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Appendix B

Benchmark Concentration Analysis of
Diesel Data



1
For increases in incidence “extra risk” is used which is response incidence (inc) normalized to the

background (BG) incidence; response – BG/1-BG.
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B-1.  INTRODUCTION TO BENCHMARK1

The benchmark dose or benchmark concentration approach, hereafter referred to as the2

BMC approach, is an alternate to the N/LOAEL option for deriving effect levels.  The BMC is3

currently undergoing extensive consideration by the Agency with promulgation of software and4

guidelines for application of this methodology (U.S. EPA, 2000).  The BMC approach involves5

fitting a dose-response function to dose and effect information from a single study to derive the6

best fit of those data.  This “best fit”is statistically termed the maximum likelihood estimate but is7

referred to in the benchmark terminology as the BMC curve.  The curve defining the8

corresponding lower 95% confidence limit of this “best fit”estimate is termed the BMCL curve. 9

This BMCL curve is used to predict the dose that will result in a level of response that is defined a10

priori as the benchmark response “x”, BMCLx.  In the analyses below, for example, the11

benchmark response for a 10% increase in incidence1 of chronic inflammation is defined as a12

BMCL10; the corresponding 10% increase as determined from the BMC curve would be termed13

the BMC10. This BMCL10 would be derived by first using the data and the programs to determine14

the BMC and BMCL curves.  The concentration corresponding to a 10% increase in incidence15

would then be determined directly from the BMCL.  The BMCL10 then would be used as the16

representative value for the effect level or point of departure in the dose-response assessment.17

The latest version of the Agency Benchmark Dose Software (BMDS Version 1.2; U.S.18

EPA, 2000) was used to analyze data on chronic inflammation and pulmonary histopathology19

present in the chronic studies that were amenable to benchmark analysis.  At this time, the Agency20

BMDS offers sixteen different models total that are appropriate for the analysis of dichotomous21

data (gamma, logistic, probit, Weibull, log-logistic, multistage, log-probit, quantal-linear,22

quantal-quadratic), continuous data (linear, polynomial, power, Hill) and nested developmental23

toxicology data (NLogistic, NCTR, Rai & Van Ryzin).  Results from all models include a24

reiteration of the model formula and model run options chosen by the user, goodness-of-fit25

information, a graphical presentation for visual inspection and the concentration estimate for the26

response at the designated BMCLx, as well as the corresponding BMCx.  More details on the27

modeling results are described and presented in the analysis on dichotomous data following.28

The U.S. EPA benchmark dose (BMD/C) methods guidance has not been finalized at this29

time to provide definitive procedures and criteria (U.S. EPA 1995).  Therefore, in this document30

provisional criteria for minimum data to perform a benchmark analysis are designated such that31

(1) complete quantitative information on the response of interest should be available (e.g.,32
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incidence as number affected / total, means with variability) and that (2) at least two exposure1

levels with responses that differ from those of the controls are provided, and (3) a benchmark2

response of 10% is employed such that outcomes are BMCL10s.  A response of 10% is at or near3

the limit of sensitivity in most long-term bioassays as determined from both the typical number of4

animals used in bioassays and a low spontaneous background rate (e.g., 0.1%) for a given effect5

(Haseman, 1984; Haseman et al., 1989).  6

7

B-2.  DIESEL DATA FOR BENCHMARK ANALYSIS8

Using the criteria set forth in Section B-1 and the information about the critical effects that9

have been identified (pulmonary inflammation, pulmonary histopathology including indicators of10

fibrotic changes such as increases in alveolar-capillary wall thickness) the following rat chronic11

studies identified in Chapter 6 were analyzed for information suitable for BMC analysis:  Ishinishi12

et al. (1986, 1988), Mauderly et al. (1987a,b; 1988); Heinrich et al. (1986, 1995), and Nikula13

et al. (1995). 14

Results from this analysis yielded only a few data sets from a single study, that of Nikula15

et al. (1995), that could be used for BMC analysis.  The basis for not including data from the16

other studies varied.  Information on pulmonary histopathology in the studies of Ishinishi et al.17

(1986, 1988), for example, was supplied only in narrative form with no quantitative information18

given.  A similar situation was found for those reports of the ITRI study; Wolff et al. (1987)19

reports on clearance alterations due to DPM exposure; Henderson et al. (1988) does give20

information on hydroxyproline but only in graphical form; the 1988 study of Mauderly et al. deals21

with pulmonary function as a function of DPM lung loading; the 1987a reference of Mauderly et22

al. discusses tumor prevalence only and the Mauderly 1987b reference reports on diesel exhaust in23

developing lung to a single exposure concentration of DPM with no dose-response information24

available.  Those reports on the General Motor study contain extensive information relating not to25

the critical effects, but mostly to precursors of inflammation such as levels of polymorphonuclear26

neutrophils and lymphocytes in bronchoalveolar lavage from DPM exposed rats (Strom, 1984)27

and guinea pigs (Barnhart et al., 1981) as well as information on collagen biosynthesis28

(Misiorowski et al., 1980) all of which is presented in graphical rather than tabular form amenable29

for benchmark analysis.  The information on noncancer histopathology reported by Heinrich et al.30

(1995) is in text form only and this author’s 1986 study deals primarily with clearance and31

mortality.  Nikula et al. (1995), however, do present extensive quantitative dose-response32

information (incidence / dichotomous data) on several measures of the critical effect including33

chronic inflamation (presence of focal aggregates of neutrophils), focal fibrosis with epithelial34

hyperplasia (nodular fibrosis rimmed by hyperplasia), and septal fibrosis (interstitial fibrosis within35
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alveolar septa) although the study had but 2 exposure concentrations both of which are different1

from the controls, a minimal number on which benchmark analysis should be performed. 2

3

B-3.  BENCHMARK ANALYSIS OF DIESEL DATA4

These data from Nikula et al. (1995) were extracted, HEC concentrations calculated using5

the model of Yu et al. (1991; Appendix A), and analyzed using all 9 applicable models for6

dichotomous data.  Because the benchmark models were ran with the HEC, general from the7

model of Yu et al. (1991), the BMCL10s are also HECs.  The results and data are presented in8

Table B-1.  Results were evaluated based on the nature of the data set, visual inspection of the9

graphical output, and on the goodness-of-fit parameters, including p values and the AIC.  When p10

values were generated for model fits, values for p that were less than 0.1 were considered to11

reflect a minimal fit to the data and were disqualified from further consideration.  However, the12

small set of only 3 data points was often matched by the number of parameters fitted in several of13

the models such that  the outcome of the model exactly fit the data and thus no p value is14

generated; these model fits are often referred to as being overparameterized, and are indicated as15

“NA” in Table B-1.  Values for p that were less than 0.1 were considered to reflect a minimal fit16

to the data.  The AIC (Akaike Information Coefficient; Akaike, 1973; Stone, 1998) is a parameter17

generated for the models in U.S. EPA (2000) that allows for a general comparison among models18

run on the same data set.  The AIC is defined as -2 log L + 2 p where log L is the log likelihood19

of the fitted model, and p is the number of parameters estimated; smaller values indicate better20

fits.  21

The overall results of this mathematical analysis is reasonable in a biologically mechanistic22

sense in that chronic inflammation is more prevalent and apparently occurs at lower23

concentrations (i.e., has lower BMCL10 values) than does focal fibrosis.  The information on24

septal fibrosis were not interpretable as the data were not amenable (no or zero background and25

then total incidence) to any meaningful benchmark or other dose-response analysis.  The most26

sensitive endpoint, chronic inflammation, is therefore the most sensitive benchmark concentration27

followed by focal fibrosis.  28

The choice for the most appropriate BMCL10 from among the various modeled values for29

chronic inflammation requires analysis of both the statistical and graphical outputs of the data. 30

The shape of the dose-response curve from information given in Chapter 6 (Table 6-2) gives31

evidence of considerable “S” character, e.g., several low HECs without any reported effects up to32

about 0.2 mg/m3.  The shape of the dose-response curves generated by several of the models,33

including gamma-hit, Weibull, multistage, and quantal linear were all a uniformly upward sloping34

arc from the origin (graphs not shown) with minimal evidence of any “S” character, a shape not35
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concordant with the data array in Table 6.2.  Models that did generate curves with “S” character1

included log-logistic, logistic, probit, quantal-quadratic, and log-probit.  Because of their2

concordance with this independent data array on dose-response, the latter outputs are further3

analyzes.4

The results for both chronic inflammation and focal fibrosis for those models with outputs5

having appreciable “S” character suggest that females may be more sensitive than males for these6

endpoints as the incidences are higher and the BMCL10 values are generally lower for females than7

for males.  However, the model fits of the BMCL10s to the chronic inflammation data segregated8

by sex were generally inadequate as judged from the p values (most being far less than 0.1) or9

from visual inspection of the fits to the data, several of which (e.g., log-logistic and log-probit)10

were lacking any appreciable “S” character.  However, combining female and male data improved11

data fitting as judged by the increased p values to where nearly all were >0.1 and to where the12

visual fits were concordant with the independent information on dose-response.  Too, most of the13

combined BMCL10s were either intermediate between the female and male values or somewhat14

closer to the female values such that the combined BMCL10 values were not much different from15

the females BMCL10s.16

From among the combined male and female model outputs in Table B-1, the logistic, probit,17

and quantal quadratic results were all excluded based on the high AIC value relative to the log-18

logistic and log-probit results.  The log-logistic results were excluded based on the shape of the19

lower portion of the dose-response curve which was upward sloping near the origin (graph not20

shown) and not as concordant with the independent dose-response information in Table 6-2 as21

was the fit of the log-probit model (Figure B-1).  This leaves the fit of the log-probit model as22

being most reflective of the information in Table 6-2.  The BMCL10 of the log-probit curve at23

0.37 mg/m3 remains and, by elimination, appears to be the most defensible choice from among the24

BMCL10s arrayed in Table B-1.  Figure B-1 shows the graphical representation of the log-probit25

model fit to the data and the origin of the BMCL10.  This graph also shows the relationship of the26

BMCL10 of 0.37 mg/m3 to the variability that exists around the control value and that the value of27

0.37 mg/m3 is not far removed from the outer range of this variability.  The log-probit BMCL1028

for focal fibrosis (combined) of 1.3 mg/m3 noted as being representative of this lesion from the29

BMC analysis in Table B-1.30

Characterization of this benchmark value indicates that it may not be a suitable candidate for31

use as a point of departure for development of a dose-response assessment such as the RfC.  An32

attribute of the benchmark method is that the response (such as the 10% as used here) is near the33

range of the actual experimental values, such that extrapolation is not far below the observed34

experimental range.  However, due to the paucity of data points overall and lack of any values35

below an HEC of nearly 2 mg/m3 in the Nikula et al. (1995) study, the extrapolation of this BMC36
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to the 10% response level is considerable, the BMLC10 of 0.37 mg/m3 being > 5-fold below the1

nearest observed value of 1.95 mg/m3.  Also, the high experimental exposures used in this study2

are in the range of those resulting in pulmonary overload conditions in rats and therefore in the3

range of the model assumptions of Yu et al. (1991) about this phenomenon in humans for4

calculation of the HECs (Chapter 3).  The BMCL10 of 0.37 mg/m3 is considerably greater than5

other NOAELs in the DPM data base of 0.144 mg/m3 and 0.128 mg/m3 (Table 6-2 in Chapter 6),6

possibly indicating that these NOAELs represent actual incidence levels that are considerably less7

than10%; from the same log-probit model the corresponding BMCL05 was 0.21 mg/m3 (near the8

range of these NOAELs) and the corresponding BMCL01  was 0.07 mg/m3 (below the range of9

these NOAELs).  These limitations on this BMCL10 make it a less than optimal candidate for10

consideration as a point of departure in the development of dose-response assessments.11

12

B-4.  SUMMARY13

The recently developed EPA Benchmark dose software (U.S. EPA, 2000) and preliminary14

guidance was utilized to analyze diesel data by the benchmark approach.  Data from only one of15

the array of principal studies identified elsewhere (Chapter 6) was found to contain data amenable16

to benchmark analysis.  The data from this study, that of Nikula et al. (1995) on pulmonary17

inflammation and histopathology, was extracted and analyzed as dichotomous data using all18

available models and designating a 10% response level such that BMCL10s were calculated; as the19

models were ran with HECs, the BMCL10s were also HECs.20

The analysis resulted in an array of BMCL10s from 3 different effects in two sexes (both21

separate and combined) with 9 different models.  These BMCL10s were each considered from a22

perspective of biological relevance, known dose-response character, and from the individual fit to23

the data by the models from statistical parameters and visual judgments.  The BMCL10 that24

emerged after the above considerations was 0.37 mg/m3 for the combined male plus female25

incidence of chronic active pulmonary inflammation.  A BMCL10 of 1.3 mg/m3 for pulmonary26

focal fibrosis was also noted in this analysis.  Characterization of these benchmark values indicates27

that neither may be a suitable candidate for use as a point of departure in development of a dose-28

response assessment such as the RfC but that they are concordant with other quantitative dose-29

response aspects of the DPM database.30
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Table B-1.  BMC analysis of pathology incidence data in male and female F344 rats from the study of Nikula et al. (1995)
using the different models available from U. S. EPA benchmark dose project (U.S. EPA, 2000) for dichotomous data based on
10% extra risk (i.e., a 10% increase relative to a total that has been adjusted for background) and no threshold term.  The
concentrations used in the analysis are human continuous equivalent concentrations (HECs) obtained from the interspecies
extrapolation model of Yu et al. (1991).  The table listings include the BMCL10 (the benchmark response level of 10%
obtained from the lower 95% limit of the benchmark curve in mg/m3), the BMC10 (the corresponding estimate at 10%
response from the best fit benchmark curve, also in mg/m3), P = goodness-of-fit values.  NA indicates a G-O-F value was not
available, usually due to the lack of degrees of freedom.  AIC = Akaike Information Coefficient (see U.S. EPA, 2000 and
below) which may be used for model comparison on the same data set.

Effect (from Table 5
and 6, p 86, Nikula
et al., 1995)

Inc @
0 mg/m3

Inc @
1.95 mg/m3

HEC 

Inc @
5.1 mg/m3

HEC

BMCL10

(BMC10)
log-logistic

BMCL10

(BMC10)
log-probit

BMCL10

(BMC10)
multi-stage

BMCL10

(BMC10) -
Weibull

BMCL10

(BMC10) -
gamma

BMCL10

(BMC10) -
quantal
linear

BMCL10

(BMC10) -
probit

BMCL10

(BMC10) -
logistic

BMCL10

(BMC10)
quantal

quadratic

Chronic active 
inflammation >18 mos,
grades 1-3, male +
female combined

5/177 59/162 118/174 0.32(0.64)
P= NA
AIC= 483

0.37(.70)
P=NA
AIC = 483

0.43(.49)
P= 0.982
AIC= 481

0.43(.49)
P= 0.982
AIC= 481

0.43(.49)
P=0.98
AIC= 480

0.43(.49)
P= .982
AIC= 481

1.06(1.19)
P= 0.000
AIC= 499

1.12(1.26)
P=0.000
AIC= 502

1.34(1.45)
P= 0.000
AIC = 505

Chronic active
inflammation >18 mos,
grades 1-3 in males

1/86 19/81 54/85 0.67(1.16)
P= NA
AIC= 217

0.74(1.22)
P = NA
AIC = 217

0.56(.95)
undefined
AIC= 217

.56(1.04)
P= NA
AIC= 216

.56(1.09)
P= NA
AIC= 217

0.50(.61)
P= 0.15
AIC= 216

1.31(1.55)
P= 0.05
AIC= 219

0.67(1.16)
P= NA
AIC= 217

1.42(1.57)
P= 0.055
AIC = 218

Chronic active 
inflammation >18 mos,
grades 1-3 in females

4/91 40/81 64/89 0.18(0.26)
P= NA
AIC= 257

.016(.30)
P = NA
AIC = 257

0.33(.40)
P= 0.173
AIC= 257

0.33(.40)
P= 0.173
AIC= 257

0.33(.40)
P= 0.17
AIC= 257

0.33(.40)
P= 0.173
AIC= 257

0.83(.96)
P= 0.0001
AIC= 272

0.85(1.0)
P= 0.000
AIC= 273

1.21(1.35)
P= 0.000
AIC = 279

Focal fibrosis with
epithelial hyperplasia,
grades 1-4 in males and
females combined

0/177 18/162 63/174 1.25(1.8)
P= 1.000
AIC= 345

1.3(1.8)
P = 1.000
AIC = 345

1.21(1.8)
P= 1.000
AIC= 345

1.21(1.8)
P= 1.000
AIC= 345

1.21(1.8)
P= 1.0
AIC= 345

1.1(1.3)
P= 0.363
AIC= 345

2.32(2.61)
P= 0.013
AIC= 353

2.50(2.8)
P= 0.006
AIC= 356

2.14(2.34)
P= 0.091
AIC = 347

Focal fibrosis with
epithelial hyperplasia,
grades 1-4 in males

0/86 5/81 19/85 1.72(2.7)
P= 1.00
AIC= 132

1.6(2.7)
P = 1.000
AIC = 132

1.79(2.8)
undefined
AIC= 134

1.79(2.8)
P= 1.00
AIC= 132

1.79(2.75
P= 1.0
AIC= 132

1.7(2.4)
P= 0.70
AIC= 131

2.98(3.5)
P= 0.199
AIC= 134

3.17(3.69)
P= 0.153
AIC= 135

2.68(3.1)
P=0.552
AIC = 131

Focal fibrosis with
epithelial hyperplasia,
grades 1-4 in females

0/91 13/81 44/89 0.80(1.4)
P= 1.00
AIC= 199

0.87(1.47)
P = 1.000
AIC = 199

0.77
P= 0.99
AIC= 199

0.77(1.4)
P=1.0
AIC=199

0.71(1.4)
P= 1.00
AIC= 199

0.71(.88)
P= 0.445
AIC= 198

1.76
P= 0.037
AIC= 205

1.89(2.2)
P= 0.02
AIC= 207

1.7(1.9)
P= 0.21
AIC = 200

Septal fibrosis, >18 mos,
grades 1-4 in males

1/86 79/81 83/85 .003(.008)
P= 0.35
AIC= 53

(failed) 0.07(.08)
P= 0.000
AIC= 65

0.07(.08)
P= 0.000
AIC= 65

0.07(.08)
P= 0.000
AIC= 65

0.07(.08)
P= 0.000
AIC= 65

0.29(.37)
P= 0.000
AIC= 114

0.32(.44)
P= 0.000
AIC= 86

0.42(0.47)
P= 0.000
AIC = 100

Septal fibrosis, >18 mos,
grades 1- 4 in females

2/91 75/81 87/89 0.009 (.05)
P= NA
AIC= 87

(failed) 0.08(.10)
P= 0.003
AIC= 91

0.08(.10)
P= 0.000
AIC= 91

0.08(.10)
P= 0.003
AIC= 91

0.08(.10)
P= 0.003
AIC= 91

0.32(.40)
P= 0.000
AIC= 131

0.34(.45)
P= 0.000
AIC= 109

0.46(.51)
P= 0.000
AIC = 119
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Figure B-1. Benchmark concentration analysis (log-probit) of chronic pulmonary
inflammation in rats exposed to DPM from Nikula et al. (1995).  BMCL10,
the lower confidence estimate of the concentration of DPM associated with
a 10% incidence (extra risk); BMC10, the corresponding estimate from the
best (log-probit) fit.  (��) data with 95% error bounds. 
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