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This report presents the results of noncancer dose-response
modeling for inhalation and oral exposures to nickel compounds
using the NOAEL/LOAEL and benchmark dose (BMD) ap-
proaches. Several key issues associated with the implementation of
the BMD approach were examined. Primary among them are
difficulties associated with use of data for which the dose-response
shape is poorly defined: nonuniqueness of maximum likelihood
estimates and lower bounds equal to zero. In addition, several
generalizable properties of the “hybrid approach™ for modeling
continuous endpoints were identified. A hybrid modeling ap-
proach allows one to consider “biological significance” on an
individual (rather than group) basis; differences between individ-
ual- and group-based biological significance in the definition of
benchmark response (BMR) levels are elucidated. In particular, it
is shown that BMDs defined using group-based BMRs may be
more like LOAELs than NOAELSs. Application of cross-chemical
and cross-endpoint comparisons suggest that, for chronic inhala-
tion exposure, nickel sulfate appears to be as toxic or more toxic
than nickel subsulfide and nickel oxide, although the high re-
sponse rates for the latter two compounds at the lowest chronically
administered concentration make such conclusions problematic. A
nickel reference concentration could be derived based on the most
sensitive benchmark concentration for chronic inhalation expo-
sure to nickel sulfate, 1.7 x 10™* mg Ni/m* for lung fibrosis in
male rats. Analyses of oral studies of nickel sulfate and nickel
chloride suggest that an appropriate basis for the nickel oral
reference dose would be a BMD of 4-5 mg Ni/kg/day, based on
increased prenatal mortality. (Uncertainty factors were not deter-
mined and neither an RfD nor an RfC was derived in this paper.)
The BMD approach provides appropriate quantitative support for
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toxicological judgment; this paper addresses specific issues asso-
ciated with the role of the BMD approach in noncancer risk
assessment. Resolution of these and other issues may require the
accumulation of a number of case studies such as the one pre-
sented here. © 1998 Society of Toxicology.

Nickel exposure occurs occupationally, primarily via the inha-
lation route, and through contamination of ambient air, most often
as nickel oxide and nickel sulfate. Oral exposure of the general
public to nickel is primarily in food, but may also occur via
contaminated water (NTP, 1996a,b,c). Nickel is one of the most
frequently occurring chemicals in waste sites in the United States.
Differences in the inhalation toxicity of the different nickel com-
pounds correlate with differences in their solubility (Dunnick et
al., 1988), presumably due to differences in the cellular absorption
of the deposited material. The respiratory tract is the primary
target of inhaled nickel compounds, indicating substantial portal-
of-entry effects (Dunnick er al,, 1988, 1989; Benson er al., 1987,
1988, 1990; Lovelace Inhalation Toxicology Research Institute,
1986a,b; NTP, 1996a,b,c). Due to the relative size of cross-species
dosimetric adjustments for respiratory and extrarespiratory effects
(USEPA, 1994), systemic effects reported by Benson et al. (1987,
1988) and Dunnick er al. (1988) occur at higher human equivalent
concentrations than those inducing respiratory effects.

Subchronic, chronic, reproductive, and developmental stud-
ies of oral exposure to nickel compounds are available. In
contrast to the inhalation route, ingested soluble nickel com-
pounds are dissociated in the stomach. Therefore, the toxicity
of different soluble nickel compounds should depend primarily
on the amount of nickel absorbed. The two compounds eval-
uated in oral studies (nickel chloride and nickel sulfate) have
similar water solubilities. Decreased body weight was the most
sensitive endpoint in the subchronic study (American Biogen-
ics Corporation, 1988) and the chronic study (Ambrose et al.,
1976) investigating general systemic effects. One subchronic
study investigated the effects of nickel on the immune system
(Dieter et al., 1988). Reproductive and developmental toxicity
studies [Smith er al. (1993) and Research Triangle Institute
(1988), respectively] reported decreased fetal and pup viability.
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Ambrose et al. (1976) also described a three-gencration
reproductive study in rats. Schroeder and Mitchener (1971)
conducted a three-generation study of rats administered nickel
at 5 ppm (estimated at 0.43 mg Ni/kg/day), and observed
significantly increased neonatal mortality and incidence of
runts. However, this study is limited by the small sample size
and by dietary insufficiency of other trace elements, particu-
larly chromium, which may have contributed to toxicity of
nickel (IRIS, 1997).

The benchmark dose/benchmark concentration (BMD/
BMC) approach has been proposed as an alternative (o the
NOAEL/LOAEL method for noncancer risk assessment
(Crump, 1984). Advantages of the BMD approach over the
NOAEL/LOAEL method have been documented in several
publications (Crump, 1984; Kimmel and Gaylor, 1988; Bames
et al., 1995), and include reduced dependency on dose selec-
tion and dose spacing, more appropriate reflection of sample
size, and better inclusion of dose-response information. US
EPA guidelines for risk assessment of developmental toxicity
(USEPA, 1991) and reproductive toxicity (USEPA, 1996a),
guidelines for development of inhalation reference concentra-
tions (RfCs) (USEPA, 1994), and proposed guidelines for
neurotoxicity risk assessment (USEPA, 1995) have addressed
the application of BMD methodology. Indeed, several refer-
ence doses (RfDs) and reference concentrations (RfCs) listed
on EPA’s Integrated Risk Information System (IRIS) have
been developed using BMD methodology, including the meth-
ylmercury RfD, and the carbon disulfide, antimony trioxide,
and 1,1,1,2-tetrafluorocthane (HFC-134a) RfCs (IRIS, 1997).

A few studies have been published describing the bench-
mark dose modeling of individual chemicals, including 1,2-
dibromo-3-chloropropane (DBCP) (Pease et al., 1991), hydro-
gen fluoride (AlexeefT et al., 1993), chromium (Malsch ef al.,
1994), trichloroethylene (Haag-Gronlund ef al, 1995), and
boric acid (Allen er al., 1996). However, few of these studies
have described issues related to the choice of endpoints to
model or interpretation of the results. The BMD/BMC model-
ing of inhalation and oral exposure to nickel described in this
report is part of a series of chemical-specific case studies, one
goal of which is the development of procedures appropriate for
noncancer risk assessments using the BMD methodology. Of
particular interest for the nickel case study is consideration of
rational operational procedures for selecting endpoints for non-
cancer risk assessment, including BMD/BMC modeling, for
comparing the results across endpoints. An additional goal of
this work is to investigate the behavior of the hybrid approach
described by Gaylor and Slikker (1990) and elaborated by
Crump (1995) for modeling changes in the mean response of
continuous endpoints, but defining BMDs/BMCs in terms of
probability of response. In particular, the hybrid approach was
evaluated in the context of considering biological significance
on an individual basis. To those ends, this paper discusses
modeling of short-term and chronic inhalation and oral expo-
surc to three nickel compounds, nickel subsulfide, nickel sul-
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fate, and nickel oxide, as well as subchronic inhalation expo-
surc to nickel sulfate.

METHODS FOR MODELING

“Dose”’’ and calculation of the HEC. Inhalation exposure was expressed
in terms of nickel concestration (mg Ni/m’) for all three mickel compounds.
Adjustment for discontinuous exposure, o desive continuous exposure equiv-
aleats, was performed using the equation

Eupn = E X D (W24 h) X W (days/7 days) )

where E is the experimental exposure level, D is the number of hours exposed
in the experiment/24 b, and W is the numbes of days of experimental expo-
surc/7 days.

Additional dosimetric adjustments were conducted (o derive human equiv-
alent concentrations (HECs), using the method of Jarabek er al. (1990) and
USEPA (1994) to account for differences in particle deposition in different
respiratory tract regions of animals and humans. The respiratory tract region
affected by the eadpoist of interest was identified. The Regional Deposited
Dose Ratio (RDDR) was then calculated using the RDDR program (USEPA,
1994), based on the region of interest, animal species, strain, and sex; and the
particle characteristics (mass median acrodynamic diameter, MMAD, and
geometric standard deviation, a,). The HBC is the product of the RDDR and
the duration-adjusted exposure concentration. The HEC values, in units of mg
Ni/m®, were used as input to the dosc-response models.

Although other methods for interspecies extrapolation of inhalation particle
dasimetry arc availablc (c.g., Asgharian ef al, 1995) and dosimetric adjust-
ment for exposure to particulates includes scveral areas of uncertainty, alter-
native approaches were not investigated here. The focus of this analysis was on
issues associsted with the application of the BMD approach to a scries of
related endpoinis, rather thas on the specific valucs of BMCs or other esti-
maies, all of which could be affected by the choice of HEC calculation method.

No adjustments were conducted for oral dosing, because all of the modeled
oral studies used continuous dosing protocols.

QOuantitative response data. The data sets comsidercd for dose—response
analysis included both quantal and coatinuous endpoints. The candidate end-
points needed to have quantitative response data in cither case. Quantitative
responsc data for quantal results are summarized in terms of number affected
out of total pumber examined.

Coutinuous endpoints (c.g., body weights) are those for which *‘counts’’ do
not typically apply. Quantitative response data for such endpoints arc satis-
factorily expressed in terms of a mean and a standard deviation (or other
measure of variasbility) for cach dose group.

Mathematical dose-response modeling. The quantal endpoints were
modeled using the standard Weibull and polynomial models (Crump, 1984). A
“threshold”’ (intercept) parameter was included in the modeling only when a
sufficient number of dose groups were available (at least four) and when the
models without a threshold provided a relatively poor fit (o the data. The
degree of the polynomial model was restricted to be no greater than the number
of dose groups minus onc. The sofiware packages THRESH and THRESHW
(ICP Kaiser International, KS Crump Group), which fit the models by methods
of maximum likelihood, were used to implement these models.

For the continuous endpoints, we used the ‘*hybrid’’ modeling approach
described by Gaylor and Slikker (1990) and elaborated by Crume (1995). This
approach uses all of the information contained in the original observations, by
modeling changes in mean respoase as a function of dose, but defincs BMDs/
BMCs in terms of probability of response.

For the hybrid modeling approach, the two models used (0 describe how the
probability of response is assumed to vary with dose are the Weibull model and
the power model. The Weibull model,
cxp{—(Bed)"]} @

Pd)=pyt (1 pdl}
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is identical to the Weibull model used for the quantal endpoints. Maximum
likelihood methods are used to estimate the parameters, 8 and v, as well as a
background mean response level, m(0), and a fixed standard deviation estimate
for all dose groups, o. If a normal distribution for the continuous measure
around the dose-specific means is assumed, the Weibull model can be ex-
pressed as the change in mean as a function of dose:

m(d) = m(0) + o[N"'(1 — pd) = N'((1 poexp{ (B+a)M)] 3)

where N~! is the inverse normal function.
The power model was also used to model continuous endpoints:

m(d) = a + (B+d)* “)

where m(d) is the mean response at dose d and the three unknown parameters,
a, B, and k, as well as the dose group standard deviations, are estimated by
maximum likelihood methods. The dose group standard deviations estimated
by the model account both for the variation in the observed data and for any
difference between the observed mean and the mean estimated by the model.
The parameter k is not constrained to be an integer, but it is constrained to be
greater than or equal to 1. The underlying change in probability of response as
a function of dose induced by Eq. (4) (assuming normal variation around the
dose-specific means and a constant variance) is

Pd)=  NN'(1 pg— (Bed)/o) 1)
where N is the cumulative nonmal function, N~ is its inverse, and o is the standard
deviation assumed for all dose levels. This form is for those cases in which
increased values of the endpoint are adverse; a similar equation holds for those
cases in which decreased values of the endpoint are considered adverse. The
Weibull and power models for continuous endpoints were fit using the software
program Bench_C (ICF Kaiser International, KS Crump Group).

Use of the Weibull or power models for continuous endpoints requires
definition of a background incidence of abnormality, p,, or the specification of
a level of response that can be considered the cut-point between normal and
abnormal responses, x,. Specification of p, (and of the type of distribution—
assumed here to be normal for all endpoints) implicitly defines a cut-point, x,,
when the parameters for the background variability are estimated as part of the
modeling. Similarly, specification of a cut-point determines the background
incidence once the background variability is estimated (Crump, 1995). The
BMD is then defined as the lower bound on dose at which the increased
probability of an abnormal response is equal to 10% (see below). In the
absence of endpoint-specific toxicology data to support a choice of a p, or an
x, value, we examined a range of p, values (0.001, 0.01, 0.05) to evaluate the
sensitivity of the predicted BMD to the selection of p,. The cut-point, x,, was
specified only in the case of models applied to body weights [data from
Ambrose er al. (1976), and American Biogenics Corporation, (1988)).

The continuous form of the Weibull model used here assumes that the
standard deviation is constant for all dose groups. The power model was run
cither assuming a constant variance or allowing dose-specific standard devia-
tions. Although the standard deviations do not appear explicitly in the power
model [Eq. (4)). they are also estimated and affect estimates of the probability
of response [see Eq. (5)]. In the Research Triangle Institute (1988) study, the
study authors did not state whether the reported measures of variability were
standard deviations (SDs) or standard ervors (SEs); SEs were assumed for the
modeling.

The benchmark response (BMR) considered in these analyses was 10%
extra risk. That is, the BMD for any particular combination of endpoint, model,
Po» €tc., is defined as the lower bound on the dose, d,,, for which

POV[1 P(0)] =0.10. )

The dose d,,, itself is referred to as the maximum likelihood estimate (MLE) of
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the dose corresponding to the specified level of risk. In other contexts it may
be referred to as the ED,,,.}

In order to mimic a commonly accepted practice with respect to body
weight, the power model [Eq. (4)] and a corresponding continuous polynomial
model,

+ B, Y]

were applied to the body weight endpoints and used to predict the doses for
which there would be a 10% change in mean weight. This approach was
implemented using the THC and THWC programs (ICF Kaiser International,
KS Crump Group). The BMD:s derived in this approach do not correspond to
specified changes in the probability of response. Rather, they correspond to
doses for which the relative change in mean response ([m(d) — m(0)V/m(0)) is
0.10, regardless of variability around the means. Moreover, because individual
body weight data were available from one study (American Biogenics Corpo-
ration, 1988), the body weights were quantalized (considered abnormal if they
were below a chosen x, and normal otherwise), and the counts of abnormal
body weights were modeled using the quantal Weibull and polynomial models.

For the quantal models, goodness of fit was determined using the x? test. For
the continuous models, goodness of fit was determined using an F test that
normalizes the differences between the observed and predicted means (using
variabilities observed within dose groups) and accounts for the degrees of
freedom associated with the predictions and those associated with the within-
group variability.

A likelihood ratio test was performed to determine if conmsideration of
dose-specific standard deviations significantly improved the fit of the power
model to the continuous endpoints. When no significant improvement was
found ( p > 0.05), only results corresponding to the power model with constant
variance were presented.

m(d) = a+ Bd + Bd* +

RESULTS AND DISCUSSION

Choice of Studies and Endpoints to Model

Studies. Studies were selected for modeling based on the
quality of the study design, the biological significance of the
endpoints observed, and the suitability of the data presentation
for modeling. At least three exposure groups were needed, to
better establish the shape of the dose-response curve. The
study report needed to adequately define the protocol, includ-
ing the nickel compound studied, the dosing or exposure du-
ration, and the size of the dose groups. Quantitative response
data (see Methods for Modeling) were also necessary. For
inhalation studies, the MMAD and o, were also required for
dosimetric adjustments (Jarabek et al., 1990; USEPA, 1994).

The inhalation studies satisfying these criteria constitute a
series of related reports of the effects in male and female
F344/N rats and B6C3F1 mice of inhalation exposure to nickel
subsulfide, nickel sulfate, and nickel oxide for subacute, sub-
chronic, and chronic durations. These studies include Dunnick

3 For the continuous endpoints, doses corresponding to 10% additional risk
rather than 10% extra risk were calculated. Because the assumed background
rates were relatively low (less than 5% when estimated directly and less than
14% when determined from the specification of a normal/abnormal cut-point,
Xo) there will be very little difference between extra and additional risk for
these endpoints, and thus little difference between the BMD estimates derived
here and those corresponding to 10% extra risk.
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et al. (1988, 1989), Benson er al. (1987, 1988, 1990), Lovelace
Inhalation Toxicology Research Institute (1986a,b), and NTP
(1996a,b.c). Exposures were conducted for 6 h/day, 5 days/
week, for 16 days (12 exposures) in the subacute studies, for 13
weeks in the subchronic studies, and for 2 years in the chronic
studies. Because of slight differences in the reported response
rates among these studies, the NTP data were considered for
modeling because more detailed information on the responses
and particle characterization was provided in the NTP reports.
The MMAD for all of the NTP studies was in the range 1.9 to
3.0, and the o, ranged from 1.9 to 2.4. Respiratory effects were
the most sensitive endpoints. Mice were less sensitive than rats
to respiratory effects of inhaled nickel compounds, although
they were more sensitive to the lethal effects of nickel subsul-
fide and nickel sulfate (NTP, 1996a,b). This paper concentrates
on the more sensilive species, and therefore does not discuss
results in mice.

The oral studies satisfying the criteria for modeling include
two subchronic studies (American Biogenics Corporation,
1988; Dicter et al., 1988) and one chronic study (Ambrose ef
al., 1976). While Dieter et al. (1988) focused on immune
system responses, the other two investigations looked for gen-
caal systemic effects. In addition, two reproductive toxicity
studies (Research Triangle Institute, 1988; Smith et al., 1993)
were considered adequate for analysis.

Endpoints. The biological significance and adversity of the
endpoints in the selected studies is an important consideration.
As an example, for the three compounds under consideration,
all the inhalation exposures for most of the exposure durations
induced alveolar macrophage hyperplasia (at 100% incidence
at the low concentration in at least one specics/sex in many of
the studies). Although this is a sensitive endpoint, it was
considered to be ‘‘pre-adverse,” as it consisted of a slight
increase in the number of alveolar macrophages and was dec-
scribed as only subtly different from controls. Such slight
increases in macrophage number can also be seen with nui-
sance dusts, although the low exposure concentration here and
the differences observed with nickel exposure between rats and
mice indicate that the effect is compound-related. Neverthe-
less, because this effect was considered *‘pre-adverse,’” it was
not modeled.

The final step in choosing endpoints appropriate for model-
ing is to identify the more sensitive of the biologically relevant
endpoints for each exposure duration and nickel compound.
For inhalation experiments, that determination is made after
adjustments for intermittent exposure and after calculation of
the HECs (see Methods for Modeling), in order not to miss the
endpoints that would apparently be more sensitive in humans
exposed continuously. The endpoint(s) with the lowest NO-
ABL(HEC) and/or LOAEL(HEC) were selected for modeling.
In addition, the magnitude of the response (especially for
quantal endpoints) is considered in choosing the most sensitive
endpoints.

HABER, ALLEN, AND KIMMEL

Modeling of Inhalation Studies

Table 1 lists the most sensitive quantal and continuous end-
points from the inhalation studies of nickel compounds. When one
sex was clearly more sensitive, due to a higher quantal response at
the same HEC or a lower HEC for the same response level, only
the results for the more sensilive sex are presented.

Subacute subsulfide. Acceplable fits were obtained for the
modeling of olfactory epithelial atrophy of male and female
rats exposed to nickel subsulfide, with a slightly lower BMC
calculated for males (Fig. 1, Table 2). The lung inflammation
endpoint (see Table 1) was modeled for the information it
provided on the upper bounds, rather than to obtain the MLE or
BMC. Because lung inflammation was observed in 100% of
the males and females at all positive exposure levels, no unique
maximum likelihood estimates exist (e.g., in the Weibull
model, the parameters a, B, and y could not be uniquely
estimated). The lower bound on concentration corresponding
to any BMR for this endpoint is 0; the upper bound on the
concentration corresponding to 10% risk of lung inflammation
was 0.034 mg Ni/m®> (Weibull model) and 0.016 mg Ni/m®
(polynomial model) for both males and females. The signifi-
cance of the upper bound for comparisons among the different
nickel compounds is addressed below.

Subacute sulfate. A 100% response was observed for ol-
factory epithelial atrophy and lung inflammation in females
and males following subacute exposure to nickel sulfate. Be-
cause the HEC values for males were higher than those for
females for the same exposure levels and the response was the
same, the results from males are not presented. For both of
these endpoints, the BMCs determined from such minimal data
sets would be zero. The upper bounds on concentration corre-
sponding to 10% risk for the females were 0.011 mg Ni/m®
(Weibull model) and 0.0054 mg Ni/m® (polynomial model) for
the nasal endpoint. For the lung endpoint, the upper bounds for
females were 0.066 mg Ni/m* (Weibull model) and 0.032 mg
Ni/m® (polynomial model). Different upper bounds were ob-
tained for the two endpoints due to the different dosimetric
adjustments for the extrathoracic and pulmonary regions.

Subacute oxide. The concentration-response curve for
alveolar inflammation following subacute exposure to nickel
oxide was also quite steep, increasing from 0% at 3.9 mg
Ni/m? to 100% at 7.9 mg Ni/m*® (Table 1). Although the
alveolar inflammation response jumped from 0 to 100%, a
BMC can be calculated for this endpoint, because there were
positive exposure levels below the level that induced a
100% response. Interestingly, the BMC is less than the
highest concentration for which 0% response was observed
(0/5 responders observed at the NOAEL[HEC] of 0.42 mg
Ni/m?, versus a BMC[HEC] of 0.34 mg Ni/m®). This result
is consistent with the fact that the observation of 0 respond-
ers out of S animals on test is in no way conclusive evidence
that no risk exists at that exposure level. In fact, if the risk
(probability of response) at that level of exposure were 0.10,
one would expect to observe a response rate of (/5 almost
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TABLE 1

Selected Nickel Inhalation Data Considered for Modeling”
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Duration/nickel
compound

Subacute/subsulfide

Subacute/sulfate

Subacute/oxide

Subchronic/sulfate

Chronic/subsulfide

Chronic/sulfate

Chronic/oxide

Exposure level
(mg Ni/m®)

0, 0.44, 0.88,
18,36,73

0,03, 1.6,
33,67,
133

0,09, 2.0,
319,79,
p<X

0, 0.027,
0.056, 0.11
0.22, 045

0, 0.11, 0.73

0, 0.027,
0.056, 0.11

0, 0.49, 0.98,
1.96

“ From NTP (1996a,b,c), unless otherwise noted.

Effect observed

Atrophy of olfactory epithelium in males
0, 0.012, 0.023, 0.045, 0.091, 0.19

Atrophy of olfactory epithelium in
females 0, 0.0076, 0.015, 0.029,
0.059, 0.12

Lung inflammation in males 0, 0.039,
0.078, 0.16, 0.32, 0.65

Lung inflammation in females 0, 0.039,
0.078, 0.16, 0.32, 0.65

Atrophy of olfactory nasal epithelium in
females 0, 0.013, 0.026, 0.053, 0.11,
021

Lung inflammation in females 0, 0.077,
0.15, 0.32,0.64, 1.3

Alveolar inflammation of the lung in
females 0, 0.097, 0.22, 0.42, 0.85, 2.5

Lung weight in females (as reported by
Dunnick et al. 1988)

Olfactory epithelial atrophy in females 0,
0.00044, 0.00084, 0.0016, 0.0036,
0.0075

Chronic active inflammation of lung in
males 0, 0.0090 (high group dropped)

Lung fibrosis in males 0, 0.0090, 0.065

Lung fibrosis in females 0, 0.010, 0.074

Proteinosis of alveolus in females 0,
0.010, 0.074

Atrophy of olfactory epithelium in
females 0, 0.0036, 0.027

Lung fibrosis in males 0, 0.0021, 0.0046,
0.0095

Lung fibrosis in females 0, 0.0024,
0.0052, 0.011

Alveolar proteinosis in females 0,
0.0024, 0.0052, 0.011

Atrophy of olfactory epithelium in
females 0, 0.00084, 0.0019, 0.0039

Chronic lung inflammation in males 0,
0.042 (two high groups dropped)

Chronic lung inflammation in females 0,
0.049, 0.10, 0.21

® Respiratory tract regions: ET, extrathoracic; PU, pulmonary; TH, thoracic.
¢ Concentration shown is the lowest tested concentration. These are not true LOAELS, in light of the high response.

60% of the time. The BMC, which is represented by a
confidence limit, correctly reflects that possibility.

Nickel oxide also induced a gradual increase in lung weight
at all exposure levels (Dunnick ef al., 1988), becoming signif-
icant in a pairwise test at 7.9 mg Ni/m>. This continuous
endpoint was modeled using the ‘‘hybrid approach,”’ with the

Response

/S, 4/5, 4/5, 5/5,
5/5, 515

/s, 215, 5/, 5/5.

515, 5/5

O/5, 545, 5/5, 515,
/5, 5I5

s, 5/5, 5/5, 5/5,
5/5, 515

O/5, 5/5, 515, 5/5
5/5, 515

0/5, 5/5, 5/5, 5/5,
§/5, 5/5

o/s, O/s, O/5, O/,
5/5, 5IS

Continuous

/10, w10, 1110,
2/10, 10710,
10/10

9/53, 53/53, 51/53

2/53, 48/53, 40/53
/53, 50/53, 44/53
2/53, 49/53, 53/53
0/53, 0/53, 16/52

3/54, 6/53, 35/53,
43/53

8/52, 7/53, 45/53,
49/54

1/52, O/53, 22/53,
49/54

/51, 1/52, 1/53,
7154

28/54, 53/53,
53/53, 52/52

18/53, 52/53,
53/53, 54/54

Region®

ET

ET

&

3

2

5

I 3 g&8& a3y aaay

NOAEL/LOAEL;
NOAEL(HECY
LOAEL(HEC)

(mg/m’)

None/0.44°;
None/0.012¢

0.44/0.88;
0.0076/0.015

None/).44<;
None/0.039°

None/).44°;
None/0.039°

None/).8¢;
None/0.013¢

None/).8<;
None/0.077¢
3.977.9 0.42/0.85

3.9779 0.410.83

0.110.22;
0.0016/0.0036

None/.115;
None/.0090°
NoneX).11°5;
None/0.0090°
None/0.11°;
None/0.010¢
None/0.115;
None/).010°
0.110.73;
0.0036/0.027
0.027/0.056;
0.0021/0.0046
0.027/0.056;
0.0024/0.0052
0.027/0.056;
0.0024/0.0052
0.056/0.11;
0.0019/0.0039
None/).49°;
Nonel).042°
None/0.49<;
None/0.049°

BMD defined in terms of a probability of response for this
continuous endpoint (Crump, 1995). Because little information
is available on the modeling conditions that correspond best to
NOAELS, several different combinations were explored. Thus,
BMRs of 5 and 10% were determined, using values of 0.001,
0.01, and 0.05 for the background incidence of a lung weight
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FIG. 1. Graphical display of the results of benchmark modcling using the polynomial model for atrophy of the olfactory epithelinm exposed to mickel
subsulfide for a subacute duration. Data points (and MLE lincs) are shown as filled circles (—) for male rats, and squares (- - -) for females mts.

that would be considered an adverse effect (p,). Trends and
interpretations of the various combinations of BMR and p,
values are addressed below. Modeling was done using the
Weibull and power models (Table 3, Fig. 2).

Subchronic sulfate. Modeling was conducted for the sub-
chronic studies with all three nickel compounds, but only data
related to the subchronic study with nickel sulfate are presented
(Table 4). Of the three compounds tested, nickel sulfate was
the most toxic following subchronic exposure (data not
shown). Only one endpoint, olfactory epithelial atrophy in
female rats, was modeled for the subchronic study of nickel
sulfate. The fit was excellent (p = 0.96), and the BMC was
4.8E™* mg Niym® (Fig. 3). Uncertainty in the modeling is
relatively low, due to the presence of three nonzero data points
in the low-exposure region (Table 1).

Chronic subsulfide. Because there were only high rates of
response for most of the effects observed after chronic expo-
sure (o nickel subsulfide, the only modeling pursued was for
olfactory cpithelial atrophy. An excellent fit was obtained
(Table 2), and the BMC(HEC) for that endpoint (0.01 mg
Ni/m®) was similar to the HECs corresponding to high re-
sponse levels (91 to 100%) for the other endpoints (0.009 to
0.01 mg Ni/m®; see Table 1). That is, the lower bound on dose
corresponding to a 10% risk of olfactory epithelial atrophy is
nearly the same as the dose observed to yield high rates of lung
effects. Not surprisingly, these modeling results do not alter the
impression that the most sensilive endpoints were chronic
active lung inflammation and lung fibrosis.

Chronic sulfate. In contrast to the data for most of the other
nickel compounds and durations, the exposure levels tested for

TABLE 2
Quantal Results for Nickel Subsulfide Inhalation”
Polynomial Weibuli

Exposure — T - — — = - —
duration Rndpoint MLE BMC G-O-F p valuc MLE BMC G-O-F p value
Subacutc  Atrophy of olfactory epithelium in male rats 110X 107> 595X 107™* 846x 107"  107Xx107° 593x}J0™* 935x10”
Subacute  Atrophy of olfactory epithelium in female rats  4.04 X 10™*  6.20 X 107™* 938X 107" 408x 107 6.76x107* 9.86 X 10~
Churonic Atrophy of olfactory epithelium in female rats  1.46 X 1072 102 x 1072 840X 107" 248%X1072 103x1072 1.00 X 10°

“ All modeled data from NTP (1996a), BMR of 10%.
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TABLE 3
Results of Modeling Increased Lung Weight Using the Hybrid Approach?

Model PO X0 BMR MLE BMD G-O-F p valuc
Weibull, PO fixed 5.00 x 10~2 1.03 x 10° 1.00 3¢ 107! 270 x 107! 7.48 % 1072 4.88 X 107!
Weibull, PO fixed 500 x 1072 1.03 x 10° 5.00 %1072 1.44 x 107! 3.64 % 1073 488 x 107!
Weibull, PO fixed 1.00 X 1072 1.13 x 10° 1.00 x 10~ 6.53 x 10~ 1.21 x 107! 479 x 10~
Weibull, PO fixed 1.00 X 107! 1.25 x 10° 1.00 > 10~! 1.66 x 10° 3.3130107! 467 x 107!

6.86 X 107! 456 107! 535 x 107!

K Power, PO fixed 5.00 X 1072 1.07 X 10°

¢ Data from Dunnick ez al. (1988).

nickel sulfate provided useful information on the shape of the
concentration—tesponse curve in the low-concentration region
(Table 1). The modeling results for those endpoints (Table 4)
show that inclusion of a ‘‘threshold’’ (intercept) parameter in the
models (and the restriction of the power parameter to its limiting
value of 1) improved the fits in many cases and was required in
order to obtain adequate or marginal fits in some cases (see Fig.
4). Note that the threshold parameter is purely a statistical param-
eter, and is not necessarily related to a true biological threshold.
The threshold parameter bounds the region of the dose—response
curve where the model estimates the same response as back-
ground for the observed effect.

Chronic oxide. All of the endpoints induced by chronic
exposure to nickel oxide reached or neared 100% response at

Renponses Frazion

07

[ L R
0 7.

1.00 > 10!

the lowest positive exposure level, and there was a high back-
ground incidence of response for all endpoints. The BMCs for
such endpoints are subject to great uncertainty because of a
lack of information about the concentration—response behavior,
and would be equal to zero for endpoints with a 100% response
at all nickel oxide concentrations tested.

Information on dose-response relationships. There are
several related well-conducted studies addressing the inhalation
toxicity of subacute, subchronic, and chronic exposure to nickel
subsulfide, nickel sulfate, and nickel oxide. As shown above,
however, there was little or no information on the shape of the
exposure-response curve for many of the most sensitive endpoints
from these studies. For many of the endpoints, the lowest con-
centration gave a response incidence at or near 100%. Thus, for

e
: L] 8

Concentration (mg/m~3)

FIG. 2. Graphical display of the results of benchmark modcling using the hybrid approach for increased lung weight in females exposed to nickel oxide for
a subacute duration. Data points represent the mean * standard deviation. (—), Weibull model, (- - -), power model.
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TABLE 4
Quantal Resulis for Nickel Sulfate Inhalation”
Polynomial Weibaull
Compute
Duration Endpoint threshold MLE BMC G-O-F p value MLE BMC G-O-F p value
Subchronic  Olfactory epithelial atrophy Yes 984X 10°¢ 530X 107* 985x107' LI2X107* 725x107* 7.17x 107
in female rats No 110X 1072 478X 1074 959X 107" LI2ZX107? 725%107*  7.17x 107!
Chronic Lung fibrosis in male rats Yes 222%x 107 170x107* 321X 1072 222x107% L70Xx 107 321x107?
No 1.22% 107 687x107* 753X 107 1.38x107% 835x107* 165x107?
Chronic Lung fibrogis in female rats Yes 269% 1073 231107 1.06 X 1072 269%x107> 231x107° 1.06%x107?
No 164X 1073 7.75% 107 0.00 146 X107 929X 107* 0.00
Alveolar proteinosis in female rats Yes 315X 1072 282x107% 100X 10° 360 X107 283%x 107 100X 10°
No 327X 107 247X107% 104X 1072 321X107% 255Xx10°% 162x107?
Atrophy of olfactory epithelium Yes 350X 10~ 260X 10”> 733Xx107' 345x 107> 250x 107>  321x107"
in female rats No 350 % 107 260x 1077 733X 107! 345x107% 250x107* 32ix107"

* All modelod data from NTP (1996a), BMR of 10%.

example, an extrapolation from 80% response in the study to 10%
response (i.¢., 10% extra risk) was required for olfactory epithelial
atrophy in male rats following subacute nickel subsulfide expo-
sure. One advantage of the BMD methodology is that it can be
used to identify a BMD when a study does not identify a NOAEL
(Crump, 1984; Allen et al., 1996). Nevertheless, large uncertain-
ties are associated with data sets lacking information on the shape
of the dose-response curve in the region where response rates are
similar to the BMR of interest. This may be one reason Bames er

[ X

0.

Response Fraction

al. (1995) cautioned against extrapolating from high to low re-
sponse rates. In this case, the lowest positive exposure concentra-
tion differed from the best estimate of the concentration associated
with 10% response (the MLE) by more than a factor of 10 (Fig.
1, Table 2).

Such uncertainties contribute directly to the size of the
confidence limits around best estimates. The extreme examples
are those instances (e.g., lung inflammation after subacute
exposure to nickel subsulfide) where 100% of the animals

Concentralion {mg/m ™3

FIG. 3. Graphical display of the results of benchmark modeling using the Weibull model (—) and polynomial model (- - -) for olfactory epithelial atrophy

in female rats exposed to nickel sulfate for a subchronic duration.
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FIG.4. Graphical display of the results of benchmark modeling for lung fibrosis in male rats exposed to nickel sulfate for a chronic duration. (—), Modeling
with the threshold calculated by the program (identical results for the polynomial and Weibull models); (- - -), modeling with threshold set to 0, polynomial

model; (- - - —) modeling with threshold set to 0, Weibull model.

responded at the lowest positive dose. In those cases, there is
absolutely no information on the shape of the dose-response
curve between O response and 100% response. As a conse-
quence, unique maximum likelihood estimates do not exist,
and the lower confidence limit on the dose corresponding to
any response level is 0. The statistical methodology is consis-
tent with the toxicological uncertainty; the dose associated with
any particular response level is unknown.

Note, however, that the level of response at the lowest
positive dose is not the only, and perhaps not the major, factor
determining the size of the confidence limits. In the case of
atrophy of the olfactory epithelium following subacute expo-
sure of female rats to nickel subsulfide, the response at the
lowest positive dose was 40%, half the response rate observed
for the same endpoint in male rats (see Table 1). For the
females, the MLE for a 10% response was less than a factor of
two below the lowest exposure level (the LOAEL{HEC)), and
the BMC was about a factor of 6.5 less than the MLE. For
males, the MLE was more than a factor of 10 less than the
LOAEL(HEC), but there was only a 1.8-fold difference be-
tween the MLE and the BMC. The reason for the difference in
the ratios between the MLE and BMC for these two data sets
is that the best estimate (i.e., the MLE) of the shape of the
dose—response curve for females was nonlinear, while the
MLE curve was linear for males. By contrast, linearity could
not be ruled out in either case, leading to a linear lower bound

(related to the BMC estimate) for both sexes. The difference
between the nonlinear best estimate and the linear lower bound
(as observed for females) is associated with a larger MLE:
BMC ratio than if the best estimate and the lower bound had
both been based on linear concentration—responses. Thus, al-
though the large response at the lowest positive dose observed
for the males might be expected to lead to large uncertainty
(i.e., big differences between the MLE and the lower bound),
larger differences can appropriately arise simply because of the
shape of the dose-response curve.

An interesting contrast is provided by the data for subacute
nickel oxide alveolar inflammation of the lung in females. For that
endpoint, the response rate also jumped from 0 to 100% with no
observed intermediate responses. However, that increase did not
occur until the fifth of six exposure groups. As in all the cases with
no observed intermediate response rates, the MLE of the concen-
tration comresponding to 10% extra risk is not unique. Neverthe-
less, a lower bound on that concentration can be calculated (for
any particular model) and that lower bound is not zero. It is lower
than the highest concentration for which 0% response was ob-
served (0.34 mg Niym® vs the NOAEL(HEC) of 0.42 mg Ni/m?)
because of the uncertainty associated with the relatively small, but
not necessarily zero, probability of response at that NOAEL-
(HEC). Particularly in light of the small sample size, the data set
available is not sufficient to rule out 10% response rates below the
NOAEL(HEC).
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that extrapotates from a dose that produces 100% response would
be problematic, and might be a reason not to derive such a valuc.
If a dose producing 100% response were used as the basis for an
RfC or RfD, considerable toxicological judgement would be re-
quired to evaluate the associated uncertainties. Information on the
severity of the response would be an important factor in assessing
this issue. As for the benchmark approach, knowledge of the
shape of the dose—responsc curve is useful. In this case, the steep
exposure-response observed for nickel sulfate may suggest that
the response would also decrease rapidly from the high responses
observed with the other compounds, and the NOAEL might not
he much lower than the lowest concentration tested. Nonetheless,
the quality of a risk assessment for nickel subsulfide and nickel
oxide would be markedly improved by toxicity data at lower

response levels.

Hybrid modeling of continuous endpoints. The continuous
endpoint observed after subacute inhalation of nickel oxide was
modeled using the ‘“hybrid approach,”” with the BMD defined in
terms of a probability of response. Table 3 illustrates some of the
trends and interpretations of the various combinations of BMR
and p, values relevant to the use of that approach. Primary, and
generalizable, conclusions are readily apparent from the results.
lustrative data for the lung weight endpoint arc shown in this
table; the generalizations described here reflect the characteristics
of the model and have been abserved for all of the many other
endpoints that we have modeled, including those for the oral
exposures discussed below.

The BMDs (for fixed BMR) for smaller valucs of p, are
greater than those for larger values of p,. This arises as a result
of the shape of the normal distribution assumed for the vari-
ability of the responses, the so-called ‘‘bell-shaped’™ curve.
The p, value specifies how far out in the tail of the distribution
the adverse response is: for smaller p,;, fewer unexposed ani-
mals are considered to be in the abnormal range. As dose
changes, we are basically considering shifts in the distribu-
tions; the mcan value for the endpoint that is being measured
changes to reflect the shift to more adverse effects, and more of
the tail of the distribution enters into the abnormal range. For
a given change in the mean, there is a larger change in response
for p, = 0.05 than for p, = 0.001 (because the slopc of the bell
curve is grealer at larger pg). Stated another way, a smaller
change in the mean is necessary to produce a given increased
risk (¢.g., a BMR of 10%) for a larger p,,. Since the response is
being measurcd relative to untreated animals, a small change in
mean corresponds to a lower dose.

Note also the differences in the model-predicted MLEs and
BMCs for fixed p, and BMR. The differences between the
model predictions provide some indication of the model un-
certainty or model-dependency of the dose—response modeling
results. A part of that model dependency is explained by the
fact that the continuous Weibull model allows plateauing,
while the power model does not. Generally, the further away
from the experimental doses the BMDs are, the greater the
model dependence.



