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Abstract.  In risk assessment there is a need for quantitative evaluation of the capability of 

animal models to predict disease risks in humans.  In this paper, we compare the rat- and 

human-based excess risk estimates for lung cancer from working lifetime exposures to inhaled 

poorly-soluble particles. The particles evaluated include those for which long-term dose-

response data are available in both species, i.e., coal dust, carbon black, titanium dioxide, 

silica, and diesel exhaust particulate.  The excess risk estimates derived from the rat data were 

generally lower than those derived from the human studies, and none of the rat- and human-

based risk estimates were significantly different (all p-values>0.05).  Residual uncertainty in 

whether the rat-based risk estimates would over- or under-predict the true excess risks of lung 

cancer from inhaled poorly-soluble particles in humans is due in part to the low power of the 

available human studies, limited particle size exposure data for humans, and ambiguity about 

the best animal models and extrapolation methods. 

1.  Introduction 

Quantitative risk assessment (QRA) requires dose-response data to evaluate the relationship between 

exposure to a toxicant and the probability of developing an adverse health effect.  When 

epidemiological exposure-response data are available (e.g., from an occupational cohort), risk 

estimates can be obtained directly from humans.  However, human exposure-response data can be 

inadequate for QRA (e.g., insufficient exposure data or follow-up time).  The goal of risk assessment 

is to determine the probability of disease or injury so that risk management intervention measures can 

be taken to prevent adverse effects in humans.  QRA often relies on data from laboratory animals to 

estimate disease risks in humans.    

Chronic inhalation studies in rats exposed to poorly-soluble particles have shown significantly 

elevated lung tumor response, while studies in mice and hamsters have not [1-3].  Occupational 

exposures to some respirable, poorly-soluble particles have been associated with elevated lung cancer 

in some studies, including carbon black [4,5]; diesel exhaust particulate [6-8]; and titanium dioxide 

[9], although generally without evidence of an exposure-response relationship; no association with 

particle exposure and lung cancer was found in other studies of titanium dioxide [10], carbon black 
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[11], or coal dust [12-14].  Significant exposure-response relationships have been reported for 

crystalline silica in several studies [15, 16] including a pooled analysis of six cohorts [17], but not in a 

recent U.K. study with lower exposures [18].  Because epidemiology studies typically do not have 

sufficient power to detect disease risk (e.g., lung cancer) at levels of concern to regulatory agencies 

(e.g., 1/1000), negative studies generally cannot be used to rule out such risks [19].  Thus, 

experimental studies in animals are often used to determine dose-response relationships and estimate 

risk in humans.   

There is some debate about the extent to which rodent data may be useful for predicting human 

lung cancer risk of inhaled poorly soluble particles, particularly in regards to the role of particle 

overload of lung clearance and inflammation and cell proliferation processes in the rat lung tumor 

response [20-23].  These evaluations have largely been qualitative, and quantitative dose-response data 

in both animals and humans are needed. 

In this study, we quantitatively compare working lifetime excess risk estimates of lung cancer 

derived from both rat and human dose-response data of respirable poorly-soluble particles including 

coal dust, carbon black, titanium dioxide, silica, and diesel exhaust particulate.  These comparisons 

provide a quantitative evaluation of the relevance of the rat model of particle-induced lung cancer for 

risk assessment in humans.      

2.  Methods 
Comparison of the animal and human-based excess risk estimates included several steps, including:  

estimate working lifetime excess risk of lung cancer in humans; predict the retained particle lung 

burden in humans; estimate the rat-equivalent lung burden; compute the excess risk in rats at that lung 

burden; and finally compare the human- and rat-based excess risks (Figure 1).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Illustration of methods used to estimate and compare rat- and human-based risk estimates. 
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Excess risk (ER), or exposure-attributable risk, is defined here as the increased probability of an 

adverse response at a given dose compared to that in unexposed individuals: 

 

ER(dose) = P(dose) – P(0)                                                                                          (1) 

 

where P(dose) and P(0) represent the probability of tumor response at a given dose or zero dose, 

respectively.  Dose was expressed as either cumulative exposure to airborne particles (human studies) 

or the retained lung burden as particle mass or particle surface area at the end of exposure (rat studies).   

The methods shown in Figure 1 were performed for each of the particle types investigated in this 

study (i.e., coal dust, carbon black, titanium dioxide, and crystalline silica).  The models used at each 

step are described in Sections 2.1 and 2.2.    

2.1.  Human data 

Epidemiological studies were selected which had quantitative estimates of cumulative exposure to 

respirable particles and lung cancer mortality rates.  Studies with clear evidence of confounding 

exposures were excluded, but no additional criteria for study quality were imposed.  These studies 

include:  crystalline silica [15, 16, 18]; coal dust [14]; carbon black [4] and titanium dioxide [9, 10].  

For silica, the pooled analysis [Steenland et al. 2001] was not used here due to more complicated 

methods required to estimate excess risks; and the three most recent individual studies were selected, 

one of which [15] was included in the pooled analysis.  In addition, studies of diesel exhaust 

particulate studies evaluated in Stayner et al. [6] are illustrated separately.   

The lifetime excess risks of lung cancer were estimated using Poisson regression models and 

lifetable analyses that account for competing causes of death, in U.S. males up to age 85 after a 45-

year working lifetime [24].  A linear relative rate model was used to fit the data for crystalline silica 

[15, 16, 18], coal dust [14], carbon black [4], and one of the titanium dioxide studies [9].  In fitting this 

model to the Brown and Rushton study [18], which reported results as categorical relative risks, 

correlations were not accounted for in the categories. All models were fit by iteratively re-weighted 

least squares.  Goodness of fit (p>0.05) was evaluated for each model, except in Fryzek et al. [10], 

since the coefficient for that model was provided by personal communication (Fryzek to NIOSH in 

2004).  The linear relative rate model was of the form: 

 

             RR(X) = 1 +  β*X                                                                                                       (2) 

 

A log-linear relative rate model was used to fit the data in the other titanium dioxide study [10], since 

that study reported relative risks based on this model form:  

 

             RR(X) = exp(β*X)                                                                                                      (3) 

 

where RR(X) is the relative rate in the exposed population; β is the coefficient for cumulative 

exposure; and X is the cumulative exposure to airborne particles (mg/m
3
 x years) (respirable size 

fraction, except Fryzek et al. [10], which used total particulate).   

Excess risks were estimated at the airborne mean concentrations (8-hour time-weighted average) 

that are equivalent to the cohort mean or median cumulative exposures reported in each epidemiology 

study, averaged over a 45-year working lifetime.  For example, a cohort mean cumulative exposure of 

64 mg/m
3
 x yr [14] averaged over 45 years is equivalent to an airborne mean concentration of 1.4 

mg/m
3
.  Similarly, a mean concentration of 0.83 mg/m

3
 is estimated from a 45-year exposure at 37.5 

mg/m
3
 x yr (the midpoint of the middle cumulative exposure group for all-plants) [4].  In Boffetta et 

al. [9], a mean concentration of 0.044 mg/m
3
 is estimated from a 45-year exposure at 1.98 mg/m

3
 x yr 

(the cohort median cumulative exposure).  Insufficient information was available in Fryzek et al. [10] 

to estimate a mean concentration, and the excess risk was estimated at the mean concentration from 

Boffetta et al. [9].   

Inhaled Particles X, (23–25 September 2008, Manchester) IOP Publishing
Journal of Physics: Conference Series 151 (2009) 012011 doi:10.1088/1742-6596/151/1/012011

3



             
                                                                                                                                                      

The 15-year lag model for cumulative exposure was used in Fryzek et al. [10].  Cumulative 

exposure group midpoints were used to fit the linear relative rate models in the other studies, and for 

Boffetta et al. [9], a value of 78.1 mg/m
3
 x yr was assumed for the highest category.   

A human lung dosimetry model (multiple-path particle deposition model, or MPPD) [25] was used 

to estimate the retained particle lung burdens after 45-years of exposure at these mean concentrations 

(assuming 8 hrs/day, 5 days/wk, 50 wks/yr).  The Yeh-Schum deposition model within MPPD was 

selected, along with the default model parameters, except for the following, which represent 

occupational exposures:  breathing frequency (17.5 breaths/min) [26] and tidal volume (1143 ml, to 

yield a minute volume of 20 L/min) [26].  In addition, breathing scenario was assumed to be oronasal-

normal augmenter, and the inhalability adjustment was selected.  Particle sizes and input parameter 

values are provided in Appendix A. 

2.2.  Rat data 

Chronic inhalation studies in rats were selected on the same types of particles as those in the 

epidemiological studies.  The rat studies included:  coal dust [27, 28]; carbon black [3, 29], titanium 

dioxide [3, 30, 31]; and crystalline silica [31].  The dose-response data analyzed include the retained 

lung burden after two years of inhalation exposure and the lung tumor proportion, excluding squamous 

cell keratinizing cystic tumors (which have been considered a noncancerous lesion in rats [32]).  The 

particle mass lung dose was used for coal dust, carbon black, and silica.  For titanium dioxide, data 

were available in both fine and ultrafine particle sizes, so the mass lung doses of titanium dioxide were 

converted to particle surface area doses (using specific surface area) in order to utilize the data 

available for both particle sizes.   

The rat dose-response data were fit with a multistage model, using the benchmark dose software 

(BMDS) [33]:   

   

 P(D) = 1 - exp(-Q0 - Q1*D – Q2*D
2
)                                                                         (4)  

   

where P(D) is the probability of lung tumors at a given dose; Q0 is the coefficient for the background 

tumor rate; Q1 and Q2 are the coefficients for dose; and D is dose (particle mass or surface area lung 

burden).  Multistage models have been used for many years in cancer risk assessment.  A 2
nd

 degree 

polynomial model form was used to allow for nonlinearity in the dose-response curve while not over-

fitting the data, and the coefficients were restricted to be nonnegative.  Male and female rat data were 

generally combined, except for carbon black, where only the female rat data were used [3, 29] due to 

the heterogeneity in the data from the lack of an exposure-related increase in lung tumors in male rats 

[29].  Model fits to the dose-response data were considered adequate at p-values > 0.05 (goodness of 

fit test). 

The rat-based excess risks associated with the doses of interest from the human studies were 

estimated by linear extrapolation below the 10% BMD (estimated by the multistage model; target 

BMD was derived from the slope of the line from 10% BMD to zero).  Dose was normalized between 

humans and rats based on the ratio of alveolar lung surface area [34] – using the values of 102.2 and 

0.4 m
2
, respectively [35].  An assumption of the interspecies dose extrapolation is that equal responses 

will occur at an equivalent lung dose [36, 37], either the total mg or m
2
 of particles/g lung.  A two-year 

inhalation exposure in the chronic studies in rats and a 45-year working lifetime in humans were 

assumed to be equivalent durations of exposure relative to an average lifetime in each species.  

2.3.  Comparison of rat and human excess risk estimates 

The rat- and human-based maximum likelihood estimate (MLE) of excess risk and the 95% upper 

confidence limit (95% UCL) were computed using the models for cumulative exposure reported in the 

epidemiology studies and in rats at the equivalent lung burdens (Sections 2.1 and 2.2).  The rat- and 

human-based excess risk estimates were quantitatively compared using a statistical test of the 

hypothesis that the animal and human-based excess risks are equal.  The test statistic is the difference 
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in these risk estimates divided by the standard error of the difference.  P-values are based on the 

standard normal distribution.   

Excess risk estimates for diesel exhaust particulate, based on the rat and human studies reported in 

Stayner et al. [6], are provided here in graphical form.  These estimates are expressed as unit cancer 

risk, which is defined as the excess risk of lung cancer after 45-yr occupational exposure to 1 μg/m
3
 of 

diesel exhaust particulate.  

3.  Results 
All multistage models provided adequate fit to the rat dose-response data (p-values 0.3 – 1.0; goodness 

of fit test).  For carbon black, the initial models including male and female rat data from Nikula et al. 

[29] did not provide adequate fit (p-values 0.01 – 0.02); and models applied to the male rat data alone 

did not converge due to the lack of a positive dose-response relationship.  Models applied to the 

female rat data from Nikula et al. [29] and Heinrich et al. [3] (which used female rats only) provided 

adequate fit (p-values 0.3-0.8).  All human models evaluated provided adequate fit (p-values >0.05). 

The rat- and human-based excess risk estimates are provided in Table 1 for the poorly-soluble, low 

toxicity particles (coal mine dust, carbon black, and titanium dioxide) and in Table 2 for respirable 

crystalline silica.  Statistical comparison of these rat- and human-based excess risk estimates show that 

none of the excess risk estimates based on rat or human data is significantly different (all p-values > 

0.05). 

Regarding the magnitude of the excess risk estimates, the rat-based MLEs were clearly higher than 

the human-based estimate for coal dust (which was negative); however, the rat-based estimates (MLEs 

and 95% UCLs) did not exceed the 95% UCL from the human study (Table 1).  For carbon black, the 

rat-based excess risk estimates exceeded those from the human study, but the differences were not 

statistically significant.  For titanium dioxide, the rat-based excess risk estimates (MLE and 95% 

UCL) were lower than the 95% UCL of the human studies, although the MLE from Fryzek et al. [10] 

was negative.  For crystalline silica, the rat-based MLEs and 95% UCLs were very similar in 

magnitude to the human-based estimates MLEs and 95% UCLs from all three epidemiological studies, 

except for the negative MLE from Brown and Rushton [18] (Table 2).   

For diesel exhaust particulate, the rat- and human-based excess risk estimates for lung cancer are 

shown in Figure 2.  Unit cancer risks are shown (i.e., mean concentration of 1 μg/m
3
 diesel exhaust 

particulate over a 45-yr occupational exposure).  The rat 95% UCL are not shown because they are not 

sufficiently different from the MLEs to be discernable on this log scale.  Figure 2 shows that, in 

general, the rat studies underpredict the excess risks based on the human studies. 
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Table 1. Comparison of human- and rat-based excess risk estimates of lung cancer following 45-

year working lifetime exposure by particle type and mean concentration.  
   

Particle type and                 

human study 

Mean 

concentration 

(mg/m
3
)

 a
 

  MLE (95% UCL)    

 Human                    Rat
 b
     

Comparison of 

human & rat 

excess risks (p-

value) 

Coal mine dust           
Attfield and Kuempel [14] 

1.4 -2.5 x 10
-3

 

 (6.6 x 10
-3

) 

4.1 x 10
-3

  

(1.0 x 10
-2

) 

0.3 

Carbon black             
Sorahan et al. [4] 

0.83 5.6 x 10
-3

 

 (1.1 x 10
-2

) 

1.4 x 10
-2

  

(2.0 x 10
-2

) 

0.09 

Titanium dioxide
 
        

Fryzek et al. [10] 
0.044 -9.4 x 10

-4
 

 (6.8 x 10
-4

) 

7.0 x 10
-5

  

(8.2 x 10
-5

) 

0.2 

Titanium dioxide
 
      

Boffetta et al. [9] 
0.044 4.4 x 10

-4
 

 (7.1 x 10
-4

) 

7.0 x 10
-5

  

(8.2 x 10
-5

) 

0.1 

   
Abbreviations:  Maximum likelihood estimate (MLE); 95% upper confidence limit (95% UCL). 
a
 Estimated from the cohort mean or median cumulative exposure averaged over 45 years of exposure. 

b
 Rat data from:  coal dust [27, 28]; carbon black [3, 29] (female rats); titanium dioxide [3, 30, 31]. 

 

 

 

Table 2. Comparison of human- and rat-based excess risk estimates of lung cancer following 45-

year working lifetime exposure to respirable crystalline silica. 
   

Human study     
Mean  

concentration 

(mg/m
3
)

 a
 

MLE (95% UCL) 

      Human                    Rat
 b
 

Comparison of 

human & rat 

excess risks (p-

value) 

Rice et al. [15] 0.162  3.8 x 10
-2

   

(8.0 x 10
-2

) 

3.7 x 10
-2

  

 (6.5 x 10
-2

) 

1.0 

Attfield and Costello [16] 0.047
 

1.3 x 10
-2

  

 (2.0 x 10
-2

) 

1.1 x 10
-2

   

(1.9 x 10
-2

) 

0.8 

Brown and Rushton [18] 0.025 -7.8 x 10
-4

  

 (1.0 x 10
-2

) 

5.7 x 10
-3

   

(1.0 x 10
-2

) 

0.3 

   
Abbreviations:  Maximum likelihood estimate (MLE); 95% upper confidence limit (95% UCL). 
a
 Estimated from the cohort mean cumulative exposure averaged over 45 years of exposure: 7.3 mg/m

3
 x yr [15]; 

2.2 mg/m
3
 x yr [16]; 1.12 mg/m

3
 x yr [18]. 

b
 Rat data from Muhle et al. [31]. 
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Figure 2.  Diesel exhaust particulate and lung cancer: comparison of rat- and human-based excess risk 

estimates across studies (estimates from Stayner et al. [6]).  Maximum likelihood estimates are shown 

for both rat and human studies; 95% upper confidence limits are shown for the human studies. 

 

4.  Discussion 

The findings of the epidemiological studies have been mixed with regard to elevated lung cancer and 

occupational exposure to poorly-soluble particles.  All of the studies with cumulative exposure data 

have been included in this study, whether or not a relationship between particle exposure and lung 

cancer was observed.  In contrast, each of the rat studies found statistically-significant elevations in 

lung tumors after chronic inhalation exposure to coal dust, carbon black, titanium dioxide, diesel 

exhaust particulate, or silica. 

It may be hypothesized that if the rat is not a reasonable model of particle-elicited lung cancer, e.g., 

due to a rat-specific oversensitive lung response to particle overload, then the rat-based risk estimates 

may exceed those based on the human data.  If so, then risk estimates based on the rat dose-response 

data may over-predict the unknown, true excess risks of particle-elicited lung cancer in humans.  

The purpose of this study was to quantitatively and statistically compare the rat- and human-based 

excess risk estimates of lung cancer for working lifetime exposures to each of these particle types.  

This analysis provides comparisons to assess whether the rat-based risk estimates over- or under-

predict the human lung cancer risk from exposure to poorly-soluble particles of various types.  These 

findings may be relevant to other poorly-soluble particles for which dose-response data are available 

in rats but not humans.   

4.1.  Quantitative evaluation  

This analysis showed statistically consistent excess risk estimates based on the rat and human studies.  

That is, there were no statistically significant differences in the rat- and human based estimates of lung 

cancer excess risk from long-term exposure to poorly-soluble respirable particles (all p values > 0.05). 

Among the poorly-soluble low toxicity particles, the rat-based MLE estimates for coal dust and 

titanium dioxide were lower than the human 95% UCL, even when the human study did not show an 

association between particle exposure and lung cancer.  For carbon black, the rat-based MLE estimate 
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was higher than the human 95% UCL, although not significantly.  In the coal miner study [14], a 

potential exists for bias in the exposures associated with the SMRs including for lung cancer.  Since 

the cumulative exposure data were available only until the start of follow-up, the cumulative exposure 

assigned to each miner is biased downward, and for the younger miners with shorter tenures at start of 

follow-up, the relative bias could be substantial.  For this reason, possible bias in the excess risk 

estimates from the human study (Table 1) cannot be dismissed, which could also influence the 

comparison with the rat data. 

For crystalline silica, the rat- and human-based excess risk estimates (MLEs and 95% UCLs) were 

remarkably similar.  Although only one chronic inhalation study in rats exposed to respirable 

crystalline silica was available (and only a linear model was possible due to the limited data), the 

epidemiological studies were based on three different occupational cohorts.  Unlike other poorly-

soluble particles with low inherent toxicity, crystalline silica is cytotoxic, and significant exposure-

response relationships have been observed in the rat [31] and human studies [16, 17].  Brown and 

Rushton [18] did not observe a positive exposure-response relationship, which may be due to the low 

exposure concentrations and durations. 

For diesel exhaust particulate, the rat-based excess risk estimates generally under-predicted those 

based on the human studies.  While the rat dose-response relationships to diesel exhaust particulate 

and carbon black appear to be similar [3, 29], it may be that the human excess risk estimates include 

additional risk due to the carcinogenic activity of the adsorbed poly-aromatic hydrocarbons on the 

diesel exhaust particulate, or that other unmeasured factors in the humans studies increases their 

apparent exposure-attributable risk. 

4.2.  Study limitations 

These rat- and human- based excess risk comparisons are limited to exposures that are consistent with 

the human studies.  Because the models used to describe human excess risk based on the human data 

differ from the models based on the rat data, it is possible that some comparisons could yield 

nonsignificant differences over one range of exposures and significant differences over another range 

for a given set of data.  However, the practical implication of this limitation may be modest for 

comparisons of risk estimates at the exposures reported in the human studies. 

Another limitation of this analysis is the relatively low power of the epidemiological studies.  

Human studies with large variability in the excess risk estimates may be consistent with a wide range 

of possible risk estimates, and even a non-significant exposure coefficient could be consistent with a 

positive exposure-response relationship in studies with large imprecision [19]. Thus, although this 

analysis showed that the rat- and human-based excess risk estimates are statistically consistent, the 

large variability in the human excess risk estimates may result in low power to detect a true difference 

in the animal- and human- based risk estimates.   

The animal data were also relatively sparse due to relatively few dose groups (which were 

nonetheless typical of chronic bioassays); the data for silica and coal dust were limited to one and two 

dose groups, respectively, in addition to controls.  Thus, while the standard errors of the human-based 

excess risk estimates are typically larger than those from the animal studies (by approximately an 

order of magnitude), the standard errors are similar for the rat- and human-based risk estimates for 

silica and coal dust.  More dose-response data in both animals and humans would be needed to reduce 

the uncertainty in these excess risk comparisons. 

There is uncertainty in what model would best describe the rat dose-response relationship for 

particle lung burden and tumor response.  The rat-based excess risk estimates were based on 

multistage stage model with linear extrapolation below the 10% BMD.  The dose-response 

relationships in the range of the data are clearly nonlinear for the poorly-soluble particles with low 

inherent toxicity (e.g., titanium dioxide and carbon black).  Models and methods that account for low-

dose curvature in the rat data (e.g., other BMD models or Bayesian model averaging of those models 

[38]) may provide different rat-based excess risk estimates, which may be lower.  However, since the 

rat-based estimates from the multistage model were generally below the human-based risk estimates 
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(and none was significantly different), it is unlikely that these other models would alter the overall 

findings.   

In addition, the risk estimates may vary depending on the choice of lung dosimetry model and 

parameter values. For example, predicted human mean lung burdens associated with occupational 

exposures varied by several-fold [39] between the ICRP [26] clearance model (used in the MPPD 

model [25]) and those developed by Kuempel et al. [40] and Tran and Buchanan [41] based on coal 

miner data.  The values selected to normalize lung burden between rat and human can also influence 

the risk estimates (e.g., lung mass or lung surface area), including whether the mean or distribution of 

these values is considered.    

4.3.  Qualitative evaluation 

Although the mechanisms of particle-induced lung disease have not been fully elucidated, the rat 

and human lung responses to some poorly-soluble particles (e.g., coal dust and silica) appear to be 

qualitatively similar in many of the key steps for which there are data [23, 42, 43].  In humans, 

workers in dusty jobs had elevated pulmonary inflammation markers [44, 45], and in coal miners a 

relationship between dust exposure, pulmonary inflammation, and fibrosis was observed [46].  

Although not linked to particle exposure, individuals with chronic pulmonary inflammation and 

epithelial cell proliferation due to idiopathic pulmonary fibrosis have an increased risk of lung cancer 

[47].   

Semi-quantitative comparisons of the lung responses in rats and humans to several types of 

particles (diesel exhaust, coal dust, silica, or talc) indicate both similarities and differences – including 

similar regions of particle retention in the lungs but at different proportions [48], and greater fibrotic 

response in humans but greater inflammation and epithelial hyperplasia responses in rats [49].  Mice 

and hamsters have been shown to have lower lung tumor response and to give false negatives in 

bioassays for some particulates that have been classified by IARC as human carcinogens (limited or 

sufficient evidence), including crystalline and diesel exhaust [2].   

Lung clearance of particles is slower in humans than in rats, by approximately an order of 

magnitude [26, 50], and some humans in dusty jobs (e.g., coal miners) have exposures and lung 

burdens that would be considered overloaded in rats [51].  Thus, the doses that cause overloading in 

rats may be relevant to estimating disease risk in workers with high dust exposures.  However, the lack 

of exposure-related elevation in lung cancer rates in coal miners raises questions about whether the rat 

model would overpredict disease risk in humans.  

Comparison of the lung doses of rats and humans shows that although the mean lung burdens have 

been relatively high in coal miners historically (approximately 10-20 mg/g lung) [40, 41], these lung 

burdens are several times lower than the mean lung burdens associated with the excess lung tumors in 

rats.  For example, in rats chronically exposed to coal mine dust, a lung burden of 57 mg/g was 

associated with 11% lung tumors (vs. 0% in unexposed controls) [27].  In rats exposed to fine TiO2, 

lung burdens up to 55 mg/g were not associated with lung tumors, and lung tumors were elevated only 

in rats with lung burdens greater than 200 mg/g (approximately 16% in male and female rats, 

excluding keratinizing cystic tumors) [30].  Thus, as seen in rat studies, doses that cause overloading 

may not be high enough to cause lung cancer.  However, particle size and surface reactivity are also 

important, and smaller mass doses of ultrafine particles (e.g., TiO2) or cytotoxic particles (e.g., quartz) 

are associated with elevated lung tumor response in rats [3, 31].  

5.  Conclusions 

The rat- and human-based excess risk estimates of lung cancer from long-term exposure to poorly-

soluble respirable particles are statistically consistent based on available data.  Residual uncertainty in 

whether the rat-based risk estimates would over- or under-predict the true excess risks of lung cancer 

in humans is due in part to the low power of the available human studies, limited particle size 

exposure data for humans, and ambiguity about the best animal models and extrapolation methods. 
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Disclaimer:  The findings and conclusions in this paper are those of the authors and do not necessarily 

represent the views of the National Institute for Occupational Safety and Health. 
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Appendix A. 

 

The particle parameters used in the lung dosimetry modeling, and the lung burden predictions in rats 

and humans are provided in Table A-1. 

 

Table A-1.  Particle characteristics used in lung burden estimation.  
 

 

Particle Type 

 

Density
a
 

 

MMAD (GSD)
b
 

Mean 

concentration 

(mg/m
3
)

c
 

Human lung 

burden 

(mg/lung) 

Rat- 

equivalent 

lung burden 

(mg/lung)
d
 

Coal dust 1.5 3.4 (2) 1.4 1,159 4.5 

Carbon black 1.85
 

0.64 (2.06) 0.83 884 3.4 

TiO2 - F 4.25 1.6 (2) 0.044 52 0.20 

SiO2 2.5 3.5 (2) 0.16 

0.047 

0.025 

135 

39 

21 

0.53 

0.15 

0.082 

 

Abbreviations:  TiO2-F:  titanium dioxide (fine); SiO2: crystalline silica; MMAD: mass median 

aerodynamic diameter; GSD: geometric standard deviation. 
a
 Reported by various internet sources and consistent with values in Roller and Pott [52]. 

b
 Reported in:  Vallyathan et al. [53]: coal dust and SiO2, MMAD; Heinrich et al. [3]: carbon black 

MMAD and GSD; Lee et al. [30]: TiO2-F, MMAD.  Assumed GSD of 2 for coal dust, TiO2-F, and 

SiO2, which is similar to values reported for the other particles. 
c
 Mean concentration equivalent to the cohort mean or median cumulative exposure averaged over 45-

year working lifetime (8 hr/d, 5 d/wk, 50 wk/yr). 
d
 Normalized from human to rat by the ratio of lung surface areas (0.4 rat/102.2 human) [35]. 
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