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3.1 INTRODUCTION 
Toxicology data from experimental studies in animals are frequently used 

in risk assessment when human dose- response data are not available. 
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66 CHAPTER 3 Hazard and Risk Assessment of Workplace Exposure to Engineered Nanoparticles 

Collaborations among industrial hygienists, toxicologists, risk assessors, 

and other disciplines provide an opportunity to develop an improved scien­

til·ic data basis for assessing the risk of exposure to nanomaterials. [n this 

chapter, the components of the risk assessment process are described, with 

focus on occupational risk assessment of inhaled particles. A case study is 

presented using rat subchronic inhalation data of multiwalled carbon nano­

tubes (MWCNT) (Ma-Hock et aI. , 2009; Pauluhn, 2010a) to illustrate the 

application of risk assessment methods to engineered nanoparticles using 

currently available data. Issues in using these data in quantitative risk esti­

mation are discussed, as are research needs to reduce the uncertainties in 

the risk assessment of occupational exposure to nanomaterials. 

3.1.1 Risk Assessment Paradigm 

Risk assessment is a process to systematically characterize the scientific evi­

dence of potential adverse health effects from human exposures to hazardous 
agents (NRC, 1(83). The traditional risk assessment framework developed in 

the United States, and used in various forms worldwide, includes four main 
steps: (I) hazard assessment, (2) dose-response assessment, (3) exposure 

assessment, and (4) risk characterization (NRC. 1(83). Research studies in 

various t-ields including toxicology, exposure measurement, and computa­

tional methods are needed to provide the data for risk assessment in order 
to inform risk management decision-making. Risk communication and proc­

esses to obtain stakeholder input are integral components of the risk assess­

ment process. In many cases, sutlicient data are not available for a full risk 

characterization, and risk management decisions may need to be made based 

on limited available data. A higher level of precaution in controlling expo­

sures is prudent when the extent of the hazard is not well known, as with 

many nanomaterials (Schulte and Salamanca-Buentello, 2007). 

This classic risk assessment paradigm was recently re-evaluated by the 

National Research Council (NRC) in response to a charge from the US EPA 

to recommend improvements to the risk assessment process as practiced 

(NRC, 2009). In its report, the NRC recommended retaining the four basic 

steps of the risk assessment process and also recommended additional steps 

to improve the utility of risk assessment and the technical analyses support­

ing risk assessment. Among these, the NRC proposed adding an initial step 

in problem formulation and scoping, as well as revisions to the risk manage­

ment phase to evaluate both risk and nonrisk information (e.g., technical fea­

sibility) in a systematic evaluation of potential options. Toward the goal of 

improving thc utility of risk assessment, the revised NRC framework explic­

itly asks what options are available to reduce the hazards or exposures that 

have been identified, and how can risk a~~G~~ment be used to evaluate the 
merits of the various options (NRC, 2009). 



In the absence of epidemiology data for workers exposed to engineered 

nanoparticles, much of the current focus in risk assessment involves toxi ­

cology studies in animals to assess the hazard, determine dose-response 

and time-{;ourse relationships, and identify modes of action. The design of 

toxicology research studies for use in risk assessment necessitates an inter­

face between toxicology and risk assessment to develop adequate data for 

qualitative and quantitative analyses. Evaluating the key information needs 

in this process provides an opportunity to focus additional research efforts 

to the generation of data necessary to reduce uncertainties in estimating the 

hazard and risk of exposure to nanoparticles. As with workers,exposed to 

other chemicals or particles, nanotechnology workers are likely to have the 

highest exposures and greatest potential for adverse health clTects associ­

ated with the production of nanoparticles and their use in commereial 

applieations. The hazard and dose-response assessment steps are discussed 

further in the following sections, as these steps are used in the quantita­

tive risk assessment. The exposure assessment step (which is heyond the 

scope of this chapter) is needed to characterize the risk in a given 

population. 

3.1.2 Hazard Assessment 
The hazard assessment seeks to identify the nature of any hazardous 

effects and the evidence regarding the biolugical mode of action. Many of 

the same adverse lung responses previously reported following inhalation 

of tihers or fine particles are being found with expusure to nanoparticles, 

although often at lower mass doses due to the increased total particle sur­

face area (Driscoll, 1996; ObenJ(irster and Yu, 1990; Sager and Castranova, 

2009; Sager et aI., 200H) or volume (Bellmann et aI., 1991; Oberdiirster 

et aI., 19lJ2; Pauluhn, 20 lOa) per unit mass for nanoparticles compared 

to their fine-sized analogues. Poorly soluble nanoparticles (e.g., metal 

oxides such as titanium dioxide and aluminum oxide) have been shown to 

cause greater inflammation response in rodent lungs than the same mass 

of larger-sized respirahle particles of the same chemical composition 

(Bermude/. et al.. 2002, 2004; Oberdorster and Ferin. 1992; Sager et aI., 

200H) and in in vitro cell assays (Rushton et aI., 20 I 0). Common pathways 

for the pulmonary pathogenicity of inhaled particles of varying sizes and 

shapes include direct cytotoxicity (e.g., due to reactive surfaces), activa­

tion of oxidant release from phagocytes, and secretion of inflammatory 

cytokines and/or proli fcrative factors (Castranova, 1998, 2000; Donaldson 

et al.. 1996; Oberdiirster et aI., 2(05). These pathogenic pathways have 

been linked to rat lung tumorigenesis associated with chronic exposures to 

various types and sizes of poorly soluble particles, apparently by a mode 

of action involving indirect (secondary) genotoxicity due to the earlier 
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Table 3.1 Hazard Data Examples: Rodent Studies of Single-Walled Carbon Nanotubes (SWCNT) 

Response 

Pulmonary inflammation 
Granulomas 

Cell proliferation - lung 
epithelial cells 

Pulmonary fibrosis (early 
onset and persistent) 

K-ras oncogene mutations 
in lung tissue 

Cardiovascular - oxidative 
stress and plaque formation 

Dose and Durationa 

0.1 or 0.5 mg per mouse (7 and 
90 day pel 

0.4 mg per rat (1 and 21 day pel 

5, 10, 20, 40 ~g per mouse (1, 3, 
7,28, and 56 day pel 

5 mg/m3 (5 h/day, 4 day); 1, 7, 
and 28 day pe 

20 ~g per mouse every 2 weeks 
for 10 weeks (7, 28, and 56 day 
pel 

Species and Exposure Routeb Reference 

Mouse (B6C3F 1, male); IT Lam et al. (2004) 

Rat (F344, female); PA Mangum et al. (2006) 

Mouse (C57BLl6, female); PA Shvedova et al. (2005) 

Mouse (C57BLl6), female; Shvedova et al. (2008) 
inhalation (whole body) 

Mouse (C57BLl6, male); PA Li et al. (2007) 

°ln addition to a dose (contro/); pe, pmtexposure. 

"17; intrormcheal imtil/mion; PA, p/laryngeol aspirotioll. 

inllammatory and proliferative events (Baan, 2007; Castranova, 2000; 

ILSI, 2000; Schins and Knaapen, 2007). 

Persistent granulomatous intlammation and interstitial librosis an: also 

among the responses observed in rodents exposed to MWCNT or single­

walled carbon nanotubes (SWCNT) by various routes of exposure (intra­

tracheal instillation (IT), pharyngeal aspiration (PA), or inhalation) (Tables 

3.1 and 3.2). In addition, pulmonary exposure to SWCNT has been associ­

ated with oxidative stress and enhanced plaque formation in the aorta. while 

intraperitoneal exposure to MWCNT has been linked to mesothelioma in 

some studies (Tables 3. 1 and 3.2) . MWCNT and SWCNT have been shown 
in several studies to be more potent on a mass basis (i.e .. a lower dose asso­

ciated with a given adverse lung response. or a greater adverse response at a 

given dose) compared to ultraline carbon black (Table 3.3) and other poorly 

soluble particles including silica and asbestos (Elder et al.. 2006: Lam et al. . 

2004; Muller et aI. , 2005; Shvedova et aI. , 2005). In contrast to the metal 

oxides, cellular responses to carbon nanotubes (CNT) are not well predicted 

by the reactive oxygen species generation; rather, the nanostructured CNT 

appear to act as a basement membrane substrate that enhances libroblast pro­

liferation and collagen production in vitro. /n vivo, this would result in thick­

ening of the alveolar septal airlblood barrier and a decrease in gas exchange 

between lung and blood (Wang et aI., 2010). 

Some types of MWCNT and SWCNT have also been shown to elicit simi­

lar biological effects as fibers, in that the longer, thinner structures are more 
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Table 3.2 Hazard Data Examples: Rodent Studies of Multiwalled Carbon Nanotubes (MWCNT) 

Response Dose and Durationa Species and Exposure Routeb Reference 

Granulomatous 0.1 ,0.5, 2.5 mg/m3 (6 h/day, Rat (Wi star, male); inhalation Ma-Hock et al. (2009) 

inflammation 5 d/week, for 13 week) (head and nose) 

Lipoproteinosis 

Pulmonary inflammation 0.1,0.45, 1.68, 5.98 mg/m3 Rat (Wistar, male); inhalation Pauluhn (201Oa) 

and fibrosis (6 h/day, 5 d/week, for 13 (nose-only) 
week) 

Pulmonary inflammation 0.5, 2,5 mg per rat (28 and Rat (Sprague Dawley, Wistar, Muller et al. (2005, 2008) 
and fi brosis 60 day pel female); IT 

Bronchiolitis obliterans 12.5 mg per guinea pig Guinea pig (three-color, male); IT Grubek-Jaworskaa et al. 

Peribronchial fibrosis (3 month pel (2006) 

Granulomatous 10, 20, 40, 80l-lg per mouse Mouse (C57BLl6, male); PA Porter et al. (2010) 
inflammation (1 , 7,28,56 day pel 

Pulmonary fibrosis 

Mesothelioma 3 mg (25 week pel Mouse (p53( + / - , m) Takagi et al. (2008) 

No mesothelioma 2, 20 mg (2 year pel Rat (Wi star, m) Muller et al. (2009) 

Inflammation, by length 50l-lg (1,7 day pel Mouse (C57B1/6, f}-aIiIP Poland et al. (2008) 

(lIn mldil ion 10 () dOle (co(J((()I); pee {J()\lcx{JOIu(C. 

hiP, ifll rar){~rirone(J1 i"wuinn; II, inl(fI(((Jc/I('(i/ i"'lil/alinn; 1'11, p/ lorynCfeol UIIJiroti()n. 

Table 3.3 Adverse Effect Levels in Rats after Subchronic (13-week) Inhalation Exposure to Carbon Particles 
and Carbon Nanotubes 

Study Compound 

Elder et al. (2006) Ultrafine carbon black 
(Printex 90) 

Ma-Hock et al. (2009) Multiwalled carbon 
nanotubes (BASF, 
Nanocyl) 

Pauluhn et al. (201 Oa) Multiwalled carbon 
nanotubes (Baytubes®, 
Bayer) 

LOAII: I nwn(()I!\L'IVI'cI (/(/v('I\('cl/eU level. 

NOM:I: No o!J\i'(veci (J(lvc(IC e/(eu level. 

Effect Level in Rats 

NOAEL (mg/m3) LOAEL (mg/m3 

7 

nd 0.1 

.0.1 .0.5 

0.1 0.45 

inflammogenic (Poland el aI. , 2008) and can penetrate from the lung suh­

pleural tissue to the intrapleural space (Mercer et aI. , 20 I 0). SWCNT and 

MWCNT have heen shown to interfere with nonnal cell division in cell cul­

ture systems (Muller et al. . 2008; Sargent et aI. , 2009). MWCNT can cause the 

Effect 

Pulmonary inflammation 

Granulomatous inflammation 

Alveolar proteinosis 

Pulmonary inflammation 

Alveolar septal thickening 
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two normal centrosomes to cluster, forming a single pole. The resulting mitotic 

spindles are monopolar rather than bipolar (Sargent et aI. , 20 II). [n addition, 

MWCNT have been reported to form cross bridges between multiple cell 

nuclei after pulmonary exposure (Muller et aI., 2(08). [n contrast, SWCNT 

appear to fragment centrosomes, causing mUltipolar mitotic spindle forma­

tion, abnormal chromosome division, and aneuploidy (Sargent et al.. 2(09). In 

comparison, chrysotile asbestos also interferes with the normal mitotic process 

but not by binding to centrosomes. Rather. asbestos fibers interact with mitotic 

spindles and interfere with cytokinesis by fo rming bridges to prevent normal 

separation of daughter nuclei (Asakura et aI., 20 I 0). MWCNT have also been 

shown to translocate from the lungs to the mesothelial tissue lining the lung 

(Mercer et aI. , 2010), to lung-associated lymph nodes (as do other inhaled 

particles), and to other organs including liver and kidneys, with tissue damage 

observed in those organs (Reddy et aI., 2010). Other nanoparticles (e.g., silver, 

iridium) have also been shown to trans locate from the lungs via the systemic 

circulation to other organs and tissues (Semmler et al., 2004; Semmler-Behnke 

et aI., 2007; Takenaka et aI. , 200 I). 

Compared to larger particles, some unique observations for nanoparticles 

include their ability to enter and interact with cells and cell organelles. 

Individual nanoparticles of titanium dioxide have been observed inside 

cell organelles including the cell nucleus (Geiser et aI. , 2(05) and mito­

chondria, which can disrupt mitochondrial and cellular function (Li et al.. 

2003). In addition. Mercer et al. (2010) have published electron micro­

graphs showing individual MWCNT within alwolar macrophages and 

epithelial cells. Spherical nanoparticles depositing in the nasal region have 

been shown to enter the brain via neuronal transport in the rat and cause 

inflammation in the olfactory bulb (Elder et aI. , 2006; Oberd(irster et al.. 

2002; Oberd(irster et al.. 20(9). 

The nature of the hazard and mode of action intluence the extent to which 

information on larger particles of the same chemical composition or sur­

face reactivity can be reliably extrapolated to nanoparticles. In the case of 

poorly soluble particles, a relationship between the particle surface area 

dose of nanoscale or larger particles and pulmonary inllammation or other 

adverse lung effects (including rat lung tumors in chronic studies) has been 

reported (Driscoll, 1996; Oberdorster and Yu, 1990; Sager and Castranova, 

2009; Sager et aI. , 2008). Therefore, utilizing the available data for other 

particles and fibers may facilitate hazard and risk characterization for 

classes of materials with common modes of action. However, additional 

data are needed to link the potential biological effects of the vast number 

of nanomaterials to given physical-chemical properties (Rushton et al.. 

20 I 0) in order to develop predictive hazard/risk grouping strategies. 



3.1.3 Dose-Response Assessment 
The essential data basis for quantitative risk assessment is the dose-response 

relationship. If epidemiological data are available, these studies are generally 

preferred for risk assessment since there is no uncertainty ahout extrapola­

tion across species or ahout the species-relevance of the response end point. 

However, quantitative exposure data are often not availahle in epidemiol­

ogy studies, and in the case of nanoparticles no epidemiology studies have 

been reported. Thus, experimental data in animals are used to examine the 

dose-response relationships. Standard methods of risk assessment involve 

determination of either an adverse effect level (no or lowest observed) or a 

benchmark dose estimate. In either case, the animal dose must he extrapo­

lated to humans, either by allometric scaling (i.e., hased on body weight) or 

hy using other data availahle on the factors that intluence the target tissue 

dose in each species (i.e., adsorption, distribution, metaholism, elimination). 

A potentially useful metric to scale human versus animal dose when evaluat­

ing pulmonary exposure-response is deposited dose per surface area of alve­

olar epithelium (as described in sections 3.2.3 and 3.3.1). 

No Observed or Lowest Observed Adverse Effect Levels 

A lowest ohserved adverse effect level (LOAEL) or no ohserved adverse 

effect level (NOAEL) approach has often heen used for noncarcino­

genic agents that are assumed to act through a threshold mechanism 

such that exposures helow that threshold dose would not he expected to 

cause an adverse effect. In this approach, after extrapolation from ani­

mals to humans, the NOAEL or LOAEL is typically divided hy adjust­

ment factors to account for uncertainty in extrapolating the animal data to 

humans, inter-individual variahility in the distribution of human responses, 

subchronic to chronic data extrapolation, and/or use of a LOAEL versus 

a NOAEL. Factors of 10 each have typically heen used in the ahsence 

of other data (EPA. 2000). These adjustment factors (a.k.a. uncertainty 

or safety factors) are intended to provide a sufticient margin of safety 

to he associated with virtually zero risk of adverse effect in the popula­

tion if exposures are kept helow the calculated exposure limits. However, 

a threshold assumption may not be applicable (e.g. , if exposure to a haz­

ardous agent adds to a response associated with another environmental 

exposure or to hackground disease processes or incidence) and may not 

adequately account for inter-individual variation in a population (NRC, 

2009; Whitt: et aI., 2(09). Thus, a benchmark dose method is orten pre­

ferred to providc quantitative risk estimates and to demonstrate tht: health 

benefits of reducing exposures (e.g., in the context of regulatory decision­

making; US Suprcme Court. 1980). 
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Benchmark Dose Methods 

If sufflcient dose-response data are available, benchmark dose (BMD) 

estimation is often preferred to a NOAEL or LOAEL (Crump, 1984, 1995; 
EPA, 2000). A BMD is a risk-associated dose estimated by model curve 

fitting to the dose-response data. BMD estimates have been used in both 

cancer and noncancer risk assessments. Relevant examples include pulmo­

nary responses to inhaled fine and nanoscale (ultrafine) particles (Dankovic 

et aI., 2007; Kuempel et aI. , 2006). 

A benchmark dose is defined as .. ... a statistical lower confidence limit for 

the dose corresponding to a specir-ied small increase in level of [adverse I 
health effect over the background level" (Crump, 1984). In practice, the 

term "benchmark dose" is often used for the maximum likelihood estimate 

(MLE), while BMD(L) is the lower 95% confidence limit of the BMD. The 

benchmark response (BMR) is the adverse response level associated with 

the BMD(L). A BMR is typically in the low region of the dose-response 

data, for example, a 10% response, which is near the statistical lower limit 

of detection in an animal bioassay. For dichotomous (yes/no) response data, 

a BMD can be defined as the dose associated with either an extra risk (rela­

tive to the background probability of having a normal response) or an excess 

risk (additional probability above background) (Crump, 20(2). Excess risk 

is used in the example in this chapter because it provides an estimate of the 

exposure-attributable risk. The BMD is calculated as the dose d correspond­

ing to the specified excess risk in the proportion of animals with a given 

adverse lung response (BMR): 

BMR = peel) - 1'(0) n·l) 

where P(e1) is the probability of an adverse response at the BMD and P(O) 

is the probability or that adverse response in an unexposed population 

(Crump, 2002; EPA, 2006). 

BMD methods and models are also available for continuous response 

data (Crump, 1995,2002; EPA, 2010), although a detailed discussion is 

beyond the scope of the chapter. Briefly, BMD estimation using continu­

ous data requires specifying a BMR level along a continuum of responses. 

Continuous response measures may be associated with normal biological 

structure or function that can be perturbed in response to a toxicant and 

eventually result in a functional impairment. Toxicology studies can pro­

vide dose-response data for quantitative risk assessment based on continu­

ous responses, as well as information on the biologically relevant level of 

response in animals and humans. 



Comparison of BMD versus NOAEL/LOAEL 

There are several advantages of BMD methods over the NOAELILOAEL 

approach. First, the BMD curve fitting uses all the data in the dose-response 

relationship, not just a single data point. Second, although the NOAEL and 

LOAEL doses are dependent on the particular dose groups and spacing 

selected for the study (and tend to be higher in studies with fewer observa­

tions), the BMD method can provide dose estimates at a constant level of 

risk (e.g., 10%) for better comparison across studies. Third , thc BMD 

method takes appropriate statistical account of the sample size and provides 

estimates of the confidence limits on the BMD estimates. Fourth , although 

the NOAEL or LOAEL approach assumes a threshold response regardless 

of the shape of the dose-response relationship, BMD(L)s are risk estimatcs 

derived from a statistical model fit to the dose-response data. A compari­

son of NOAELs and BMDs showed that the estimated risk associated with 

NOAELs were not negligihle but ranged from 3% to 21 % (Leisenring and 

Ryan , 1992). Finally, BMD methods provide a consistent framework for 

comparing the potency (severity of response at a given dose) of various suh­

stances and for extrapolating to doses associated with lower risks. As sllch, 

BMD methods may facilitate risk comparisons across an array of nanoscale 

and larger particles. 

BMD methods require sufticient data to characterize the dose- response rela­

tionship. Dose-response relationships may show an increasing or decreasing 

trend depending on the endpoint (e.g. , an increase in an adverse effect or a 

decrease in a normal function associated with increasing dose). At least two 

dose groups in addition to the control group are generally needed for BMD 

modeling, although a reasonable BMD estimate may be obtained if the ele­

vated response in one of the exposed group is near the BMR (EPA. 20(0). 

More dose groups may he needed to adequately descrihe highly nonlinear 

relationships. If adequate dose- response data arc not available for BMD esti­

mation, a NOAEL or LOAEL may be used as a point of departure (POD) for 

low-dose extrapolation (EPA. 2000). Toxicology study designs that take into 

consideration the BMD data requirements can greatly facilitatl: lhl: slUdy 's 

utility for quantitative risk assessment. 

3.1.4 Temporal Extrapolation 

In an analysis by the US National Toxicology Program or LOAELs and 

NOAELs rrom 46 subacute, subchronic, and chronic studil:s or rl:spiratory 

irritants acling mainly in thl: extrathoracic region, Kalberlah d a l. (2002) 

estimated that the effect concentrations (e.g., LOAELs) in subchronic 

(I3-week) underestimatl:d the chronic response by a factor 01" approximatl:iy 
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7 (geometric mean) (2- 21 , 10th and 90th percentiles). The standard uncer­

tainty factor of 10 to extrapolate rrom subchron ic to chronic response (EPA, 

2000) would thus seem to be reasonable on average, although it would not 

be sufficiently protective in some situations. In the current example ror 

MWCNT, the adverse lung responses arc assumed to relate to the total esti­

mated lung dose (deposited or retained). which is the dose metric that has 

been associated with fibrotic and other adverse lung clTccts rrom exposure to 

various other types or poorly soluble particles in animals and humans (e.g .. 

Dankovic cl al.. 2007; Kuempcl et aI., 200 I a: Muhle et al.. 1991). In this case, 

since the subchronic effect concentrations are converted to equivalent lung 

doses by accounting ror duration or exposure. these estimates may better esti­

mate the chronic crfects than those reported by Kalberlah et al. (2002). 

3.2 CASE STUDY EXAMPLE: CARBON NANOTUBES 
Two recent subchronic inhalation studies in rats or MWCNT (Ma-Hock 

et aI., 2009; Pauluhn, 20 lOa) provide examples or dose- response data cur­

rently available ror quantitative risk assessment of some engineered nanoma­

terials. These studies arc relevant to occupational risk assessment given that 

the target organ (lungs), exposure route (inhalation) and pattern (5 day/week. 

6 h/day), and lung responses in the rats were similar to those observed in 

humans with occupational exposures to other poorly soluble respirable parti ­

cles (Attfield and Seixas, 1995: Gardiner el aI., 200 I: Kuempel et al.. 200 I a). 

3.2.1 Data Description 
The two MWCNT subchronic studies in rats had sim ilar study designs. 

although the MWCNT material varied somewhat in their physical-{;hemi ­

cal properties. The MWCNT investigated in Ma-Hock et al. (200l) had a 

primary particle size or 5-15 nm in width and 1- IO!Jm in length and con­

tained l).6'}i-, A1 20 1: the mass median aerodynamic diameter (MMAD) and 

geometric standard deviation (GSD) were approximately 1.2 and 2.7. respcc­

tively (median value reported) . [n the Pauluhn (20 lOa) study, the MWCNT 

had a primary particle size or -10 nm in width and 200--1.000 nm in Il.:ngth 

and contained 0.5% Co; the MMAD and GSD were approximately 2.7 and 

2. 1. respectively (median value reported). In both studies, rats were exposed 

by inhalation 6 h/day, 5 day/week, for 13 weeks. Lung responses were 

examined at the end or the 13-week exposure in both studies; postexposure 

rollow-up was up to 6 months in the Pauluhn (20 lOa) study. 

The exposure concentrations in Ma-Hock et al. (2009) were O. 0.1. 0.5, 

and 2.5mg/m1
: a LOAEL of 0.1 mg/m' was identified for granu lomatous 

inllammation. in which :\0% of rats had developed a minimal or higher 
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grade based on histopathology. At 0.5 mg/m\ 85% of the rats had devel­

oped lipoproteinosis. The exposure concentrations in Pauluhn (20 lOa) 

were 0, 0.1, 0.45, 1.62. and 5.98 mg/m3
. A NOAEL was identified at 

0.1 mg/m3 and the LOAEL was at 0.45 mg/m3 for pulmonary intlamma­

tion, based on elevated polymorphonuclear leukocytes (PMNs) in broncho­

alveolar lavage (BAL) tluid, and on alveolar interstitial (septal) thickening. 

of which 90% of rats had developed a minimal or higher grade based on 

histopathology (Pauluhn personal communication; Pauluhn, 20 lOa). 

3.2.2 Severity of Effects 
Quantitative risk assessment involves estimation of the severity and likeli­

hood or an adverse response associated with exposure to a hazardous agent 

(NRC, 2009; Piegorsch and Bailer, 2005). Although pulmonary fibrosis 

has not been studied in CNT workers. it has been associated with occupa­

tional eXflosure to various types or respirable particles and fibers including 

carbon black (Gardiner et aI., 200 I), coal dust (Attfield and Seixas. 1995), 
silica (Park et aI., 2002), and asbestos (Stayner et aI., 2008). Chest radio­

graph or computerized tomography is used in medical examinations to 

identify the occurrence and severity or fibrosis. [n animal studies, a more 

sensitive measure of pulmonary fibrosis is the amount or alveolar intersti­

tial thickening. Since gas exchange occurs across the alveolar septal air/ 

blood barrier, such thickening of the alveolar septum due to fibrosis can 

interfere with normal lung function. 

The rat subchronic lung responses to inhaled MWCNT effects were rela­

tively early stage (minimal or mild histopathology severity grades) ror 

either pulmonary septal thickening including fibrosis (Pauluhn, 20 lOa) 

or granulomatous intlammation (Ma-Hock et aI. , 20(9). In the Pauluhn 

(20 lOa) study, the alveolar septal thickening observed in response to CNT 

exposure persisted ror at least 26 weeks after the end or the 13-week expo­

sure (i.e., at week 39). Several toxicology studies in which mice were 

exposed to SWCNT or MWCNT by pharyngeal aspiration have also 

shown a dose-dependent alveolar septal thickening, and this response per­

sisted or progressed with longer postexposure time (Mercer et al.. 2008; 
Porter et al.. 20 I 0; Shvedova et £II., 2005, 2008). Although limited inror­

mation is available to evaluate whether the lung responses in animals 

exposed to CNT are associated with functional impairment, changes in 

breathing paLLern in SWCNT-exposed mice have been noted (Shvedova et 

£I I. , 20(5). [n addition, alveolar septal thickening has been considered rel­

evan t to humans and indicates "fundamental structural remodeling" (e.g., 

in respon~e [0 ozone exposure) (EPA, 1996; StoCKsti ll el al., 1995). In the 
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Target 
Internal tissue I 

Exposure --t 
dose I--t effective 

-0 

dose 

Rat subchronic 
effects to CNT? 

Early 
Altered 

structure 
biological -0 

and 
effect 

function 

Clinical 
I--t disease 

~-----------------v------------------~ ~-----------~-----------/ 
Biomarkers of exposure Biomarkers of effect 

:: 
Detoxl Clearance Reversible (Repair) Irreversible 

• FIGURE 3.1 Biologica l continuum from dose to disease, with consideration of the lung responses to (NT 
(ca rbon nanotubes) observed in the rat subchronic inha lation studies (Ma-Hock et ai, 2009; Pauluhn, 201Oa) 
Source: Adopred from Schulre, P.A, 1989. A conceprual framework for rhe validalion and use of biologic markers. 
Environ Res 48(2), 129-144. 

Ma-Hock et al. (2009) study, fibrosis was not evaluated: however, the find ­

ings of granulomatous inllammation and lipoproteinosis are consistent 

with the development of pulmonary fibrosis in rodents and humans (e.g .. 

from silica exposure; Heppleston , 1975; HolTmann ct aI., 19n: Porter 

et aI., 2(04). Therefore, these rat subchronic lung effects in response to 

CNT may be considered to be in the range of early biological responses 

associated with altered structure and function (Schulte. I lJXlJ: Figun: 1 . 1). 

A more detailed and quantitative scale of adverse effects has been devel ­

oped for use in deriving inhalation reference concentrations (EPA. IlJl(4). 

Based on that scale (from 0 to 10), these pulmonary changes observed in 

rats with subchronic exposure to MWC NT may correspond somewhere 

in the range of levels 6-8. although the observed elTects may not align 

exactly with one level: 

• Level {, (LOAEL): Degenerative or necrotic tissue changes with no 

apparent decrement in organ function. 

• Level 7 (LOAEL): Reversible slight changes in organ function . 

• Level 8 (LOAELIFEL (defined below): Pathological changes with 

definite organ dysfunction that are unlikely to be fully reversible . 

These levels are consistent with the more qualitative evaluation depicted 

in Figure 1.1. Effect levels {, and 7 are considered to be LOAELs. while 

level 8 is considered to be a LOAELfFEL (EPA, 1994). A FEL is a " frank 

effect level," defined as an "exposure level that produces frankly apparent 

and unmistakable adverse efTccts, such as irreversible functional impair­

ment or mortality, at a statistically and biologically s ignificant increase in 

frequency or severity hetween an exposed population and its appropriate 
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control" (EPA. 1994). Clearly. a goal in risk assessment is to estimate 

leve ls of exposure that are not likely to be associated with any material 

impairment of health or functional capacity, even if exposures occur over a 

full working lifetime (OSH Act, 1970). 

3.2.3 Risk Assessment Steps: Benchmark Dose 
Estimation 
The steps in using rodent dose-response data of inhaled particles in 

occupational risk assessment. shown in Figure 3.2, are applied here to 

MWCNT. [n the first step, the exposure-response data from the two puh­

lished suhchronic inhalation studies of MWCNT (Ma-Hock et aI., 2009; 

Pauluhn. 20 lOa) are used because they provide data of relevance to work­

ers (inhalation route of exposure, daily exposures), well-characterized 

materials (particle size data and chemical composition), and quantitative 

measures of dose and response. The rat lung responses of granuloma­

tous inflammation (Ma-Hock et aI. , 2009) or pulmonary septal thickening 

(Pauluhn. 20 lOa) at minimal or higher severity (grade I) hased on histopa­

thology are selected because they an; sensitive. early-stage adverse lung 

responses to the CNT exposure, and are relevant to lung disease develop­

ment in humans. 

[n the next step, a benchmark dose is estimated by litting statistical models 

(using the BMO software, BMOS (EPA. 2CX)(). 20 I 0» to rat dose- response 

data from each study (Ma-Hock et al.. 2()()9; Pauluhn, 20 lOa). [n this case. 

the "dose" is the airborne exposure concentration, resulting in the estimation 

of a benchmark concentration (BMC) (maximum likelihood estimate) and a 

lower 95% confidence limit estimate (BMC(L» . A challenge in using thcse 

data in risk ,L~sessment is that the multistage model was the only one in the 

BMO model suite (EPA. 20 I 0) that converged to a unique solution. as well 

as provide an adequate fit to the data (p > 0. 1 in a goodness of fit test) (EPA, 

2CX)O). This is due to the steep dose-response relationship and the sparse data 

near the 10% BMR. which provide little information for the curve filting and 

resulted in multiple solutions in several models. Also, since the model optimi­

zation algorithm seeks the optimal fit to all the data, it is necessary to evaluate 

whether the I()()% response groups intluence the BMC(L) estimation. In such 

cases. the top dose group is typically dropped and the model relit (EPA. 20{)() . 

[n either data set. this had little influence on the BMC(L) estimates (up to four 

decimal places) or the model fit (p-values remained adequate. i.e .. {J > 0. 1 in 

goodness of fit test: EPA. 2000). The BMC(L) estimates, as shown in Tables 

3.4 and 3.5) and Figun;s 3.3 and 3.4, are approximately (W6 «J.02) mg/ml 

in Ma-Hock et al. (2009) and 0.1 (0.05) mg/m3 in Pauluhn (20 lOa). These 

BMC(L) estimates are similar to or lower than the adverse effect levels in 
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Rodent 

"Dose associated with 
specified level of risk 

Extrapolate 

Adjust for species 
differences 

influencing dose 

Human 

Occupational exposure limit 

Technical feasibility 
(e.g., limit of detection) 

Daily exposure concentration 

• FIGURE 3.2 Risk assessment steps using animal data of airborne particles, for example, carbon nanotubes, 
to develop occupational exposure limits. 

Table 3.4 Benchmark Dose Estimates· and Associated Human Working Lifetime Airborne Concentrations ­
Based on Subchronic Inhalation of MWCNT in Rats and Estimated DepOsited Lung Doseb 

Rodent Study and Rat BMC(L)d RatBMD(L)e Human-Equivalent Human-Equivalent 
Response' (mg/ml) (J.lg/lung) BMD(L) (mg/lung) BMC(l): 8-h TWA and 4S 

work-years (J.lg/m 3
) 

Granulomatous 0.060 (O.023) 21 (S.1) 5.4 (2.1) 0.51 (O.19) 
inflammation {Ma-Hock 
et aI., 2009} 

Focal alveolar septal 0.10 {O.051} 28 {14} 7.2 {3.5} 0.77 (O.38) 
thickening (Pauluhn, 
2010a) 

"Bcnchmark respofl\(' level: /(Yif, <'X(('" (mlded) ri,k ill eX(JO\ed onilTlol (11'11, )U /0). 
bf.l /imuted deposi/eri itU)(} (/011' ill f(J/I Imri/lUmOrll e,/im(J1<'11 milll) MI'I'/)).o f TlOI I'" (( III on(IIIIVM, )006); Oe(OdYilomic (Jw/ic/f' ,i/('I (MMAI l, (.)J l): 

2.14 (2.11). 
(Responses are his/opwho/o<}y "~vf'fi/y(}fOri{' I Of hiqlll'f. 
"BMe(us: BMC moxilllullllik<.:/ilf()O<'/ ('s/iIlI(J/c'ol/h(' !Jelll hfllwk (,()II(YII/{(J/ioll; c),,'J(, ILL, ,)',% IUWCf confidence limir of the BMC d(l\c' f{"I}()II"'c/cilcJ 

fit wirh multistage moriel ({JoIY"()fTliol (/{'(}"'(')) (rPA, )010). P vollwl lor Ihe roril'n/ riOlI' wI(Jofl\e models: 0.99 for Ma-Hock et a/. (}(XJCJ) ()f)(IO.HX I", 
Pouluhn (20/00) (dcpmi/f'd d",<'); /.()f", Mo ,,"( k 1'1 o/. ()()()I)) Ollrl (1) i (or P(Juluhn (JOI (kJ) (relUined dose), respeCfively. 
eBMo., estimated benclllllwk duse (m(JximUfTl/ikclihoud e.ltimore); IJMV(I), es /ifTlored 9:,% luwer confidence limit of the BMD. 

those studies; that is, the LOAEL was 0.1 mg/m3 in Ma-Hock et al. (2OU!)}: the 

LOAEL was 0.4 mg/nr'. and the NOAEL was 0.1 mg/m3 in Pauluhn {20 lOa}. 

Next, the BMC(L) estimates are used to estimate an equivalent lung dose 

(deposited or retained) in rats. The amount of MWCNT deposited in the 
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0.5 1.5 2 2.5 

Exposure concentration (mg/m3) 

• FIGURE 3.3 Benchmark dose estimation granu lomatous inflammation (Ma-Hock et aI., 2009) Multistage 
model, polynomial degree 2, p = 099 Rat subchronic BMC(L), 10% excess risk 0.06 (002) mg/m I. 
(Note: BMD is a general term for a benchmark dose (MLE estimate) and BMD(L) is the 95% lower confidence 
limit estimate of the BMD. In this chapter, the term BMD is used to refer to the lung dose, while the term BMC 
(benchmark concentration) refers to a BMD based on an airborne exposure concentration) 

c O.B 
0 

:;::; 

0 
a. 0.6 e 
a. 
OJ 

'" c 0.4 
0 
a. 
'" OJ 
0:: 

0.2 

0 
BMD(L BMD 

0 2 3 4 5 6 
Exposure concentration (mg/m3 ) 

• FIGURE 3.4 Benchmark dose estimation alveolar septal thickening (Pauluhn, 201Oa) Multistage model, 
polynomial degree), p = 0.88. Rat subchronic BMD(L), 10% excess risk: 0.1 (005) mg/m I. (Note. BMD is a 
general term for a benchmark dose (maximum likel ihood estimate) and BMDL is the 95% lower confidence 
limit estimate of the BMD. In this chapter, the term BMD is used to refer to the lung dose, while the term BMC 

(benchmark concentration) refers to a BMD based on an airborne exposure concentration) 
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alveolar (or pl,llmonary) region of the rat lung at the end or the 13-week 

study (assuming no clearance) is calculated from data on the ventilation rate 

(which is related to body mass) (see Appendix). the exposure conditions, 

and thc particle size-specific deposition fraction in the pulmonary region. [n 

the followi ng example, the BMC(L) from the Ma-Hock study (Figure 3.3: 

Table 3.4) is used: 

Deposited Dose = Airborneconcentration X duration 

X ventilation rate X deposition fraction 

e.g .. O.023mg/Ill ' X (nhr/d X Sci/wk X 

13wk) X O.OI26m .1 /hr X 0.072 

= O.OOX Illlg / rat lung 

(3.2) 

where the ventilation rate in the rat is ca lculated from: 0.21 LI 

min X 0.001 m.1/L X 60min/h (see Appendix). The ventilation rate is 

based on species and hody weight (EPA, 1994. 20(6). assuming 300 g 

average body weight for male and rcmale rats (since Ma-Hock et al. 

(2009) did not report the body weights, the values from Pauluhn (2010a) 

of approximately the same age and rat species/strain were used). The 

deposition fraction is estimated based on the MMAD and GSD in the rat 

multiple-path particle dosimetry (MPPD) model (CIIT and RIVM. 20(6). 

Although the MPPD model has not been validated for CNT. using the 

measured aerodynamic diameter should provide a reasonahle estimate 

of the deposition efficiency in the respiratory zone hecause aerodynamic 

diameter (which accounts for inertial behavior regardless of density and 

shape) accurately predicts the particle deposition erticiency in the respira­

tory tract regions (Hinds. 1999: Kulkarni et al.. 2(11) . Deposited lung hur­

den was used in this example as an estimate of the retained lung hurden for 

CNT over the relatively short exposure period of the Ma-I-Iock et al. (2()()l) 

and Pauluhn (20 lOa) studies. because MWCNT clearance has been shown 

to be slower than predicted based on clearance data of other poorly soluhle 

particles (Pauluhn. 2010a, 2010b). 

The next step is to extrapolate the rat lung dose to a human-equivalent 

dose. by adjusting for species-specif-ic differences in the surface area of the 

pulmonary (or gas exchange) region of the lungs. In making this extrapo la­

tion , it is assumed that rats and humans would have equal lung responses 

to an estimated equivalent dose per unit surface area of alveo lar ep ithel ial 

cells. The basis for this assumption is that the pulmonary region of the 

lungs (and specifically the alveolar epithelial cell surface) is the primary 

deposition larget that results in interstitial fibrosis that has been observed 
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in both rodents and humans exposed to various types of airborne particles. 

Thus, the rat lung dose (0.0081 mg) is extrapolated to humans as follows: 

Human lung dose = Rat lung dose X Human Irat alveolar surface area 
? 2 CD) 

(102m-/0.4m )=2.lmginhumanlungs 

where human and rat alveolar epithelial surface area are taken from mor­

phometric ana lyses (Stone et aI., 1992; Mercer et aI., 1994). 

Next is to estimate the workplace exposure scenario that would result in 

the human-equivalent lung dose. The estimated human 8-h time-weighted 

average (TWA) concentration over a 45-year working lifetime that would 

result in the human-equivalent lung dose in the pulmonary region of the 

lungs is calculated as: 

Human-equivalent lung burden (mg) 

I Air intake X exposure duration X deposition fraction I 

2.lnlg (3 .4) 

19.6(m 1/d) X (Sd/wk X SOwk/yr X 4Syr) X 0.0991 

= 0.000 19m9 I Ill } 

where the human-equivalent lung burden is from Eqn 0.3) , the air intake 

is for the reference worker ([CRP, 1994) and the alveolar deposition frac­

tion is based on the MMAD (GSD) as estimated in MPPD 2.0 (Yeh and 

Schum human deposition model) (CIIT and R[YM, 2(06). As discussed 

above for the rat lung burden estimate, the aerodynamic diameter should 

provide a reasonable estimate of the deposited lung dose, whi Ie the 

retained lung dose estimates are more uncertain. 

The benchmark dose and exposure concentration estimates shown in this 

example, based on deposited lung dose estimates (i.e., assuming no CNT 

clearance from the lungs), arc shown in Table 3.4. In addition, Tab le 3.5 

provides benchmark dose and exposure concentration estimates based Oil 

estimated retained lung dose in rats (at the end of 13 weeks) and equiva­

lent retained dose estimates in humans (after 4S-year working lifetime), 

assuming spherical particle deposition and clearance kinetics in MPPD 

2.0 (CIIT and RIYM, 2(06). The steps for deriving BMC(L) est imates 

based on retained lung dose are similar to those described above for 

deposited lung dose, except the MPPD model-based estimates of retained 

dose (wh ich account for time-dependent clearance of the deposited dose) 

are used instead of the estimated deposited dose in Eqns n.2) and 0.4) . 

The human-equivalent BMC(L) estimates in Tables 3.4 ancl 3.S indicate 
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Table 3.S Benchmark Dose Estimates· and Associated Human Working Lifetime Airborne Concentrations -
Based on Subchronic Inhalation of MWCNT in Rats and Estimated Retained Lung Doseb 

Rodent Study and Rat BMC(l}d Rat BMD(l}e Human-Equivalent Human-Equivalent 
Responsec (mg/ml) (~g/lung) BMD(l} (mg/lung) BMC(l}: 8-h TWA and 4S 

work-years (~g/ml) 

Granulomatous 0.060 (0.023) 11 (3 .8) 2.7 (0.97) 2.7 (1.0) 
inflammation (Ma-Hock 
et aI., 2009) 

Focal alveolar septal 0.10 (0.051) 14 (6.5) 3.6 (1 .7) 4.2 (1.9) 
thickening (Pauluhn, 
2010a) 

°Benchmark response level: 10% excess (added) risk in exposed animal (EPA, 2010). 
bRe{(Jined lung dases in rats and hl1mom ('slimoteri IIsing MPPJ) J.O model (Cllr ond IlIVM, JO(J6); o('roi1YfJWllic porlif'ie SiNS (MMA/), C;SO): /11 (/11) 
' Responses are histopathology severity grade I or hiqher. 
dIlMC(L)s: /3MC maximum likelihood estimate ollhe henchmork wfJCef!trolion; 9',% I CI, ')% lower wfJlldef!ce IifJllt 01 ti,e liMC; dosp - feS"OIl\(' rlow 
lit with multis{(Jge model (polynomiol degree 2) (EP;\' )010). P-volues for the rodent r/ose respome models: 1.11 (or Mo-Ilock et at. (JOm) florl IJ. I) i J(" 

Pouluhf! (20 I 00), respeC! ively. 
"BMa, estimated benchmark dose (maximum likelihoor/ estimate); BMD(L); estimoted ')5% lower wnlidence limit of the HMO. 

that working lifetime exposures to O.2-2 !1g/m1 (as 8-h TWA concentra­
tions, lower 95% eonlidcm:e limits; bascd on deposited or retained lung 

dose estimates) would be associated with a I ODic, excess risk or early-stage 

adverse lung effects (pulmonary inllammation and fihrosis) in workers. 

These airhorne mass concentration estimates are quite low relativc to esti ­

mates for othcr poorly soluhle line or ultrafine particlcs (c.g .. Dankovic 
et aI., 2007). 

[n order to perform risk characterization (step 4 of the risk assessment 
paradigm (NRC, 1983, 20(9)). data are nceded on the worker exposures. 

Because such data arc limited (e.g., short-term or task-hased area samples 

or airhorne CNT concentration with few personal samples) (Bello et al.. 

2009; Johnson et al.. 20 I 0; Lee et al.. 20 I 0), it is not currently feasible to 

characterizc the disease risk in workers producing or using CNT. However. 

these current studies indicate the potential for workplace airborne concen­

trations or concern and strongly support the need for extra precaution in 

controlling exposures to CNT (Schulte and Salamanca-Buentello. 20(7). 

The (-inal step in the risk assessment process shown in Figure 3.2 is to 

develop an occupational exposure limit (OEL), which is bcyond the scope 

of this chapter. Risk and nonrisk factors (e.g., technological feasibility of 

measuring and controlling exposures) are typically considered in the devel­

opment or an OEL. These factors are also evaluated in conjunction with any 



exposure measurement data to characterize the risk in a given population 

and to assess the need for additional protective measures such as personal 

protective equipment and medical monitoring. 

3.3 DISCUSSION 
A lthough the rat subchronic lung responses to MWCNT are early-stage 

(minimal or higher severity grade of granulomatous intlammation or alveo­

lar septal thickening), a BMR is an effect level (e.g., 10%) that is consid­

ered biologically and statistically signif·icant. [n risk assessment practice. 

a human-equivalent BMD (i .e., the dose associated with the BMR) would 

not be used directly to develop an OEL. Instead, the BMD(L), or 95% lower 

contidence limit of the BMD, would typically be used as a point of oeparture 

(POD) to estimate doses associates with lower risk levels. A lternatively, a 

BMD(L) is treated like a NOAEL with the application or uncertainty ractors 

(EPA, 2000). 

A health-based OEL is based on an exposure associated with a low risk or 

disease over a full working liretime. However, the technological teasibility 

of measuring or controlling exposures is also often considered in development 

of an OEL. For CNT (a<; for other materials) there arc limitations in the tech­

nical feasibility of the method to measure airborne mass concentrations. For 

example, the limit of quantification (LOQ) of N[OSH method 5040 for elemen­

tal carbon including CNT is approximately 7J..lglm3 as an 8-h TWA concentra­

tion (NIOSH, 2010). Thus, the risk estimates at this LOQ are greater than 10% 

for early-stage adverse lung el'kcl<; (Section 3.2.3), which indicates the critical 

need to develop more sensitive measurement methods and to take additional 

precautionary measures (including engineering controls and personal protective 

equipment) when working with CNT that may become airborne and inhaled. 

3.3. 1 Comparison to Other Methods 
[n addition to the benchmark dose method illustrated here. it is relevant to 

compare these estimates (Tables 3.4 and 3.5) to those based on other meth­

ods. For example. if a NOAEL or LOAEL of 0. 1 mg/m3 (Ma-Hock et aI. , 

2009; Pauluhn. 20 lOa, respectively) is used as the starting point, the human­

equivalent working lifetime 8-h TWA concentration would be approximately 

I or 41Jg/m.\ based on the methods presented (using deposited or retained 

lung burden estimates). given that 0.1 mg/m3 is also the BMC estimate based 

on the Pauluhn (20 lOa) study (Tables 3.4 and 3.5). Again, note that these are 

human-equivalent concentrations corresponding to 10% exCl:SS risk of early­

stage adverse lung efrccts, and no uncertainty factors have been applied to 

these c~limales . 

3.3 Discussion 83 
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A common method for extrapolating a NOAELILOAEL or BMD(L) esti­

mate from animals to humans (e.g., to derive a chronic inhalation rci"crence 

concentration or RfC) is the dosimetry adjustment factor (OAF) method for 

inhaled particles (EPA. 1994). In this method, the animal exposure concen­

tration associated with an adverse effect (NOAEL. LOAEL, or BMC(L» 

is adjusted for dilTerences in the an imal versus human exposure pallern 

(hours per day and days per week), then multiplied hy the OAF. The OAF 

for inhaled particles is a series of ratios used to adjust for the interspecies 

difrerences that intluence the deposited particle dose in the respiratory tract. 

including the animal versus human ventilation rate (VE) (air volume inhaled 

per unit time); the animal versus human deposition fraction (OF) of parti­

cles in the relevant respiratory tract region(s) ; and a normalizing factor (NF) 

to adjust the deposited dose across species (e.g .. the human vs. rat surface 

area of the respiratory tract region(s) is typically used for insoluhle parti ­

cles, which deposit and clear along the surface of the respiratory tract; EPA. 

1994). Thus, a human-equivalent concentration would he calculated as: 

EITect concentration (animal) X 1 V,,(animal)/V1,(human)1 X IDF(animal)/ 

DF(human) 1 X INF(human)/NF(animal) I. As seen here, many of the same 

adjustments are made as in the case study example (Section l.2). However. 

the OAF method is hased on an average concentration (i.e. , the response is 

assumed to he related to the chronic avcragc exposure concentration rather 

than to the cumulative dose as in Section :1.2). Appropriate uncertainty fac­

tors would he applied to the human-equivalent concentration in deriving an 

exposure limit (e.g .. RIC EPA. 1994). 

In a recent risk assessment for MWCNT. Pauluhn (20 I Oh) started with the 

NOAEL of 0.1 mg/m l from a rat suhchronic inhalation study (Pauluhn. 

20 lOa) to esti mate a human-equivalent concentration as the hasis for an 

OEL. hy applying a series of interspecies adjustment factors (AFs) to the rat 

NOAEL. The lirst AF was to adjust for rat versus human dilTcrellces in the 

ventilation rate. which Pauluhn (2010h) expressed per kg hody weight: 0.14 

(human)/0.29 (rat) = O.S. These numhers were derived as follows: human 

reference worker hreathing rate (8-h TWA) and weight: 9.6 m:1/70 kg (fCRP. 

1994); and rat ventilation rate: 0.8L1min per kg body weight X :l601l1in 

(in 6-h rat exposure day) X 0.001 m31L. The second AF was to adjust for 

interspecies dilTcrences in the percentage of MWCNT that is predicted to 

deposit in the pulmonary region in each species, based on an MMAD of 

:111m (Pauluhn, 2010h): 11.8% (human)/S.7% (rat) = 2. The third AF was 

a normalizing factor to adjust the deposited lung dose in each species hased 

on the total alveolar macrophage (AM) cell volume, assuming a rat-hased 

volumetric overload mode of action (also expressed per kg body weight). 

which resullcd in un AF of 8.7 X 1010 (rat)/S.O X lO" (human) ;;;; 0.17 



(Pauluhn. 2010b). The linal AF was to normalize the retained lung dose 

based on an assumed constant factor of 10 X faster clearance in rats ver­

sus humans. based on first-order clearance kinetics. Combining these AFs. 

Pauluhn (2010b) derived an overall AF of: 0 .5 X 2 X 0.17 X 10 = -2. 

Dividing the rat NOAEL by this AF, a human-equivalent exposure concen­

tration was calculaled as 0.1 mg/m3/2 = 0.05 mg/m.\. No uncerlainly faclors 

were applied, and the human-equivalent concenlralion of 0 .05 mg/m.\ was 

suggested as an OEL for MWCNT (Pauluhn, 20 I Ob). (Note: the ratios used 

by Pauluhn (2010b) are inverse to those used in the DAF melhod described 

above (EPA, 1(94); whereas EPA would mulliply a NOAEL (or other effeCl 

level) by the OAF, Pauluhn (2010b) divided the NOAEL by the AF. Thus. 

caution is needed in applying these adjuslmenl faclor ralios). 

Extrapolalion of an animal elTecllevcllo eSlimale a human-equivalent con­

centralion is of course influenced by the various factors and assumptions 

used , and reasonable alternatives may exisl based on the scientific lilera­

ture. For example, in the Pauluhn (2010b) approach, the expression of lhe 

rat and human ventilation rates per body weighl has a large effect on lhe 

first AF. Since venlilation rales are already derived from a nonlinear allo­

metric relationship to body weighl (EPA, 1994, shown in the Appendix), 

typically these would not be adjusled again by body weight. If the whole 

animal or human venlilation rales arc used inslead, the first AF would be 

9.6 m.\ per human 8-h workday/0.085 m.\ per rat 6-h exposure day = 113 

(vs. 0.5 in Pauluhn (201 Ob». The rat ventilalion rale of 0.085 m3 is calcu­

lated for a 0.35-kg rat body weight (from equations in the Appendix) and 

is similar lo an eSlimate of 0 . 1 m3 based on the values reported in Pauluhn 

(2010b), that is, 0.29m.\/6-h per kg X O.35kg ral = 0. 1 m3/6-h. Thus. lhe 

venlilation rales arc similar, bUl are expressed differenlly in the AF, result­

ing in a quantitalively dilTcrenl AF. For the second AF, no alternalive 

assumplions would seem reasonable since the pulmonary deposition per­

centages are based on the measured aerodynamic diameler of the particles; 

thus, the same humanlrat pulmonary deposition AF of 2 is assumed here. 

For the lhird AF, an alternative assumption would be to adjusl by the pul ­

monary surface area (Seclion 3.2.3 ; EPA, 1994) instead of using the alveo­

lar macrophage cell volume to normalize the lung dose across species; lhis 

would resull in an allernative AF of 0.4 m2 (rat)/1 02 m2 (human) = o.om<) 
(vs. 0.17 in Pauluhn (2010b». Regarding the fourth AF, addilional issues 

are discussed below, but for simplicity in this example, the same rat/human 

AF of lOis assumed . Thus. using these alternative assumplions. the total 

AF would be 113 X 2 X 0.0039 X 10 = -9. The alternalive human­

equivalenl concentration would be 0. 1 mg/m3/9 = 0.0 II mg/m .\. This 

estimate is approximatciy live limes lower than that of Pauluhn (2010b). 

3.3 Discussion 85 



86 CHAPTER 3 Hazard and Risk Assessment otWorkplace txposure to tngmeered NanopartlCles 

However, this is not a large difference given the uncertainty in the various 

extrapolation methods. Actually, these estimates are reasonably consistent 

as low airborne mass concentrations relative to larger size (fine) respirable 

particles or to other ultrafine (nanoscalL:) particles (e.g., Dankovic et aI., 

20(7). 

[n the BMD example in Section 1.2, instead or using an AF or - 10 hascd 

on a simple first-order (one compartment) clearance model (as in Pau luhn 

(2010h)), the interspecies lung dose extrapolation was hased on an estimate 

or the actual lung dose (deposited or retained) ror a given exposure scenario. 

The ICRP (1994) human respiratory tract model (which is used in MPPD; 

CIIT and RIYM, 2006) includes three pulmonary clearance rate coerticie/llS 

(three compartments) to estimate particle retention in the alveolar-interstitial 

region, including a rraction or the deposited dose that is cleared very slowly 

(approximately 10 year retention hair-time). A simple one-compartment 

model assumed in Pauluhn (2010h) would underestimate the human retained 

lung hurden (Kuempel and Tran, 2(02). A higher-order long-term lung 

retention model that includes an interstitial-sequestration region (Kuempel 

et aI., 200 I h) has heen shown to better lit several human data sets including 

high dust-exposed coal miners (Kuempcl, 2000; Tran and Buchanan, 2(00) 

and lower dose-exposed nuclear workers (Gregorallo et aI., 20 I 0). Revisions 

to the [CRP model including the alveolar-interstitial region hased on the 

interstitial -sequestration model have heen proposed (Bailey et aI. , 200X; 

Gregorallo et aI. , 20 I 0) . None or these models have heen evaluated ror CNT, 

however, and the animal data have shown that MWCNT clearance is slower 

ror a given mass dose than that or spherical poorly soluble particles (Muller 

et aI., 2005; Pauluhn. 2010a,h). Thus, the BMD examples. hased on either 

the deposited or retained lung dose estimates (Tah les 1.4 and 1.5). may rep­

resent the upper and lower bounds or the hest estimate. That is. the depos­

ited lung dose (assuming no CNT clearance) may overestimate thc lung dose 

over time, whcreas the retained lung dose (hased on a poorly soluhle spheri ­

cal particle model) may underestimate the lung dose. 

Despite these different approaches ror dosimetric adiustment or a rodent 

adverse erfectlevel (NOAEL or BMD) to estimate a human-equivalent dose. 

these various approaches all provide relatively low mass airhorne exposure 

concentrations. By comparison, in a similar study design (Il-week inhala­

tion exposure) in rats exposed to ultrafine carbon black, the NOAEL was 

Img/nl"\ and the LOAEL ror pulmonary inflammation and librosis was 

7 mg/m.l (Elder et aI. , 2(05). Although dose spacing intluences NOAEL 

and LOAEL values, these lindings suggest that MWCNT are approximately 

10 limes more potcnt in causing pulmonary inflammation and librosis than 

ultratine carhon hlack. 



A recent update from the MPPD 2.0 to MPPD 2.1 (ARA, 2009) includes 

revised rat deposition efficiency prediction equations (Raabe et aI., 1988), 

which result in increased predicted respirable particle deposition fractions 

in the head/extrathoracic region, and consequently lower predicted depo­

sition fractions in the rat pulmonary region (Owen Price, ARA, personal 

communication). For the MWCNT particle sizes, this results in approxi­

mately half the estimated deposited dose of MWCNT in the rat pulmonary 

region (thus, the rat pulmonary deposition fraction reported by Pauluhn 

(2010b) would also be about half) . The lower estimated dose associated 

with the same response proportion in the rat would result in lower rat 

BMD(L) and humans-equivalent BMC(L) estimates (by a factor of approx­

imately two) than those shown in Tables 3.4 and 3.5. As additional data 

become available (e.g. , in animal studies) to evaluate current lung dosim­

etry models for CNT, the uncertainties in CNT dose and risk estimation 

may be reduced. 

3.3.2 Research Needs 
Toxicological studies in animals and in vitro cell systems provide essential 

data for hazard and risk assessment of nanoparticles. Additional research 

needs for risk assessment of nanoparticles (which may also apply to risk 

assessment of other substances) include (I) determination of responses not 

only in the organ of initial exposure but also in distal organs; (2) identifi­

cation of the nature of the hazard. including the severity 01· the effect and 

mechanism of action in animals and relevance to humans; (3) determina­

tion of a biologically effective dose metric that is associated with these 

adverse effects; and (4) generation of quantitative dose-response data in 

animal studies that arc relevant to estimation of equivalent dose and dis­

ease in humans. [n addition, toxicological studies can provide more spe­

cialized data that are needed to develop mechanistically based risk models, 

including (5) kinetic data on the dose to the target tissue over time to 

measure internal dose and develop dosimetry models; and (6) time course 

of the dose and response to develop biologically based models linking 

early biological responses and later disease outcomes. (n addition, data 

on workplace exposures to nanomaterials are critically needed ill order to 

characterize the risk and to take appropriate risk management measures to 

protect workers' health. Improvements in the sensitivity and specificity of 

measurement and analytical methods are needed for nanomaterials includ­

ing CNT (NIOSH, 2010) in order to detect and quantify low mass concen­

trations. These low airborne mass concentrations are of concern hased Oil 

the hazard data from the animal studies and the risk estimates derived from 

tho~e daHl (e.g .. case study example in this chapter). 
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3.3.3 Future Directions 
Nanotechnology is capable or synthesizing nanoparticles or various sizes, 

shapes, dissolution rates, surface charge, hydrophobicity, surface runction­

alization, surface reactivity, chemistry, etc . Given the vast array or nano­

particles that are being developed , it will be necessary to develop strategies 

to more efticiently and effectively assess hazard and risk of nanopartieles 

to which workers may be exposed . The development or in vitro assays 

that can predict in vivo responses would facilitate initial hazard evaluation 

tests and screening to identify less hazardous nanomaterials (RotrofT et aI., 

20 I 0). These assays require validation , although some promising studies 

arc emerging. For example, the in vitro and in vivo dose- response rela­

tionships ror inflammation-related responses have been shown to correlate 

well when dose is expressed as particle surrace area and the reactivity or 

the surrace is taken into account (Donaldson et aI. , 200X). More recently, 

in vitro cell assays or oxidative stress were shown to correlate well with 

in vivo rat acute lung responses based on the particle surrace area dose 

of several spherical metal and metal oxide nanopartic\es (Rushton et aI. , 

20 I 0). Development of a matrix of relationships between bioactivity and 

physical-chemical properties (i.e. , quantitative structure activity relation­

ships, QSAR) may also facilitate comparative potency and hazard ranking 

strategies. 

Future advancements in risk assessment methods may include models to 

predict disease response based on early biological responses, such as cell 

signaling and gene expression data (Thomas et aI. , 2007, 20()t) . There is 

also a need to determine to what degree bolus exposures (intratracheal 

instillation or pharyngeal aspiration) or biopersistent nanoparticles, such as 

MWCNT, provide similar responses to an equivalent dose by inhalation . 

Preliminary data suggest that pharyngea l aspiration or a well-dispersed 

suspension or SWCNT results in a level o r pulmonary inllammation and 

fibrosis that is similar to that seen after a 4-day inhalation resulting in the 

same lung burden of SWCNT (Mercer et al.. 2008 ; Shvedova et al.. 20()X). 

In addition, a I-day (o-h) inhalation exposure in rats showed a similar 

dose-response re lationship for pulmonary septal thickening and fibrosi s 

at 90 days postexposure (Ellinger-Ziege lbauer and Pauluhn, 20()9) as thc 

I:I-week inhalation study (Pauluhn , 20 lOa) based on estimated deposited 

lung dose. Thererore, it appears that shorter-term exposure studies may 

provide data for comparison to the subchronic studies and expand the data 

base to evaluate the hazard of various types of CNT. 

Chronic exposure studies are needed to evaluate the potential adverse 

effects that exhibit a long latency, such as lung cancer or megothe lio lllu. 
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Currently, some short-term studies of CNT have included positive controls. 

ror example. crystalline silica. asbestos, ultrafine carbon black (Lam et al.. 

2004; Muller et aI., 2005; Shvedova et aI., 2005) for which chronic study 

data are available in animals and in epidemiology studies. These data pro­

vide a linkage between short-term effects in animals and chronic e1Tects or 

relevance to humans. Such linkages provide opportunities ror comparative 

potency analyses between these well-studied particles (a.k.a. reference or 

benchmark particles) and engineered nanoparticles, especially ir inrorma­

tion is available to indicate the same mode of action. 

[n the absence of complete information on the hazards and risk s associ ­

ated with exposure to nanomaterials, a higher levcl or precaution is needed 

in controlling exposures in the workplace. Animal studies indicate that 

inhaled nanoparticles. including CNT. may be more ha/.ardous on all 

equal mass hasis. than larger particles or the same chemical composition. 

Primary prevention through elTective control of airborne exposure during 

production, use, or disposal or nanomaterials is essential to protect workers 

rrom dcveloping occupational respiratory diseases. 
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3.4 APPENDIX: PULMONARY VENTILATION RATE 
CALCULATIONS 

Species-specilic average ventilation rates can be calculated based on the 

following allometric scal ing equation : 

In(VI, ) = bo + bl In(BW) (A. I ) 

where VI ': is the minute ventilation (Umin); BW is body weight (kg): and hli 

and b l are the species-specific parameters; for the rat, bo and hi are - O.57X 

and O.H21, respectivciy (i n Tahle 4.6 of EPA (1994)). 
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Minute ventilation (VE) (Llmin) is itself the product of the tidal volume 

(Vr) (L) and the breathing frequency (j) (min) (EPA, 1994): 

(A.2) 

3.4.1 Rat Ventilation Rate 
The default values for minute ventilation in the MPPD 2.0 rat model (CIIT 

and RIVM, 2006) is 0.21 Llmin, based on the default values of 2.1 ml (VT) 

and I 02/min (j): 

O.21(Llmin) = 2. I(ml) x 102(/min) x (1/IOOO)(Llml) (A .3) 

This minute ventilation corresponds to a 300-g rat, based on Eqn (A.I): 

0.21 Llmin = Exp 1-0.578 + 0.821 x In(0.3)1 (A.4) 

Minute ventilation values for the rats in the subchronic inhalation studies 

(Ma-I-Iock et aI., 2009; Pauluhn, 20 lOa) were also calculated based on body 

weight. Pauluhn (20 lOa) reported male and female rat body weights of 369 

and 245 g, respectively, in the control (unexposed) group at 13 weeks. Since 

the alveolar septal thickening response data were reported for 10 male rats 

per dose group, the male rat body weight (and calculated minute ventilation) 

was used to estimate deposited and retained lung dose in the Pauluhn study 

(20 lOa). Ma-I-Iock et al. (2009) did not report the rat body weight, although 

the rat strain (Wi star) and study duration (13 weeks) were the same as 

in Pauluhn (2010a). Since the granulomatous inllammation response data in 

Ma-I-Iock el al. (2009) were combined for the 10 male and 10 ICmale rats in 

each dose group (because response proportions were statistically consistent), 

an average rat body weight in male and female rats of 300 g was assumed, 

based on the 300g rat body weight used in the default minute ventilation in 

MPPD 2.0 (CIIT and RIVM, 20(6) and the male and female average body 

weight of 307 g reported in Pauluhn (20 lOa). 

Thus, based on Eqn (A. I ), a minute ventilation of 0 0.21 Llmin is calculated 

for female and male rats in Ma-I-Iock et al. (2009) (same as MPPD 2.0 default) 

and 0.25 Llmin for male rats in Pauluhn (20 lOa). Assuming the same breathing 

frequency (I 02/min), a tidal volume of 2.45 ml is calculated (Eqn (A.3» and 

used instead of the default value in MPPD 2.0 (CnT and RIVM, 2(06) in esti­

mating the rat lung dose in the Pauluhn (20 lOa) data. 

3.4.2 Human Ventilation Rate 
In the human MPPD 2.0 model (CIIT and RIVM, 2006), the default pul­

monary ventilation rate is 7.5 Llmin, based on default values of 12/mln 



breathing frequency and 625 ml tidal volume. The "reference worker" 

ventilation rale is 20 Llmin (IeRP, 1994) or 9.6 m3/8-h (given 0.00 I mOIL 

and 48().min/8-h). In these estimates, 17.5/min breathing frequency and 

1143 ml lidal volume were used in MPPD 2.0 to correspond lo a 20-Llmin 

reference worker venlilalion rate. 
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