy of Sciences, 1986, 1987), the AAL was calculated using an upper 

bound estimate of excess cancer risk of 10-5 based on classification of cadmium as an EPA B1 carcinogen 

(Equation 1). 
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2.5 Regulatory/Advisory Standards for Cadmium 

Select regulatory and advisory values for ambient cadmium and/or permitting limits are 

compiled in Table 3. These values are based on lung/ respiratory system cancer endpoints and non-

cancer renal endpoints. The values range from 5 µg/m3 for occupational exposures to 0.00024 µg/m3 for 

general population environmental exposures. 

Table 3: Select Air Regulatory/Advisory Levels for Cadmium1,2 

Agency Year 

Exposure 
Concentration 

Recommendation 
Type 

Cadmium 
Exposure 

Concentration  
(µg/m3) 

Health 
Endpoint 

Reference 

ATSDR 2012 Advisory 0.01 Non-cancer 
Buchet et al., 1990 
Jarup et al., 2000 

Suwazono et al., 2006 

ACGIH 1990 Advisory – Workplace 
10 

2 (resp. fraction) 
Non-cancer 

ACGIH TLVs and BEIs handbook 
(2013) 

Cal/EPA 2000 
Regulatory 

(1 x 10-6 risk/  
Cal/EPA IUR) 

0.00024 Cancer Thun et al., 1985 

New Jersey 2011 
Regulatory 

(1 x 10-6 risk/  
Cal/EPA IUR) 

0.00024 Cancer Thun et al., 1985 

Michigan 
Not 
listed 

Regulatory 
(1 x 10-6 risk/ 

EPA IUR) 
0.00056 Cancer Thun et al., 1985 

Minnesota 2009 
Regulatory 

(1 x 10-5 risk/ 
EPA IUR) 

0.0056 Cancer Thun et al., 1985 

Ontario, 
Canada 

2007 
Regulatory 

(Cumulative Exposure 
LOAEL Method) 

0.005 
Cancer/  

Non-cancer 
Thun et al., 1991 

OSHA 1993 Regulatory-Workplace 5 Not reported Not reported 

Texas 2003 
Regulatory 

(ESL) 
0.01 Not reported Not reported 

WHO 2000 Advisory 0.005 Non-cancer 
Thun et al., 1985 
Thun et al., 1991 

                                                           

1 Website URL addresses are listed in the Reference Section. 
2 Advisory air levels are air concentrations recommended by non-regulatory agencies.  Such air concentrations are not 

enforceable. 
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3.0 Human Exposures to Cadmium 

Human exposure to cadmium occurs primarily through ingestion and/or inhalation. 

Occupational exposures are mainly via airborne dusts or fumes while general population exposures are 

primarily through smoking and/or ingestion of cadmium-contaminated food products or water (Huff et 

al, 2007). Atmospheric cadmium occurs predominantly in respirable particulate matter (< 2.5 µm in 

diameter). Atmospheric concentrations of cadmium near industrial sources are expected to be higher 

relative to rural or urban ambient cadmium concentrations. 

Average daily dietary and inhalation intakes of cadmium vary widely depending on smoking 

status and local cadmium pollution levels. Reported age-weighted dietary intake for US non-smoking 

males are 0.35 µg/kg bw/day (equivalent to 24.5 μg/day based on 70 kg body weight) and 0.30 μg/kg 

bw/day (equivalent to 18 μg/day for non-smoking females) (Choudhury, 2001).  

 

Ambient air values of approximately 0.1 to 5 ng Cd/m3
 in rural areas (equivalent to 0.0001 to 

0.005 µg/m3), 2–15 ng Cd/m3
 in urban areas (equivalent to 0.002-0.015 µg Cd/m3, and 15–150 ng Cd/m3) 

in industrialized areas (equivalent to 0.015-0.15 µg Cd/m3) have been estimated (ATSDR, 2012). Similar 

values have been reported in Northern Europe (UNEP, 2010). Assuming an ambient concentration of 

cadmium spanning the full range of estimated ambient concentrations of 0.0001-0.15 µg Cd/m3 and a 

respiratory rate of  20 m3/day, the estimated average amount of cadmium inhaled daily by the non-

smoking general population is in the range of 0.002 to 3 µg/day. Assuming an estimated 50% absorption 

in the lung, the estimated effective daily inhalation intake is 0.001 to 1.53 µg Cd/day (Table 4). It has 

been estimated that 0.1 -0.2 μg of cadmium are inhaled from each cigarette smoked based on a 

cadmium content of 1-2 µg cadmium per cigarette (Ryan et al., 1982).   

4.0 Absorption, Distribution, Metabolism, and Excretion (ADME) 

Approximately 5-10% of ingested cadmium is absorbed through the gastrointestinal tract. 

Gastrointestinal absorption of cadmium is increased by iron (Flanagan et al. 1978), zinc (Jaeger 1990) or 

calcium deficiencies (Reeves and Chaney 2001, 2002) and high fiber diets (Berglund et al., 1994)  

Women exhibit higher absorption rates of cadmium compared with men. In contrast, absorption of 

cadmium by the lung ranges from 40-60%. The particle size, chemical form, and solubility of the inhaled 

cadmium material influence the extent of absorption. 
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Table 4: Estimated cadmium exposures via oral and inhalation pathways 

Cadmium 
Source 

Estimated 
Cadmium Exposures  

Calculated Daily 
Intake 

Estimated  
Absorption Rate 

Estimated 
Effective  

Daily Intake 
(absorbed dose) 

Food  25 µg/day 25 µg/day 10% 2.5 µg/day 

Water* 5 µg/L 10 µg/day 10% 1 µg/day 

Inhalation** 0.0001 µg/m3 (remote) 0.002 µg/day 50% 
0.001 

µg/day(remote) 

 
0.005 µg/m3 (rural) 0.1 µg/day 50% 

0.05 
µg/day(rural) 

 
0.015 µg/m3 (urban) 0.3 µg/day 50% 

0.15 µg/day 
(urban) 

 
0.15 µg/m3 (industrial) 3 µg/day 50% 

1.5 µg/day 
(industrial) 

Smoking 0.1-0.2 µg/cigarette 0.1-0.2 µg/cigarette 50% 
0.05-0.1 

µg/cigarette 
* Assumed average consumption of 2 L/day at EPA maximum contaminant level (MCL) of 5 µg/L. 

** Assumed daily breathing rate = 20 m3/day 

Source: Remote estimates from WHO (2000); remaining estimates from ATSDR (2012) (maximum estimates cited) 

 

Cadmium is distributed and stored in organs throughout the human body including the liver, 

kidney, testis, spleen, heart, lungs, thymus, salivary glands, epididymis, and prostate, with the kidney 

and liver being the sites of highest accumulations (Joseph, 2009). Transport proteins such as DMT1, 

metal transport protein 1, calcium channel proteins, and the 8-transmembrane zinc-related iron-protein 

(ZIP8) mediate cadmium uptake (Klaassen et al., 2009). Cadmium is transported in the blood to the liver 

bound to high molecular weight proteins. In the liver, cadmium stimulates production of 

metallothionein (MT), a low molecular-weight, cysteine-rich protein. Cadmium binds strongly with 

metallothionein forming a stable Cd-MT complex which is transported to the kidney where it is filtered 

by the glomerulus and taken up by the proximal tubules. Cadmium accumulates in the kidney (as Cd-MT) 

during a person’s lifetime. Impaired kidney function occurs when the total body burden of cadmium 

exceeds the binding capacity of metallothionein. Cadmium’s long biological half-life of 15-30 years is 

attributed to the stability of the Cd-MT complex (Klaassen et al., 2009). 

Cadmium is not metabolized in the body although it does bind to proteins such as albumin and 

metallothionein. It is excreted primarily through the feces following ingestion and via the feces and 

urine following inhalation. 
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5.0 Biomarkers of Human Exposure 

Biomarkers of cadmium exposure are generally measured in blood and urine. Blood cadmium 

concentrations are considered to be reflective of recent exposures while urine cadmium concentrations 

reflect past exposures. Generally, women have higher blood and urinary cadmium levels compared with 

men (Jarup et al., 1998). Concentrations of low molecular weights proteins in urine, such as β2-

microglobuulin and retinol binding protein (RPB), and renal enzymes, such as N-acetyl-α-D-

glucosaminidase (NAG), can be measured and correlated with urinary cadmium levels to estimate the 

extent of renal damage.  

Cadmium levels have also been measured in hair samples although this exposure biomarker is 

less commonly used and such analyses are not considered to provide accurate estimates of cadmium 

body burden (Ellis et al., 1981). 

6.0 Animal Studies  

As a general rule, animal studies are used as supporting information for human epidemiological 

studies. Given the substantial amount of human data on cadmium toxicity, less focus was directed to 

reviewing and analyzing animal studies. Select animal studies supporting epidemiological findings in 

humans are described in Appendix 3. 

7.0 Acute Toxicity 

Acute oral exposures up to approximately 15 mg Cd/kg bw in humans produce gastrointestinal 

irritation, vomiting, abdominal pain, and diarrhea while higher doses (20-30 mg Cd/kg bw) may 

adversely affect the nervous system, liver, cardiovascular system and lead to renal failure and death. 

Acute inhalation of cadmium at levels ≤0.5 mg/m3 may cause a metallic taste, headache, respiratory 

tract irritation, dyspnea, chest pain, gastroenterititis symptoms, and muscle weakness while exposures 

≥1 mg/m3 may cause pulmonary edema, bronchitis, chemical pneumonitis, respiratory failure and death 

(Bull, 2010). 

8.0 Mutagenicity  

 Conflicting results from in vitro and in vivo mutagenicity studies suggest that cadmium is 

weakly mutagenic and induces chromosomal damage (Huff et al., 2007). Cadmium oxide was not 

mutagenic in Salmonella typhimurium strains TA98, TA100, TA1535 or TA1537 in the presence or 

absence of metabolic activation and did not induce micronuclei in erythrocytes of B6C3F1 mice exposed 
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via inhalation to up to 1 mg/m3 cadmium chloride for 6 hours/day for 13 weeks (Dunnick, 1995).  

However, cadmium salts produced mutagenic responses in mammalian cell assays. Cadmium sulfate was 

mutagenic in L5178Y mouse lymphoma cells (Oberly et al. 1982) while V-79 CHO cells treated with 

cadmium chloride exhibited increased incidence of 6-thioguanine mutations and single strand DNA 

breaks (Ochi and Ohsawa, 1983). 

9.0 Human Epidemiological Studies 

9.1 Non-cancer Endpoints 

Chronic, low-level exposures to cadmium have been linked with kidney, liver, lung, 

cardiovascular, skeletal, pancreas, immune/hematopoietic system, and reproductive systems effects in 

animals and/or humans (Fowler, 2009). Renal effects have been the most widely studied. The majority 

of the non-cancer target organs associated with cadmium-induced toxicity are supported by limited 

data, conflicting animal and/or human data, and few, if any, validated biomarkers of exposure (Fowler et 

al., 2009). For these reasons, the NCSAB focused on those target organs/systems that had extensive 

data sets. These included renal effects, bone effects, and a brief consideration of neurodevelopmental 

effects in children. Limited data exist on the developmental toxicity of cadmium in humans, particularly 

potential neurodevelopmental effects in children. Although there was conflicting data about potential 

neurodevelopmental effects (Wright, 2006 et al., Cao et al., 2009, Ciesielski et al., 2012), the NCSAB 

nonetheless chose to evaluate the evidence for this endpoint given the identified sensitive population. 

Key study parameters and findings for select occupational and environmental studies are 

summarized in Table 5. Studies included in this section were considered by the NCSAB in their 

discussions regarding appropriate human health endpoints to be used in derivation of candidate AALs 

for cadmium. 

9.1.1 Renal Effects 

Tubular proteinuria (increased urinary excretion of low molecular weight proteins) is an 

indicator of renal dysfunction. Urinary biomarker concentrations of low molecular weight proteins (β2-

microglobulin, retinol binding protein (RBP) and , α1-microglobulin) and enzymes such as N-acetyl-β-

glucosaminidase (NAG) have been measured and correlated with urinary cadmium levels as a means of 

detecting the early stages of tubular injury (Akesson et al., 2005, Bernard et al., 1987, Buchet et al., 

1990, Chaumont et al., 2011, Jarup et al., 2000, Suwazano et al., 2006, Suwazano et al., 2011). β2-

microglobulin and RBP are sensitive biomarkers of impaired proximal tubular function; however β2-
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microglobulin is less stable in acidic urine. RBP has a urinary Cd threshold of 10 ug/g creatinine (Bernard 

1995) while NAG can be detected at levels below 2 µg/g creatinine (Noonan 2002). 

 Cadmium-induced renal toxicity in workers chronically exposed to both low and high levels of 

cadmium, manifested as tubular proteinuria, is well documented (Elinder et al., 1985, Thun et al., 1989, 

Thun et al., 1991, Jӓrup et al, 2000). Urinary cadmium concentrations of 1.0 µg/g creatinine were 

associated with an increased prevalence of 10% tubular proteinuria (Jӓrup et al, 2000). Chaumont et al., 

2011 estimated urinary cadmium concentrations associated with a 5% excess in the background 

prevalence of abnormal urinary biomarker concentrations to be at 5.5 to 6.6 µg/ g creatinine for nickel-

cadmium battery plant workers.  

  The CadmiBel study in Belgium (Buchet et al., 1990) was the first to correlate urinary cadmium 

concentrations, urinary biomarker concentrations, and impaired renal function in a general population 

exposed to low environmental concentrations of cadmium. It was also the first to demonstrate 

enhanced susceptibility of diabetics to cadmium-induced renal toxicity. Study results indicated that renal 

impairment was seen at urinary cadmium excretion rates of > 2 µg Cd/ day. The OSCAR study 

(OSteoporosis with CAdmium as a Risk factor), evaluating 904 Swedish men and women (ages 16-80) 

living in close proximity to a nickel-cadmium manufacturing plant and 117 people employed at a battery 

plant, reported increased incidence of tubular proteinuria at lower urinary cadmium levels of 1.0 µg 

Cd/g creatinine (Jarup et al., 2000). More recently, renal impairments associated with low 

environmental general population exposures to cadmium have been correlated with urinary cadmium 

levels of 0.6 μg cadmium/L (Akesson et al., 2005) and 0.5 µg Cd/g creatinine (Suwazano et al., 2006). 

9.1.2 Bone Effects 

Exposure to cadmium can cause skeletal damage. The osteotoxic effects of cadmium were first 

reported in Japanese women diagnosed with Itai- Itai disease (ouch-ouch disease). Long-term (> 30 

years), chronic exposure to cadmium-contaminated foodstuffs and water resulting from industrial 

contamination caused severe bone pain and multiple fractures (Jarup et al., 2012). Bone cadmium 

concentrations in affected women were up to 9-fold higher relative to non-exposed women.  

Cadmium interferes with calcium metabolism, leading to a reduction in calcium levels and reduced 

density and strength of bones. Cadmium accumulates in bones and is associated with osteomalacia 

(softening of the bones) and osteoporosis (brittle or fragile bones) (Jarup, 2002). Several mechanisms 

have been proposed for cadmium’s toxic effect on bone including interference with parathyroid 

hormone (PTH); stimulation of vitamin D production in kidney cells; reduced activity of kidney enzymes 
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activating vitamin D; increased excretion of calcium in urine; reduced absorption of calcium from 

intestines; direct interference with calcium incorporation into bone cells; and direct interference with 

collagen production in bone cells (Kjellström, 1992).  

 

9.1.3 Neurodevelopmental Effects 

Conflicting information regarding the neurodevelopmental effects associated with cadmium 

exposures has been reported.  Cao et al. (2009) measured IQ, neurophysiological function and blood 

pressure in children being treated with succimer for lead exposure at 2, 5, and 7 years of age. They 

reported no association between blood cadmium levels and the measured parameters. Wright et al. 

(2006) reported no link between measured cadmium hair concentrations in children, ages 11-13, and 

several neuropyschological endpoints including general intelligence, visual-motor skills, and behavioral 

problems, although correlations with hair concentration levels of arsenic and manganese were noted. 

Ciesielski et al., 2012, however, reported that children, ages 6-15, with higher urinary cadmium 

concentrations had increased risk of learning disabilities and special education requirements but not 

attention deficit hyperactivity disorder. Such conflicting information coupled with a lack of quantitative 

exposure information does not support derivation of a candidate AAL for this human health endpoint. 
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Table 5: Select human epidemiological studies for non-cancer endpoints 

 

 

 

Study

Exposure            

Type

Exposure 

conc

Exposure 

Duration Analysis Cutoff Cohort Endpoint

U-Cd BMD5             

(ug Cd/g 

creatinine)

U-Cd BMDL5 

(ug Cd/ g 

creatinine) NOEL LOEL

Akesson et 

al., 2005

Environmental (50-50 yo 

Swedish women w/o 

known occupational 

exposure to cadmium)

Multiple linear 

regression 

models

Mean age =         

58 years

Multiple linear 

regression models

Spearman's rank 

correlation coefficients
816 W

• NAG- urinary marker 

for tubular effects

(μg/g creatinine)

• Protein-HC urinary marker 

for tubular effects 

(mg/g creatinine) 

0.8

1.2 

Buchet et 

al., 1990

Environmental (1699 20-

80 yo Belgian residents 

living near cadmium-

contaminated areas/ 

CadmiBel)

Not reported Lifetime Logistic regression

• RBP ≥ 338 ug/L (Cutoffs 

derived from 95% of 

markers in kidney 

disease free population)

• NAG = 3.6 IU/24 hours

• B2-microglobulin = 283 

ug/24 hours  (U-Cd set at 

10% probablity of adverse 

effect)

1699

• NAG- urinary marker for 

tubular effects (μg/g 

creatinine)

• Retinal Binding Protein 

(RBP)– urinary marker for 

tubular effects (mg/g 

creatinine)

<2.74 ug/L 

*** 

< 2.87 µg/L 

***

Cao et al., 

2009

Treatment of lead 

exposed children trial

Environmental/ 

not reported                            

(B-Cd mean = 

approx 0.2 -0.3 

ug/L) 

2,5, and 7 years
Various statistical 

models

780 children, 

aged 12-33 

months. (396 

treated with 

succimer for 

lead 

exposure, 

384 placebo)

• B-Cd  and blood pressue

No correlation bw/         

B-Cd levels and 

neurodevelopmenta

l or blood pressure 

endpoints at 2,5, 

and 7 years of age.

Not reported 13-22 years

5% excess in background 

prevalence of abnormal 

RBP or B2. Abnormal 

levels defined as values 

exceeding the 95th % of 

workers with U-Cd< 1 

ug/g creatinine.

·         RBP in urine                                              

•   B2-microglobulin in urine

5.1

9.6

3

5.9

Chen et al., 

2013 

Environmental (>40 yo 

Chinese women living 

near  Cd smelter) 

0.5 mg Cd/kg 

rice (low 

exposure)                                  

3.7 mg Cd/kg 

rice (high 

exposure)

Mean ages =       

56-57 yo
BMD Model BMR = 5 and 10% 338  W          Osteoporosis 5.3 3.78

451 M

Occupational (Ni-Cd 

workers in France, 

Sweden, US; mean age 

45.4)

Chaumont 

et al., 2011 

Logistic 

Regression + BMD 

Model
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Study

Exposure            

Type

Exposure 

conc

Exposure 

Duration Analysis Cutoff Cohort Endpoint

U-Cd BMD5             

(ug Cd/g 

creatinine)

U-Cd BMDL5 

(ug Cd/ g 

creatinine) NOEL LOEL

Ciesielski et 

al 2012

Environmental (NHANES 

data), 6-16 yo U.S. 

children

Environmental/not 

reported (median U-

Cd= 0.11.ug/L)

6-15 years

Logistic regression 

models, core 

models, and full 

models

3207 W

• Learning disability

• Special education

• ADHD

0-0.5767 μg/L***

Gallagher 

2008

Environmental (NHANES 

data), women ≥50 yo
Not reported

Average age = 67         

(range = 50-90)

Multiple regression 

analysis

Femur neck BMD < 0.56 

g/cm2 or total hip BMD < 

0.64 g/cm2

• Bone density

• Osteoporosis

≤ 0.5

≤ 0.5

Nawrot et al 

2010 

Occupational (Cd 

soldering fumes)

Not definitively 

reported.  

Soldering fumes 

contained 17X 

occupational level.  

Assume occ level 

= 5 ug/m3; 

Average 

employment = 17 

years (range 2.5-

35). Cadmium 

containing 

soldering material 

used for at least 

Logistic 

Regression

Osteoporosis defined as 

T-score < -2.5 in at least 

one bone site.                                           

Cutoff for early renal 

tubule dysfuction  is β2 

microglobulin > 300 ug/g 

creatinine

83 M                                Osteoporosis

<0.51 0.51-1.88

Suwazono 

2006  

53-64 yo Swedish 

women; 55% 

smokers/past smokers, 

w/o known occupational 

cadmium exposure

Not reported

Not reported.  

Subjects 53-64 

yo.

Hybrid BMD Model

Used background 

probabilities of 10 and 

15% (from Buchet and 

Jarup)

790 W

         NAG- urinary marker 

for tubular effects (U/g 

creatinine)

0.64 0.5

         Protein HC– urinary 

marker for tubular effects 

(ug/g creatinine)

0.63 0.49

         Bone density 1.8-3.7 1-2.1

Not reported          Osteoporosis 2.9 1.6

Suwazono 

2011

(Environmental) 50-59 yo 

Japanese M/W w/o 

known occupational  

cadmium exposure

Not reported
Updated Hydrid 

BMD Model
410 M/ 418 W

         NAG- urinary marker 

for tubular effects (Ug/g 

creatinine)
0.7-1.0 (M)                        

1.3-3.2 (W)

0.6-0.8 (M)                      

0.6-2.3 (W)

         Protein HC– urinary 

marker for tubular effects 

(mg/g creatinine)
1.3-1.6 (M)                             

3.2-5.7 (W)

0.1-1.1 (M)               

1.9-3.4 (W)

         B2-microglobulin - 

urinary marker for tubular 

effects

 0.9-1.8 (M)                                                 

2.2-2.4 (W)

0.7-1.2 (M)                    

1.5 -1.8 (W)

Increased urinary excretion 

of β-2 and RBP and 

decreased reabsorption of 

calcium and phosphate.

Suwazono 

2010

53-64 yo Swedish 

women; 55% 

smokers/past smokers, 

w/o known occupational 

cadmium exposure

Hybrid BMD Model 790 W



FINAL 
 

18 
 

  
 

 

 

 

 

 

 

 

Study

Exposure            

Type

Exposure 

conc

Exposure 

Duration Analysis Cutoff Cohort Endpoint

U-Cd BMD5             

(ug Cd/g 

creatinine)

U-Cd BMDL5 

(ug Cd/ g 

creatinine) NOEL LOEL

Thun et al. 

1989
Occupational

Cumulative 

exposure =        

604 mg/m3 days                              

( range = 0-5383)

GM = 19 years                  

( range = 1-38)
Logistic regression 

• β2 > 486 ug/g creatine    

• RBP > 321 ug/g 

creatinine   

•Tubular resorption 

calcium < 97.56% 

•Tubular resorption 

phosphate < 69.4%

• Serum creatinine 1.4 

mg/dl

45 workers           

32 controls

• β2- Microglobulin – 

biomarker of tubular effects

•RBP – biomarker of tubular 

effects

• Calcium and phosphorus 

rebsorption

•Serum creatinine

≥ 300 mg 

Cd/m3 days 

Thun et al. 

1991
Occupational

Cumulative 

exposure =         

100-499 mg/m3 

days

Varied across 7 

occupational 

studies

Dose-response 

graph for 7 studies

• β2 > 200-628 ug/g 

creatinine 

• RBP > 90 ug/ g 

creatinine

33-440                 

workers                  

(across 7 

studies)

• β2- Microglobulin – 

biomarker of tubular 

effects

•RBP – biomarker of 

tubular effects

• Lung cancer

100 mg 

Cd/m3 days

* Conversion inferred from paper = ug Cd/L * 1.3 = ug Cd/ g creatiinine

*** not corrected for creatinine
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Table 6: Select human epidemiological studies for cancer endpoints 

 

 

  

 

Study

Exposure 

Type

Exposure 

Concentration

Exposure 

Duration Analysis Cutoff Cohort Endpoint LOEL

μg/m
3                 

(10-6 cancer 

risk)

Thun et al. 

1985
Occupational

0.007 - 1.5 mg/m
3  

(Cumulative exposure = 

584-2921 mg-days/m
3
)

> 2 years Modified life table system Fatal cancers 602 M Lung cancer mortality 5.2

Thun et al. 

1991
Occupational

Cumulative exposure =                            

100-499 mg/m
3
 -years

Varied across 7 

occupational 

studies

Dose-response graphs 

comparison of 

rat/occupational data

Lifetime risk of 

excess lung 

cancer

Rats/ 602 M Lung cancer 
45 ug/m

3
 year 

(NOAEL)

Park et al. 

2012
Occupational 

PPE adjusted time 

averaged exposure = 0.62 

mg/m3                             

Cumulative exposure =                 

0-39.94 mg/m
3-

 years

> 2 years                         

(mean exposure 

duration = 6.4 

years)

Poissen regression 

(accounting for co-

exposure to arsenic)

Fatal cancers 606 M Lung cancer mortality 0.0024

Adams et al. 

2012

Environmental                   

(NHANES III)                                                    

Mean U-Cd M 

(0.271 ug/g 

creatinine, W 

0.352 ug/g 

creatinine)

Cox regression for 

adjusted hazard ratios 

and 95% CI                 

Taylor linearization 

used to estimate 

standard errors

7455 M and 

8218 W
> 17 years Fatal cancersNot reported

• Lung cancer mortality 

(M)                             

•Non-Hodgkin lymphoma 

mortality (M)                                

• Pancreatic cancer 

mortality   (M)                            

• Ovarian cancer 

mortality (W) 

0.58

0.58

0.58

0.82
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9.2 Cancer Endpoints 

Cadmium exposures have been linked with increased incidence of lung, prostate, renal, 

endometrial, breast, and gastric cancers in humans (IARC 1993, 2012; Johri et al., 2010). Several human 

epidemiological studies assessing the carcinogenic potential of cadmium via inhalation have been 

partially confounded by concomitant exposures to other carcinogenic metals including arsenic and 

nickel (Nawrot et al., 2006; Johri et al., 2010). However, cadmium and cadmium compounds are 

classified by IARC as carcinogenic to humans (Group 1) based on sufficient evidence of lung cancer in 

humans and positive associations between human inhalation exposures to cadmium and cancer of the 

kidney and prostate (IARC, 1992, 2012). Cadmium and its compounds are also classified as known 

human carcinogens by the National Toxicology Program (NTP, 2000, 2012). Cadmium and its associated 

compounds are classified by EPA as Group B1; probable human carcinogens (by the inhalation route) 

based on limited occupational epidemiological evidence and sufficient evidence of carcinogenicity in 

animal inhalation studies (EPA IRIS, 1986). Based on the weight of evidence, the NCSAB considered 

cadmium to be carcinogenic to humans via the inhalation route. 

Although associations between cadmium exposures and reproductive toxicity have been 

reported in animal studies, similar associations in humans have not been definitively established. Given 

the conflicting reports linking cadmium exposures and prostate cancer (Huff et al., 2009), the NCSAB 

determined that there was insufficient information to pursue this cancer type as a potential endpoint 

for derivation of a candidate AAL. Cancer of the lung and/or respiratory tract was evaluated by the 

NCSAB as a human health endpoint associated with cadmium inhalation exposures.  

There is limited evidence of carcinogenicity in animals following oral exposures to cadmium.  

Oral administration of cadmium to rats and mice did not produce a consistent dose-response or 

significant increases of tumors (ATSDR, 2012). 

9.2.1 Carcinogenic Mechanism of Action 

Several carcinogenic modes of action have been proposed for cadmium; however none of them 

have been definitively identified as the predominant mechanism (Joseph, 2009). Oxidative stress  is 

considered a likely mode of action based on evidence from in vitro assays demonstrating that cadmium-

induced mutagenicity is mediated via reactive oxygenated species including hydroxyl radicals, 

superoxide anions, nitric oxide, and hydrogen peroxide (Filipic and Hei, 2004; Filipic et al, 2006; Huff et 

al., 2007, Liu et al., 2010). However, supporting evidence exists for alternative mechanisms including 
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aberrant gene expression, inhibition of DNA damage repair, and apoptosis (Huff et al., 2007, Joseph, 

2009). 

10.0 Science Advisory Board Deliberations 

The NCSAB discussed at length if a candidate AAL based on a non-cancer endpoint would be 

protective for cancer. Benchmark doses and NOAELs reported from several epidemiological studies 

assessing non-cancer kidney and bone effects (Table 5) indicated that measured urinary cadmium 

concentrations associated with each study were all within an order of magnitude of one another 

(approximately 0.5 to 5 µg Cd/g  creatinine). While there are numerous studies reporting urinary 

cadmium concentrations and associated adverse health effects, there are few methods available to 

quantitatively correlate the two. Correlation of urinary cadmium concentrations and corresponding 

inhalation exposure concentrations requires 1) measurements of airborne cadmium concentrations or 2) 

use of sophisticated pharmacokinetic models. Airborne cadmium concentrations are generally not 

available for non-occupational epidemiological studies and available physiologically-based 

pharmocokinetic (PBPK) models for cadmium were considered to be virtually linear (Nordberg and 

Kjellstrom, 1979) or had not been evaluated for the inhalation route of exposure (Ruiz et al., 2010).  

The NCSAB noted the National Health and Nutritional  Examination Survey (NHANES) reported 

daily cadmium dietary intakes ranging from 13.5 to 22.4 µg cadmium/day, confirming values reported by 

Choudhury (2001)(Table 6). Assuming a standard 70 kg adult, an inhalation rate of 20 m3/day and the 

most conservative assumption of 100% cadmium bioavailability, the daily inhalation exposure based on 

the North Carolina AAL (currently set at 0.0055 µg/m3) would be approximately 0.1 µg cadmium/day 

(Equation 2).  Hence, inhalation cadmium exposures would never be more than a small fraction of the 

NHANES daily dietary exposures reported by Ruiz et al., 2010 (which are approximately 135 to 224-fold 

greater).  

Equation 2       

 µg/m3 cadmium/day   =      0.0055 µg   x    20 m3      =  0.11 µg cadmium/day via inhalation  

        m3             day                

        

Comparison of these values demonstrates that a candidate AAL based on a cancer endpoint (for 

inhalation exposures) will be far smaller than a candidate AAL based on a non-cancer endpoint (for renal 

or bone effects from combined oral and inhalation exposures). 
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Table 7: Dietary cadmium and model predictions of urinary cadmium in the nonsmoking US 
population (corrected for creatinine) 

 Males Females 

Age 
(years) 

Cd Intake  
(µg Cd/day)1 

Model Prediction 
(µg Cd /g creatinine) 

Cd Intake 
(µg Cd/day)1 

Model Prediction 
(µg Cd /g creatinine) 

6-11 15.0 0.101 (0.088-0.11) 13.5 0.172 (0.152-0.188) 

12-19 19.7 0.087 (0.078-0.095) 15.1 0.163 (0.136-0.190) 

20-39 22.4 0.137 (0.082-0.190) 15.2 0.285 (0.182-0.386) 

40-59 22.1 0.214 (0.188-0.241) 16.5 0.427 (0.377-0.477) 

60+ 17.6 0.226 (0.221-0.232) 14.4 0.453 (0.447-0.459) 
Source: Ruiz et al. 2010  
1 Geometric mean 

10.1  Candidate AALs 

Candidate AALs for cadmium were derived for the most relevant human health endpoints for 

comparative purposes. Assumptions and results are detailed in Table 8.  Although there are numerous 

studies reporting urinary cadmium concentrations and associated human health effects, these studies 

generally reported results from a single urine sample and lack corresponding exposure concentrations; 

hence they were not used. Candidate AALs were derived using studies reporting cadmium inhalation 

exposure concentrations. 

  10.1.1 Non-cancer endpoint 

A 1991 study by Thun et al. was selected as the key study for calculation of a candidate AAL 

based on a non-cancer renal endpoint. Strengths of the study included: 

 Use of data from seven epidemiological studies to characterize occupational exposure ranges 
associated with impaired kidney function. 

 Pooled data for >550 workers in different occupational settings. 

 Selected studies reported cumulative occupational cadmium exposures. 

 Authors had previous publications assessing cadmium toxicity. 

 Peer-reviewed journal publication. 

 Study selected by the Ontario Ministry of the Environment and the World Health Organization 
(WHO) for derivation of health-based inhalation standards for cadmium. 

 
Uncertainties associated with the study included: 

 Results were not based on a true meta-analysis but rather a semi-quantitative analysis of pooled 
data. 

 Different threshold criteria were used by each study to define renal impairment. 

 There were large variations in number of subjects (ranging from 33-440) and the amount and 
quality of exposure information provided by each study.  
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The lowest cumulative workplace exposure level associated with adverse renal effects was 

reported to be 100 µg/m3-years. This worker lifetime exposure was converted to an equivalent general 

population lifetime exposure level by multiplying by (7.8 m3/15.6 m3) and (240 work days/year to 365 

days/year) to compensate for daily occupational breathing rates and yearly work days and dividing by 78 

lifetime years (Equation 3).   

Equation 3 

[100 µg/m3-years x (7.8m3/15.6 m3) x (240 work days/365 days/year)] / 78 years  = 0.421 µg/m3 

 

Dividing the equivalent lifetime exposure concentration of 0.421 µg/m3 by a multiplicative 

uncertainty factor of 50 (5 for use of a LOAEL rather than a NOAEL and 10 to compensate for human 

variability) produces a candidate AAL for cadmium based on non-cancer renal effects of 0.0084 µg/m3.   

10.1.2. Cancer endpoint 

Park et al. 2012 was selected as the key study for derivation of a candidate AAL based on a lung 

cancer endpoint. Strengths of the study included: 

 Long-term follow-up of a large, well-studied cohort and almost complete mortality 
ascertainment.  

 Confounding arsenic exposures were included in the dose-response model. 

 Enhanced exposure assessments for both cadmium and arsenic that included personal 
protective equipment (PPE) considerations. 

 Ethnicity adjustments were made for the very low rates of lung cancer among Hispanics at the 
time, due to their low frequency of smoking.   

 Authors from regulatory and academic institutions (The paper and this work originated with Dr. 
Leslie Stayner; previously senior epidemiologist at NIOSH; currently at University of Chicago).  

 Peer-reviewed journal publication. 
 
Uncertainties associated with the study include: 

 Strong correlation between cadmium and arsenic exposure in the dose-response model  
increased uncertainty in the individual effect estimates of each.  

 Minimally significant correlation factor. 
 

 
 The reported inhalation potency (slope factor) of 0.2145 per mg/m3-year for cumulative cadmium 

exposure (obtained while adjusting appropriately for co-exposure to arsenic) was determined by the 

study authors using Poisson regression. The 90th percentile profile confidence interval, calculated using a 

likelihood ratio based method, was 0.0266-0.8401 per mg/m3-year (unpublished results, personal 

communication with the study author). The corresponding cumulative working exposure concentration 
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associated with a one in one million (10-6) lifetime risk was 4.66 x 10-6 mg/m3- year (Equation 4).  

Conversion of this value to a corresponding lifetime exposure concentration (Equation 5) yielded a 

candidate AAL of 1.53 x 10-3 µg/m3 as the central estimate. Similar calculations were performed for the 

upper and lower confidence limits producing lower and upper bounding values of 3.91 x 10-7 and 1.24 x 

10-5 µg/m3, respectively. 

 
 
0.2145 per mg/m3-year= modeled potency factor (slope factor) for occupational exposure  

 

Equation 4  

(Potency)       x        (Exposure)      =       Risk 
 

[(0.2145 per mg/m3-yr)  x  ( X mg/m3 -yr  cumulative exposure concentration) = (1 x 10-6) risk 
X (cumulative exposure)   =   4.66 x 10-6 mg/m3- yr             

 

 
Equation 5 

        4.66 x 10-6 mg-yr      x      7.8 m3          x      240 work days         x     1000 μg           =          1.53 x 10-3 µg/m3 
                             m3                 15.6 m3                365 days/year                           mg       

 

 

This candidate AAL for cadmium was lower than the current AAL of 5.5 x 10-3 µg/m3 (by 

approximately 5-fold). To confirm the value, a life-table analysis using the potency factor (and its upper 

and lower confidence limits) reported by Park et al. 2012 and North Carolina age-specific lung cancer 

mortality rates (males, all races, 2009, 

http://www.cdc.gov/nchs/nvss/bridged_race/data_documentation.htm#vintage2009), baseline survival 

to beginning of age category data (U.S., all races, all sexes, 2000 census) was conducted. A life table 

analysis is commonly used by epidemiologists to estimate the cumulative probability of dying from a 

specific cancer over the course of a standard lifespan. The life table was constructed and utilized in the 

derivation of the previously revised arsenic AAL for North Carolina (North Carolina Risk Assessment for 

Arsenic and Inorganic Arsenic Compounds, 2013). For each slope (potency) factor estimate (central, 

lower 5%, and 95% confidence upper bound, occupational airborne concentrations of cadmium were 

iteratively input into the model until the resulting estimated lifetime risk of death from lung cancer was 

one in one million (10-6). Conversion of the cumulative occupational exposure calculated at this risk level 

to a lifetime continuous equivalent exposure concentration was accomplished by multiplying by 
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(7.8m3/15.6m3) and (240 days/365 days) to convert occupational breathing rates and working years to 

24 hour breathing rates and calendar years. The calculation yielded the values shown in Table 8. 

 

The central AAL estimate for cadmium derived using the life table analysis was 5.36 x 10-7 mg/m3 

(equivalent to 5.36 x 10-4 µg/m3) with a lower bound of 1.35 x 10-7 mg/m3 and an upper bound of 4.29 x 

10-6 mg/m3 (equivalent range of 1.35 x 10-4 to 4.29 x 10-3 μg/m3). These values align closely with the 

direct potency calculation results that also support a more stringent AAL for cadmium.  The central 

estimate value obtained from the life table analysis was selected as the proposed AAL. 

Table 8: Derivation comparison for candidate AALs for cadmium  

 
Central Estimate 

(mg/m3) 

Lower Bound 
Estimate 
(mg/m3) 

Upper Bound 
Estimate 
(mg/m3) 

Stringency Factor 
(compared with 
current AAL of 

5.5 x 10-6 mg/m3) 

Direct Potency Calculation 1.53 x 10-6 3.91 x 10-7 1.24 x 10-5 3-fold 

Life Table Analysis 5.36 x 10-7 1.35 x 10-7 4.29 x 10-6 10-fold 

 

The proposed central  AAL value for cadmium derived from Park et al., 2012 is an order of 

magnitude lower than the current AAL for cadmium of 5.5 x 10-6 mg/m3 (equivalent to 5.5 x 10-3 µg/m3).  

However, the newly derived potency factor from Park et al., 2012 did not contribute significantly to the 

reduced candidate AAL. The proposed reduction was influenced primarily by the use of a one in a million 

risk (10-6) estimate used for known carcinogens compared with a one in one hundred thousand (10-5) 

risk estimate that had been used previously for probable carcinogens in accordance with guidelines 

established by the North Carolina Academy of Sciences (1987/1987). 

11.0 Discussion and Recommendation 

The NCSAB recommends that the current AAL for cadmium be revised to 5.4 x 10-7 mg/m3 

(equivalent to 0.00054 µg/m3) from its current value of 5.5 x 10-6 mg/m3 (equivalent to 0.0055 µg/m3). 

The proposed AAL value is a central estimate within an exposure range having a lower bound of            

1.4 x 10-7 mg/m3 (equivalent to 0.00014 µg/m3) and an upper bound of 4.3 x 10-6 mg/m3 (equivalent to 

0.0043 µg/m3). The Division of Air Quality has assigned an annual averaging time for the cadmium AAL 

since cadmium is a known human carcinogen via inhalation. 
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Table 9: Candidate AALs for cadmium based on various human health endpoints 

Endpoint 
(Study Type) 

POD 
 

Uncertainty Factors 
Candidate AAL 

(µg Cd/m3) 
Reference 

Non-cancer 

Renal 
(Human Adult) 

100 µg/m3-years 
(equivalent to 
 0.282 µg/m3) 

LOAEL to NOAEL  5 
Animal to human N/A 
Inter-individual 10 

Acute to chronic N/A 

0.0084  Thun et al. 1991 

Cancer 

Lung/Respiratory 
(Human Adult) 

EPA IUR of 
1.8 x 10-3 per ug/m3 

Modeling used to 
derive Inhalation Unit 

Risk Factor 
0.0055 Thun et al., 1985 

Lung/Respiratory 
(Human Adult) 

Potency factor = 
0.2145 per 

mg/m3-year 
 

90%  
confidence interval=  

1.35 x 10-7 to  
4.29 x 10-6  µg/m3 

Modeling used to 
derive Potency Factor 

Central estimate = 
0.00054 

  
5% Lower bound = 

0.00014 
95% Upper bound = 

0.0043 

Park et al., 2012 

 

The proposed AAL for cadmium is an order of magnitude more restrictive than the current AAL. 

The four primary factors contributing to the lower candidate AAL include (1) use of recently published 

re-analysis of the study population data used as the basis for the current AAL; (2) use of a life table 

analysis to estimate ambient concentrations associated with increased risk of mortality from lung 

cancer; (3) use of a one in one million risk (10-6) estimate rather than a one in one hundred thousand 

(10-5) risk estimate; and (4) an increase in the estimated average human lifetime from 70 years to 78 

years. The proposed candidate AAL for cadmium aligns with airborne permitting levels established by 

other states that also use a one in one million (10-6) risk criterion.  

It is important to note that the analytical method routinely used by North Carolina to measure 

ambient cadmium concentrations is not sufficiently sensitive to measure cadmium concentrations at or 

below either the current or proposed AAL concentrations. However, AAL concentrations are only used in 

air dispersion modeling to prevent the amount of pollutant added to the atmosphere by facility 

operations from creating incremental concentrations in excess of the AAL at facility property lines. AALs 

are not intended as benchmarks for ambient measurements.  



FINAL 
 

27 
 

12.0 Appendices 
 

Appendix 1: North Carolina Ambient Monitoring Data Summary for Cadmium (2001-2012) 

 

 

  

 

County Begin End Total Null Zero Non-zero Null Zero Non-zero Zero Non-zero
Asheville 20020213 20121229 662 43 434 185 6% 66% 28% 70% 30%

Charlotte 20010113 20121229 1382 62 901 419 4% 65% 30% 68% 32%

Fayetteville 20020102 20050110 185 10 94 81 5% 51% 44% 54% 46%

Greensboro 20020102 20061219 298 133 109 56 45% 37% 19% 66% 34%

Kinston 20020108 20080307 374 23 221 130 6% 59% 35% 63% 37%

Lexington 20040116 20121229 546 11 394 141 2% 72% 26% 74% 26%

Raleigh 20020102 20121229 1176 66 808 302 6% 69% 26% 73% 27%

Reidsville 20020102 20121229 666 48 459 159 7% 69% 24% 74% 26%

Rockwell 20050116 20121229 485 8 358 119 2% 74% 25% 75% 25%

Winston-Salem 20010922 20121229 687 34 463 190 5% 67% 28% 71% 29%

Number of Records (N) Percent (including Null)Dates Percent (excluding Null)
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Appendix 2: North Carolina Ambient Monitoring Data for Cadmium by County  

  Number of Records (N) Percent 
Non-zero Values vs. 

MDL 
% Non-zero Values 

vs. MDL 

Asheville                               
(Buncombe County) Total  Zero Non-zero Zero Non-zero < MDL > MDL < MDL > MDL 

2002 49 27 22 55% 45% 19 3 86% 14% 

2003 59 35 24 59% 41% 22 2 92% 8% 

2004 57 27 30 47% 53% 27 3 90% 10% 

2005 56 38 18 68% 32% 14 4 78% 22% 

2006 54 40 14 74% 26% 11 3 79% 21% 

2007 54 46 8 85% 15% 6 2 75% 25% 

2008 56 49 7 88% 13% 7 0 100% 0% 

2009 59 49 10 83% 17% 8 2 80% 20% 

2010 57 42 15 74% 26% 10 5 67% 33% 

2011 58 39 19 67% 33% 13 6 68% 32% 

2012 60 42 18 70% 30% 14 4 78% 22% 

Charlotte                                      
(Mecklenberg County)                   

2001 81 46 35 57% 43% 33 2 94% 6% 

2002 95 55 40 58% 42% 38 2 95% 5% 

2003 96 53 43 55% 45% 37 6 86% 14% 

2004 105 64 41 61% 39% 34 7 83% 17% 

2005 116 72 44 62% 38% 36 8 82% 18% 

2006 116 82 34 71% 29% 29 5 85% 15% 

2007 119 107 12 90% 10% 11 1 92% 8% 

2008 119 100 19 84% 16% 18 1 95% 5% 

2009 121 87 34 72% 28% 23 11 68% 32% 

2010 120 74 46 62% 38% 28 18 61% 39% 

2011 118 79 39 67% 33% 27 12 69% 31% 

2012 114 82 32 72% 28% 20 12 63% 38% 
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  Number of Records (N) Percent 
Non-zero Values vs. 

MDL 
% Non-zero Values 

vs. MDL 

Fayetteville                       
(Cumberland County)                   

2002 57 34 23 60% 40% 23 0 100% 0% 

2003 59 26 33 44% 56% 28 5 85% 15% 

2004 57 32 25 56% 44% 20 5 80% 20% 

Greensboro                       
(Guilford County)                   

2004 56 36 20 64% 36% 19 1 95% 5% 

2005 60 37 23 62% 38% 18 5 78% 22% 

Kinston                              
(Lenoir County)                   

2002 55 22 33 40% 60% 33 0 100% 0% 

2003 57 28 29 49% 51% 25 4 86% 14% 

2004 53 32 21 60% 40% 18 3 86% 14% 

2005 60 37 23 62% 38% 20 3 87% 13% 

2006 56 39 17 70% 30% 14 3 82% 18% 

2007 60 53 7 88% 12% 6 1 86% 14% 

Lexington                           
(Davidson County)                   

2004 58 37 21 64% 36% 20 1 95% 5% 

2005 61 38 23 62% 38% 20 3 87% 13% 

2006 59 45 14 76% 24% 9 5 64% 36% 

2007 58 46 12 79% 21% 11 1 92% 8% 

2008 60 52 8 87% 13% 7 1 88% 13% 

2009 58 43 15 74% 26% 10 5 67% 33% 

2010 59 44 15 75% 25% 8 7 53% 47% 

2011 61 48 13 79% 21% 9 4 69% 31% 

2012 61 41 20 67% 33% 16 4 80% 20% 
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  Number of Records (N) Percent 
Non-zero Values vs. 

MDL 
% Non-zero Values 

vs. MDL 
Raleigh                           
(Wake County) 

2002 58 33 25 57% 43% 23 2 92% 8% 

2003 83 51 32 61% 39% 27 5 84% 16% 

2004 120 75 45 63% 38% 33 12 73% 27% 

2005 96 63 33 66% 34% 25 8 76% 24% 

2006 76 57 19 75% 25% 18 1 95% 5% 

2007 114 103 11 90% 10% 11 0 100% 0% 

2008 120 100 20 83% 17% 17 3 85% 15% 

2009 101 71 30 70% 30% 24 6 80% 20% 

2010 114 79 35 69% 31% 25 10 71% 29% 

2011 113 89 24 79% 21% 17 7 71% 29% 

2012 115 87 28 76% 24% 21 7 75% 25% 

Reidsville                               
(Cabarrus County)                   

2002 50 30 20 60% 40% 19 1 95% 5% 

2003 59 40 19 68% 32% 16 3 84% 16% 

2004 56 38 18 68% 32% 16 2 89% 11% 

2005 59 42 17 71% 29% 15 2 88% 12% 

2006 56 42 14 75% 25% 12 2 86% 14% 

2007 58 52 6 90% 10% 6 0 100% 0% 

2008 56 49 7 88% 13% 6 1 86% 14% 
2009 57 41 16 72% 28% 9 7 56% 44% 
2010 53 41 12 77% 23% 8 4 67% 33% 

2011 61 47 14 77% 23% 11 3 79% 21% 

2012 53 37 16 70% 30% 12 4 75% 25% 
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  Number of Records (N) Percent 
Non-zero Values vs. 

MDL 
% Non-zero Values 

vs. MDL 
Rockwell                                   
(Rowan County) 

2005 57 33 24 58% 42% 21 3 88% 13% 

2006 60 45 15 75% 25% 13 2 87% 13% 

2007 59 46 13 78% 22% 12 1 92% 8% 

2008 60 49 11 82% 18% 7 4 64% 36% 

2009 60 52 8 87% 13% 6 2 75% 25% 

2010 61 48 13 79% 21% 11 2 85% 15% 

2011 59 42 17 71% 29% 13 4 76% 24% 

2012 61 43 18 70% 30% 14 4 78% 22% 

 



FINAL 
 

32 
 

Appendix 3: Animal Study Summaries 

Systemic Toxicity 

The National Toxicology Program (NTP) conducted 13-week inhalation studies in mice and rats 

assessing the potential toxicity of cadmium oxide (Dunnick, 1995). B6C3F1 mice and F344/N rats 

(10/sex/concentration) were exposed via whole body inhalation to 0.025, 0.05, 0.1, 0.25, or 1.0 mg/m3 

dry, aerosolized cadmium oxide dust for 6 hours/day, 5 days/week for 13 weeks. No mortalities, 

significant clinical signs or body weight changes were observed in either species. The respiratory tract 

was the target site for cadmium-induced toxicity with dose-dependent lesions observed in the lungs, 

tracheobronchial lymph nodes, mediastinal and mesenteric lymph nodes (rats only), larynx, and nasal 

passages of treated animals. Lesions generally occurred at the low to mid-range concentrations and 

increased in frequency and severity with higher concentrations.  

Reproductive/Developmental Toxicity 

In the reproductive/developmental toxicity component of the NTP cadmium oxide inhalation 

study, mated female CD-1 Swiss mice and Sprague-Dawley rats (10/concentration) were exposed via 

whole body inhalation to 0, 0.05, 0.5, or 2 mg/m3 dry, aerosolized cadmium oxide 6 hours/day on GD 4-

17 (Dunnick, 1995). No reproductive system toxicity was observed at any exposure concentration in 

mice.  Decreased number of spermatids per testis and increased length of estrous cycle were observed 

in rats exposed to 2.0 mg/m3. 

In the developmental toxicity segment of this study, reduced fertility was observed in mice 

exposed to ≥0.5 mg/m3. All remaining adverse effects were associated with the highest dose tested of 2 

mg/m3. Effects in the high exposure group included reduced maternal mean body weight, body weight 

gain, absolute and relative gravid uterine weights, absolute liver weights and significantly increased 

relative kidney weights. Increased resorptions/litter, decreased male/female fetal weights and 

percentage of live male fetuses/litter compared with controls and reduced ossification of the 

sternebrae.  

Decreased maternal body weight, body weight gains, absolute and relative liver weights and 

absolute kidney weights were reported for rats exposed to 2 mg/m3. Reduced body weight and reduced 

ossification of the pelvis and of the sternebrae was observed in high dose male and female fetuses. 
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Carcinogenicity 

Takenaka (et al., 1983) exposed W rats (40M/concentration) to aerosolized aqueous cadmium 

chloride (0, 12.5, 25, or 50 μg/m3, MMAD= 0.55 μm, GSD= 1.8) via whole body inhalation for 23 hr/day, 

7 days/wk for 18 months. The rats were maintained an additional 13 months and surviving animals were 

sacrificed.  A clear dose-response effect was seen with 71.4% of the high dose group, 52.6% of the mid-

dose group, and 15.4% of the low-dose group exhibiting primary lung carcinomas. Epidermoid 

carcinomas, adenocarcinomas, combined epidermoid carcinomas/ adenocarcinomas, and 

mucoepidermoid carcinomas were observed. No lung tumors were seen in the controls. Other tumor 

types observed with lower incidences in treated and control rats included pituitary, thyroid C-cell, 

pheochromocytomas, pancreatic islet cell, testicular Leydig cell, skin, and systemic.   
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Appendix 4: Non-cancer Epidemiological Study Summaries 
 

Nawrot et al. (2010)  

Blood cadmium, urinary cadmium, urinary β2-microglobulin, urinary calcium excretion, and 

bone mineral density were measured in 83 men working in a company producing radiators and 

convectors. Men exposed to soldering fumes (which contained cadmium concentrations 17-fold greater 

than the occupational standard) and who had urinary cadmium levels > 2µg/g creatinine were 

designated as the “cadmium –exposed” group. These participants were matched with workers 

employed at the same company but without known exposure to soldering fumes. The 83 subjects were 

stratified into low, medium, and high groups based on measured U-Cd expressed as µg Cd/g creatinine 

(low = < 0.51, medium = 0.51-1.88, and high = ≥1.88). 

Bone density measurements were made at the left forearm, lower back, and right hip. 

Osteoporosis was defined as a T-score of at least -2.5 standard deviations below the mean of the age-

and gender-specific reference value in at least one of the measured bone sites. Logistic regression was 

used to identify potential correlations between urinary cadmium and the risk of osteoporosis. 

Single regression analysis showed an inverse correlation between bone density and urinary cadmium 

excretion (i.e.- bone density decreased as urinary cadmium increased) and a direct correlation between 

urinary cadmium and calcium excretion (r=0.23, p = 0.04). Following adjustments for age, age squared, 

and smoking status, doubling of urinary cadmium excretion concentrations was inversely correlated 

with decreased bone density of the forearm and hip but not lumbar spine (r= -0.30(p=0.008); r=-0.27 

(p=0.17); r=-0.17 (p=0.15), respectively). A 4.8 and 9.9-fold increased risk of osteoporosis was seen in 

the middle (95% CI 0.88-29.1, p=0.09) and high exposure groups (98% CI 1.8-55.2, p=0.009), 

respectively, relative to the low exposure group. Urinary concentrations of β2-microglobulin did not vary 

significantly across the three groups nor was it significantly correlated with osteoporosis. Overall study 

findings demonstrate that osteotoxic effects of cadmium exposures can be measured using bone density 

before renal tubule dysfunctional can be measured using urinary biomarkers. 

Chen et al. (2013 in Press)  

A group of 338 Chinese women (age 40 or older) were stratified into one of three cadmium 

exposure groups. The high exposure (n=151) and medium exposure (n=104) groups lived in close 
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proximity (0.5 km and 12 km, respectively) to a cadmium smelter in operation since 1961. The control 

group lived in a non cadmium-polluted area. None of the women were current smokers; however their 

previous smoking history was not reported. The diets of the medium and high cadmium exposed women 

included cadmium-contaminated rice obtained from local rice fields irrigated with river water 

contaminated by the smelter prior to 1996. Cadmium rice concentrations were 3.7 mg/kg and 0.5 mg/kg 

in the high and low exposure areas, respectively. 

Blood cadmium (expressed as µg Cd/L) and urinary cadmium (expressed as µg Cd/g creatinine) 

were measured in addition to bone mineral density at the non-dominant wrist. The index of 

osteoporosis was expressed in terms of the T-score and Z-score. Osteoporosis was defined as Z-scores < 

-2 and low bone mass was defined as Z-scores less than -1. 

Bone mineral density (BMD) was significantly lower for women living in highly polluted areas 

compared with women living in non-polluted or moderately polluted areas. Osteoporosis and reduced 

bone mass were positively correlated with both blood and urinary cadmium levels. 

Benchmark dose modeling (using the logistic model and 5% and 10% levels of risk) was 

performed using blood cadmium and urinary cadmium data correlated with osteoporosis and low bone 

mass endpoints. For urinary cadmium levels associated with osteoporosis, the BMDL-05 was 3.78 µg/g 

creatinine and 6.36 µg/g creatinine for BMR set at 5% and 10%. For urinary cadmium levels associated 

with low bone mass, the BMDL-05 was 2.14 µg/g creatinine and 3.99 µg/g creatinine for BMR set at 5% 

and 10%. 

Gallagher et al. (2008)  

This study used National Health and Nutrition Examination Survey (NHANES) data for 1988-1994 

(n=3207) and 1999-2004 (n=1051) to determine potential correlations between urinary cadmium levels 

and osteoporosis in women aged ≥50 years old. A primary analysis and a secondary analysis of the data 

were conducted.  

The primary analysis focused on hip bone mineral density measurements from the NHANES 

1988-1994 survey data. Osteoporosis was defined as either femur neck BMD < 0.56 g/cm2 or total hip 

BMD < 0.64 g/cm2. Urinary cadmium was measured once and corrected for creatinine. The data was 

analyzed using logistical regression to calculate the urinary creatinine-adjusted cadmium odds ratio for 

age, race, income, weight classification, and smoking status. The secondary analysis, adjusted for renal 
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impairment, focused on survey-response reported physician diagnosis of osteoporosis from the NHANES 

1999-2004 survey data. A multiple regression analysis was also used to assess potential correlation 

between urinary cadmium levels and bone density.  

Urinary cadmium levels were categorized into three groups: 1) ≤ 0.50 μg/g creatinine, 2) 0. 50-

1.0 μg/g creatinine, and 3) > 1.0 μg/g creatinine. Both adjusted and unadjusted odds ratios for 

osteoporosis indicated increased risk at levels 0.5 μg/g creatinine for both NHANES time intervals. 

Neurodevelopmental Effects  

Ciesielski  et al. (2012)  

NHANES data collected from 1999-2004 for children ages 6-15 was used in this analysis. Urinary 

cadmium samples were analyzed for each participant (only one assumed). Neurodevelopmental effects 

(learning disability (LD), recipient of special education services, or ADHD) were evaluated using a 

questionnaire completed by a parent or guardian. There were 2,189-2,196 children included in the 

analysis. Urinary cadmium levels were not corrected for creatinine, rather creatinine was included in the 

model as a variable. The relative odds of each outcome were estimated across quartiles of urinary 

cadmium concentrations using logistical regression models. The models were adjusted for urinary 

creatinine, age, sex, blood lead level, smoker in the home, serum cotinine, prenatal smoke exposure and 

poverty income ratio. 

Urinary cadmium levels were used to stratify the children into exposure quartiles. Children in the 

highest quartile had significantly higher odds of being classified as LD or receiving special education 

services relative to children in the lowest exposure quartile. Children with ADHD had lower mean urinary 

cadmium levels relative to controls. The NOEL for learning disability/special education was 0.0576 μg 

Cd/L .  
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Appendix 5: Cancer Epidemiological Study Summaries 

Thun et al. 1985 

Thun et al. (1985) conducted a cohort study examining the mortality rate of 602 white males 

who had worked for at least 6 months at a cadmium recovery plant from 1940 through 1969. The group 

was followed through the end of 1978. Air monitoring data collected during the 1940’s demonstrated 

substantial differences in cadmium exposures related to job function. Ventilation controls and a 

mandatory respiratory program were initiated in the 1940’s and inhalation exposures were estimated by 

job function based on historical monitoring data and estimates of personal exposure. Urinary cadmium 

concentrations were measured periodically on production workers since 1948. Cumulative cadmium 

exposure was calculated for each worker based on the number of days worked in a given job function 

multiplied by the average cadmium inhalation exposure for that specific job function for the relevant 

period of time. Cumulative exposure was expressed in milligram days per cubic meter (mg-day/m3).   

A significant increase in mortality attributable to respiratory cancer (which included cancer of 

the lung, trachea, and bronchus) and non-malignant gastrointestinal disease was observed. The 

increased mortality incidence due to lung cancer was statistically significant only for workers with a 

cumulative exposure to cadmium greater than 2,2920 mg-days/m3 (95% CI for the SMR=113-577).   

Potential concomitant exposures to arsenic and lead in addition to worker smoking status were 

identified as confounding factors for this study. Smoking habits of workers were recorded in 1982 and 

indicated that 77.5% of the subjects were current or former smokers which aligns with the findings from 

the 1965 HIS Survey (National Center for Health Effects) which cited a72.9% prevalence for US white 

males, age 20 or older. 

Park et al., 2012 

 Park et al. (2012) reanalyzed the cadmium smelter worker lung cancer mortality data first reported 

by Thun et al., 1985 and addressed the confounding issue of potential arsenic co-exposure. The original 

cohort of 601 cadmium workers was followed from 1940 through 2002 and enhanced exposure analysis 

and estimations were included. 

 Lung cancer mortality was modeled using Poisson regression analysis to assess smelter workers 

simultaneous exposures to both cadmium and arsenic with the intent being to determine how many 

lung cancers could be attributed to cadmium exposures and how many lung cancers were attributed to 
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arsenic exposures. There were 36 deaths attributed to lung cancer out of 444 total deaths among 601 

workers with 74 % of the cohort being deceased at the time of the 2002 analysis. A standardized 

mortality ratio (SMR) analysis was used that evaluated the possibility of a linear relationship between 

estimated cumulative cadmium exposures, estimated cumulative arsenic exposures, and estimated 

combined exposures and lung cancer risk. 

 When each individual metal was evaluated, there were significant associations between cadmium 

exposures and lung cancer mortality as well as significant associations between arsenic exposures and 

lung cancer mortality. However, when simultaneous exposures were evaluated, neither exposure was 

considered significant implying that they were highly correlated with one another and essentially 

substituted for one another in the model. The model estimated that 14/36 lung cancers were 

attributable to cadmium exposures and 5/36 lung cancers were attributable to arsenic exposure. An 

excess 1/1000 lifetime risk of lung cancer was estimated at an exposure of 2.4 µg Cd/m3 (equivalent to 

0.0024 µg Cd/m3 for a one in a one million risk estimate for an occupational population) based on the 

ratio of potency factors from the current analysis and a previous risk assessment for the same 

population (Stayner et al., 1992). 
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Website URLs accessed for Table 3:  

ATSDR (Toxicological Profile for Cadmium):  http://www.atsdr.cdc.gov/toxprofiles/tp.asp?id=48&tid=15 

California OEHHA Website (Supporting documentation for derivation of IUR for cadmium): 

https://www.oehha.ca.gov/air/hot_spots/2009/AppendixB.pdf 

Michigan Website List of ITSLs (Initial Risk Screening Levels) and SRSLs (Secondary Risk Screening Levels): 

https://www.michigan.gov/documents/deq/deq-aqd-toxics-ITSLALPH_244167_7.pdf? 

https://www.michigan.gov/documents/deq/deq-aqd-toxics-slprocede_249641_7.pdf?20140121133643 

http://www.atsdr.cdc.gov/toxprofiles/tp.asp?id=48&tid=15
https://www.oehha.ca.gov/air/hot_spots/2009/AppendixB.pdf
https://www.michigan.gov/documents/deq/deq-aqd-toxics-ITSLALPH_244167_7.pdf
https://www.michigan.gov/documents/deq/deq-aqd-toxics-slprocede_249641_7.pdf?20140121133643
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Minnesota Website Table of Health Based Values: http://www.pca.state.mn.us/index.php/view-

document.html?gid=20112 

http://www.health.state.mn.us/divs/eh/risk/guidance/air/table.html 

New Jersey Website: http://www.nj.gov/dep/aqpp/permitguide/ToxAll2011.pdf 

OSHA Website: https://www.osha.gov/Publications/osha3136.pdf  

Texas Website List of current ESLs (exposure screening levels spreadsheet): 

http://www.tceq.state.tx.us/toxicology/esl/list_main.html 

World Health Organization (WHO) Website for Air Quality Guidelines: 

http://www.euro.who.int/__data/assets/pdf_file/0005/74732/E71922.pdf?ua=1 
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