
































lead to an underestimation error of worker exposure intensity, up to 40%. The author presents a
methodology for estimating ventilation efficacy using realtime measurements at the worker
location and room exhaust, coupled with room exhaust rate.

Rigsbee and Perkins (c.a. 1995) investigated the variability in the K factor values based upon
worker location and turbulence intensities. The authors reported that based on the results of
experimental data the ACGIH recommended K factor may only be applicable to a few workplace
locations. This study also reported that as the generation rate increases and the exhaust flow rate
increases, the average K factor and K factor variance increases, and K factor variances are lowest
in turbulent conditions.

Data Analysis Methodologies

Madsen, et. al. (1996) investigated the relationship between several aerosol parameters (particle
diameter, density, and initial velocity) and their influence on aerosol dispersion and capture by a
local exhaust. A numerical model based on the Langrangian method was used to estimate the
motion of a spherical, rigid particle in a fluid flow system. Computational fluid dynamic
software (EOL) was used for the numerical simulations. The authors reported that numerical
method used in this study is capable of handling the complex system of contaminant sources in

the industrial environment.

Nabar, et. al. (1996) investigated the use of computational fluid dynamics (CFD) to evaluate
experimental and simulated air mixing for dilution ventilation of confined spaces. Using
residence time distributions (RTD), two air mixing parameters were defined and computed for
physical experiments and computer simulations. The authors concluded that CFD simulations of
ventilation experiments using commercially available software were reasonably consistent with
physical experiments and RTD-based mixing parameters were useful in evaluating air mixing in
physical experiments and computer simulations.

Rodes, et. al. (1995) investigated experimental considerations for conducting controlled studies
of the dispersion of contaminants near a mannequin. In addition the authors identified the need to
develop realistic respiratory systems in the mannequins.

Literature Search Discussion:

Based on the results of the literature search the use of anemometry data to describe turbulent
mixing is a technique which has not previously been applied. Many of the papers that were
identified during the course of the literature search are useful in developing experimental
methods to describe air motion in indoor environments.

Of particular interest are the papers which describe the use of computational fluid dynamics,
which can be used as a comparison against experimentally obtained results. The use of
computational fluid dynamic methods appears to be a sophisticated technique that may yield
valuable insight when properly applied.

The mass-balance models presented by the research group at the University of Illinois at Chicago
may prove to be useful if eddy diffusion data can be estimated from the anemometer data to
describe the air motion within a room. Presently these models utilize very limited air motion data
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3. Application of biologic monitoring and biomarkers of exposure for exposure assessment
and hazard surveillance

To make use of biologic monitoring, biomarkers of exposure, and toxicokinetic modeling to
better estimate internal and target tissue dose from exposure to single and multiple chemical
agents and evaluate interactive effects associated with toxicokinetic interaction.

The published, accepted, or submitted papers or reports for this section are found in Appendix B.
There are seven documents. The titles are as follows:

Toxicokinetic interaction of 2,5-hexanedione and methyl ethyl ketone, R.C. Yu, D. Hattis,
and J.R. Froines, Submitted to Archives of Toxicology

Progress report: Metabolic interaction between styrene and butadiene, A. Cho, D.
Schmitz and J.R. Froines

Short term non-invasive biomarkers for the processes of producing long term lung
damage—evaluation of the feasibility of candidate measurement systems, S. Eylam, D.
Hattis, and J. R. Froines.

Optimized portable cordless vacuum method for sampling dry, hard surfaces for dusts,
S.Y. Kim, S. Que Hee, and J Froines, Appl. Occup. Environ. Hyg., 15: 503-511.

Surface sampling for a pesticide in dust and small spills of a solid dye, S. Que Hee, Y.
Shen, and J.C. Tso, Accepted, Appl. Occup. Environ. Hyg.

Effect of dust on the viability of Vibrio fischeri in the microtox test, Ecotoxicol. Environ.
Safety, Submitted, Ecotox. Environ. Safety
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Microtox test as a validation method for surface sampling of bacteria in dust, K. Park,
Masters thesis, Department of Environmental Health Sciences, UCLA School of Public

Health
Dr. John R. Froines and colleagues
Rong Chun Yu, Dale Hattis, Elliot M. Landaw, John R. Froines

Toxicokinetic Interaction of 2,5-Hexanedione and Methyl Ethyl Ketone

Abstract

Co-exposure to methyl ethyl ketone (MEK) potentiates the neurotoxicity of n-hexane in humans
as well as in animals. This effect is associated with increased persistence of 2,5-hexanedione
(2,5-HD) in blood, probably due to inhibition of 2,5-HD metabolism by MEK. There is no
previous quantitative toxicokinetic model describing this interaction. In this study we
constructed a toxicokinetic model to depict the inhibition of 2,5-HD metabolism by MEK.
Experimental data of 2,5-HD blood concentrations in rats from a published study were used to
estimate model parameters. Three different inhibition mechanisms: competitive, uncompetitive,
and noncompetitive, were evaluated. Extrapolation from high to low doses was made to assess
the effects of MEK on 2,5-HD metabolism beyond the experimental conditions. We found the
developed model successfully described the toxicokinetic behavior of 2,5-HD that was inhibited
by MEK. The competitive inhibition was regarded as the most probable mechanism (Vmax, HD
= 7.6 mg/hr, Km = 32.2 mg/L, and Kj MEK = 65.5 mg/L) to co-exposure to MEK. The
biological half-life of 2,5-HD appeared to be a linear combination of the apparent Michaelis-
Menten constant, 2,5-HD and MEK concentrations in the blood of rats. The AUC of 2,5-HD in
rats was a nonlinear function of 2,5-HD and MEK concentrations in the blood. This study
highlights the importance of the effect of metabolic deactivation of 2,5-HD by MEK, illustrating
the advantage of toxicokinetic modeling to investigate chemical interactions associated with
exposure to multiple chemical agents.

Keywords: chemical mixture, toxicokinetic interaction, competitive inhibition, 2,5-hexanedione,
methy! ethyl ketone, biological half-life, AUC

Abbreviations: 2,5-HD: 2,5-hexanedione, MEK: methyl ethyl ketone, MnBK: methyl n-butyl
ketone, AUC: area under the serum concentration-time curve

Symbols: Vnax: rate of maximum reaction of Michaelis-Menten kinetics (mg/hr); Kn: apparent
constant of Michaelis-Menten kinetics (mg/L); Vmax up: rate of maximum reaction of 2,5-HD
metabolism (mg/hr); Ky up: apparent Michaelis-Menten constant of 2,5-HD metabolism (mg/L);
VimaxMek: rate of maximum reaction of MEK metabolism (mg/hr); K mek: apparent constant of
MEK metabolism (mg/L); Kimex: constant of 2,5-HD inhibition by MEK (mg/L); K; yp: constant
of MEK inhibition by 2,5-HD (mg/L); Myp: mass of 2,5-HD in the blood (mg); Mmgx: mass of
MEK in the blood (mg); Cyp: blood concentration of 2,5-HD (mg/L); Cyp(0): initial blood
concentration of 2,5-HD (mg/L) after administration of 2,5-HD; Cyek: blood concentration of
MEK (mg/L); Vup: volume of distribution of 2,5-HD (L or mL), equivalent to blood; Vmex:
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In noncompetitive inhibition, an inhibitor binds not only to the free enzyme to form an enzyme-
inhibitor complex but also to the enzyme-substrate complex to generate an inactive enzyme-
substrate-inhibitor complex. If the interaction of 2,5-HD and MEK operated in this mode,
Equation (1) can be modified (26), as follows

C Vmax,HD
HD * C
1+ MEV
dMHp _ | Ki, ek (5)
dt Km,HD + CHD '

where K mex (mg/L) in Equation (5) refers to the constant for noncompetitive inhibition of 2,5-
HD metabolism by MEK.

Influence of Metabolic Inhibition on Biological Half-Life of Chemical Mixtures
The biological half-life of 2,5-HD (T, yp) as inhibited by MEK, by definition (27), can be
described as:

_ 0.693-Vp
Ty;HD B dMup /C ' ©)
at HD
: il ‘ dMup :
where Vyp, is volume distribution of 2,5-HD and the denominator of Chp |is the

clearance (27) of 2,5-HD. In the case of MEK competitively inhibiting 2,5-HD metabolism,
substitution of Equation (3), without the negative sign for elimination, into Equation (6) and
rearrangement of the latter equation give

0.693-Viyp Boonciich
P e e I e i e 4 SRS ) 7
14,HD Voicias (Km,Hp +CHp >y MEK ) (7)

In the cases of MEK uncompetitively and noncompetitively inhibiting 2,5-HD metabolism, the
Ty 1p can be written in Equations (8) and (9), respectively, as follows:

O-GQS'VHD CHD
T =———"=(KmHp +CHD + CMEK ) (8)
i Vmax,HD e Ki,Mek
and
0.693-Vyyp Km,HD *+CHD
=——"(Km Hp +CHp +— ‘CumEek )- (9)
oh0 Y in N Ki MEK

Estimation of Model Parameters
Liira et al. (28) report the values of Vnaxmex and Koy mex for humans, 30 pmol/min (=130 mg/hr)
and 2 pM (=0.14 mg/L), respectively. In this study, we assumed the value of Ky, mek of rats was
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the same as that in Liira’s study, i.e., 0.14 mg/L. Based on the principle described by Gargas et
al. (29), the value of Ve mex Was extrapolated from humans to rats, as follows

0.7 0.7
0.272kg )"

where body weight (BW) of rats and humans were based on data reported by Yasui et al. (20)
and Liira et al. (28), respectively. Table 1 shows the equivalent volume of distribution of MEK
to blood (Vmex = 280 ml, blood equivalent), which was estimated by physical volume of the
major physiological compartments (including fat, liver, slow-perfusion tissue group, rich-
perfusion tissue group, and liver) of rats and the tissue/blood partltlon coefficients of MEK in
these compartments.

The AR program in BMDP (30) was used to fit experimental data and estimate kinetic
parameters. The program is a derivative-free nonlinear regression procedure that estimates the
parameters for a wide variety of nonlinear functions by the method of least squares (or
equivalent to the method of maximum likelihood) using a pseudo-Gauss-Newton iterative
algorithm. It simultaneously estimated 4 unknown model parameters: Vax tp, Km.up, Vup, and
Kimek, where Vyp was calculated as follows:

rat
BW'™ xDosex MWyp %1000, (10)

s

e Cro(0)
In Equation (10), BW™ = 0.272 kg (20), Dose = 2.6 mmol/kg (20), MWyp = 114 mg/mmol, and
Cup(0), the initial blood concentration of 2,5-HD (mg/L). The AR program run three separate
models that assumed the toxicokinetic interaction between 2,5-HD and MEK were competitive,
un-competitive, and non-competitive inhibition, respectively. It reported the estimates and
asymptotic standard errors of kinetic parameters.

Model Simulations

Simulation studies were carried out to extrapolate the effect of co-exposure to MEK on the AUC
of 2,5-HD from high to low doses. We run a total of 186 simulations, including any
combinations of six 2,5-HD regimens (0.1, 0.3, 0.6, 1.2, 2.0 and 3.0 mmol/kg) and thirty-one
MEK regimens (0 to 3.0 mmol/kg, with an increment of 0.1 mmol/kg). In each simulation
experiment, the AUC of 2,5-HD was estimated by the trapezoidal rule, an approximate numeric
integration algorithm (27).

Results

The developed model, which assumed MEK competitively inhibited 2,5-HD metabolism,
successfully fit the experimental data of Yasui et al. (20) (Figure 4). The estimates of the kinetic
parameters were Vmax up = 7.6 mg/hr, Ky, up = 32.2 mg/L, Vyp = 264 mL, and K; mex = 65.5
mg/L. It not only predicted the behavior of 2,5-HD in the blood of the rats exposed to 2.6
mmol/kg 2,5-HD alone (the line labeled with “HD” in Figure 4) reasonably well but also those
exposed to 2.6 mmol/kg 2,5-HD plus 2.6 mmol/kg MEK (the line labeled with “HD+MEK”) and
2.6 mmol/kg 2,5-HD plus 13 mmol/kg MEK (the line labeled with “HD+5MEK”). This
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toxicokinetic model showed the persistence of 2,5-HD in rats was MEK dependent; the higher
MEK dose the more profound the persistence of 2,5-HD.

Figures 5 and 6 show the uncompetitive and noncompetitive inhibition models also fit
reasonably well to the experimental data. The goodness-of-fit was not substantially different
from that of the competitive model (Figure 4). In comparison with the kinetic parameters, the
values of Vip, Vmax.up, and Kn p were not substantially different (Table 2). The mean squared
error (MSE) obtained from the competitive model (MSE=0.008124) was smaller than, but not
substantially different from, those of the uncompetitive (MSE=0.008747) and noncompetitive
(MSE=0.008424) models. The inhibition constant for competitive inhibition model (K mek =
65.5 +8.5 mg/L) was significantly lower than those of noncompetitive inhibition (403+86.5
mg/L) and uncompetitive inhibition (440£77.1 mg/L).

The developed toxicokinetic model was used to extrapolate the behavior of 2,5-HD in rats as
influenced by MEK from high to low doses. Figure 7 depicts the AUC of 2,5-HD as a function
of the co-exposed dose of MEK when rats are co-administered 2,5-HD at 0.1, 0.3, 0.6, 1.2, 2.0,
and 3.0 mmol/kg. The figure shows the log;o(AUC) approximately linearly increases with
increase in MEK dose ranging from 0 to 3 mmol/kg. This corresponds to an increase in AUC by
a factor of approximate 10P per unit dose of MEK, where B is the slope of the linear relationship.

Table 3 summarizes the slopes of the linear relationships and the corresponding values of 10” at
various doses of 2,5-HD. The slopes decreased from 0.399 to 0.09 [logio(AUC) per mmol/kg
MEK] with increase in 2,5-HD doses from 0.1 to 3.0 mmol/kg. For every increment of 1
mmol/kg MEK, the AUC approximately increases 2.5 fold in the rat co-administered 0.1
mmol/kg 2,5-HD. In comparison, the AUC approximately increases only 1.23 fold at 3.0
mmol/kg 2,5-HD (Table 3).

Equations (7)-(9) show Ty, yp is a linear combination of K, up, Cup and Cyek. Figure 8 depicts
the Ty, up as a function of blood MEK concentration at various blood concentrations of 2,5-HD at
10, 75, 150, 250 and 350 mg/L. At 10 mg/L 2,5-HD, approximately equal to the initial 2,5-HD
concentration of the rats subcutaneously injected with 0.1 mmol/kg, the Ty, p was 1 hr when
there was no inhibition by MEK. In comparison, at 350 mg/L, approximately equal to the initial
2,5-HD concentration of the rats exposed to 3 mmol/kg, the half-life was 9.2 hr. When rats were
co-administered with MEK, Ty, up increased 1.18 hr for every increment of 100 mg/L blood
concentration of MEK.

Discussion

The objective of this study was to use toxicokinetic modeling to investigate the mechanistic basis
for the interaction of MEK with 2,5-HD. The model focused upon the metabolism and
elimination of 2,5-HD, without considering the complex interactions of intermediary metabolites
(Figures 1 and 2). The agreement between model predictions and experimental data suggested
reasonable model specification and parameter estimation, as well as the probable mechanism of
metabolic inhibition between 2,5-HD and MEK. The model, although not physiologically based,
captured the essential feature of 2,5-HD metabolism and its interaction with MEK and
demonstrated the utility of toxicokinetic modeling in investigating metabolic interactions
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by co-administration of MEK (HD+MEK and HD+5MEK lines). Since 2,5-HD AUC has been
shown to correlate with the neurotoxic potency of n-hexane (/2, /4), it was extrapolated from
high doses, more often used in toxicological experiments, to low dose regions, relevant at the
exposure levels found in the environment or even the workplace. Figure 7 depicts the predicted
2,5-HD AUC in rats subcutaneously co-administered with 2,5-HD and MEK at a variety of dose
ranges. Although our study applied toxicokinetic modeling to shed new light upon the impact of
MEK on 2,5-HD metabolism, we did not take into consideration of species extrapolation (rats to
humans), route differences (subcutaneous injection to inhalation), and exposure regimen (acute
to chronic) for the developed toxicokinetic model. Further studies are needed to address these
issues.

The 2,5-HD Ty, is quantitatively related to the kinetic parameters of metabolic inhibition. Yasui
et al. (20) showed MEK is capable of prolonging the 2,5-HD Ty, in the blood, which was thought
to relate to the potentiation of 2,5-HD neurotoxicity by MEK. Zhao et al. (50) showed MEK (as
well as acetone and toluene) decreased the elimination rate constants of 2,5-HD (or equivalent to
prolong 2,5-HD T),) in co-administration groups. These empirical observations consistently
suggest a qualitative relationship between 2,5-HD Ty, and the concentrations of 2,5-HD and
MEK. However, there have been no quantitative relationships documented in the literature. In
this study, we showed that 2,5-HD Ty, following co-administration of 2,5-HD and MEK was a
linear combination of the apparent Michaelis-Menten constant, the blood concentrations of 2,5-
HD and MEK, and depended on the nature of the metabolic inhibition [Equations (7)-(9)]. The
limiting conditions of these relationships are discussed below:

1. At low concentrations of 2,5-HD (Cyp — 0) and no MEK inhibition (Cumek = 0), Tyup in
Equations (7)-(9) is reduced to a constant

r _0.693-Vyp -Km Hp
%'HD i Vimax,HD '

a limiting condition of linear kinetics of metabolism.

2. When Cyp concentrations are relatively high and no MEK inhibition occurs (Cypex = 0).
Equations (7)-(9) can be reduced to

693 Viyp

0
T4 =
B Vimax,HD

(Km,HD +CHp ),
a nonlinear kinetic condition of 2,5-HD metabolism that is consistent with the derivation by
Gibaldi and Perrier (27).

3. When the blood concentration of MEK is high Ty yp is also a function of the MEK

K K +C
concentration that is multiplied by a factor ( AL J, [ ChHp ], or { m.HD HD ] for
Kimex ) \ Kimek Ki,MEK
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Table 1. Estimation of Distribution Volume of MEK

Compartment Volume', ml  Tissue/Blood® Volume, ml (blood equiv.)
Fat 19.0 0.88 17
Liver 10.9 0.98 11
SPG 204.0 1.16 237
RPG 13.6 1.12° 15
Total 280

“Fat, liver, SPG (slow-perfusion tissue group), and RPG (rich-perfusion tissue group) consist of
4,7, 5, and 75% of tissue volume, respectively (41).

"Tissue/blood partition coefficients were estimated by Perbellini et al. (42) for humans.

“This value was an average of tissue/blood partition coefficients of kidney, brain, and heart
reported by Perbellini et al, (42).

Table 2. Parameters used to Fit Models of Different Inhibition Mechanisms

Mode of Inhibition
Competitive Uncompetitive Noncompetitive
Vup (mL) 264.3 +6.9° 275+ 7.0 273.9+6.9
Vimax,up (mg/hr) 7.6+0.7 6.7+0.6 6.9+0.6
K ap (mg/L) 322 +87 20.7+7.0 22877
K mex (mg/L) 65.5+8.5 403.0 + 86.5 440.2 +77.1
Mean Squared Error 0.008124 0.008747 0.008428

*Mean + (asymptotic) standard errors.

Table 3. The Slope (B) of the Linear Relationship between log;s(AUC) and MEK and 10" at
various Doses of 2,5-HD

2,5-HD Dose (mmol/kg) B [log10(AUC) per MEK dose] 10
0.1 0.399 2.50
0.3 0.340 2.19
0.6 0.278 1.90
1.2 0.198 1.58
2.0 0.136 1.37
3.0 0.090 1.23

38



Captions of Figures

Figure 1. Paradigm of potential toxicological interactions of chemical mixtures [adapted from

(D-(9)].
Figure 2. Metabolism of n-hexane and its metabolites [adapted from (/2) and (/3)].

Figure 3. A diagram presentation of a metabolic interaction model of 2,5-HD and MEK. The
big compartment represents the overall model that consists of two distinct compound-specific
compartments: 2,5-HD and MEK. Elimination of the compound is characterized by Michaelis-
Menten kinetic parameters Vmax qp and Ky, yp for 2,5-HD, and Vmaxmex and Ky mex for MEK,
The inhibition of 2,5-HD by MEK (K mex) and that of MEK by 2,5-HD (K yp) were employed
to capture mutual inhibition between the two compounds, '

Figure 4. Time course of 2,5-HD concentration in the serum of male Wistar rats subcutaneously
injected with 2.6 mmol/kg 2,5-HD (HD), 2.6 mmol/kg 2,5-HD plus 2.6 mmol/kg MEK
(HD+MEK) and 13 mmol/kg MEK (HD+5MEK). The solid lines are predictions of the
competitive inhibition model (see Equation (3) for model specification and Table 2 for model
parameters). The symbols represent experimental data from Yasui et al. (20).

Figure 5. Time course of 2,5-HD concentration in the serum of male Wistar rats subcutaneously
injected with 2.6 mmol/kg 2,5-HD (HD), 2.6 mmol/kg 2,5-HD plus 2.6 mmol/kg MEK
(HD+MEK) and 13 mmol/kg MEK (HD+5MEK). The solid lines are predictions of the
uncompetitive inhibition model (see Equation (4) for model specification and Table 2 for model
parameters). The symbols represent experimental data from Yasui et al. (20).

Figure 6. Time course of 2,5-HD concentration in the serum of male Wistar rats subcutaneously
injected with 2.6 mmol/kg 2,5-HD (HD), 2.6 mmol/kg 2,5-HD plus 2.6 mmol/kg MEK
(HD+MEK) and 13 mmol/kg MEK (HD+5MEK). The solid lines are predictions of the
noncompetitive model (see Equation (5) for model specification and Table 2 for model
parameters). The symbols represent experimental data from Yasui et al. (20).

Figure 7. Effects of co-exposure to MEK on 2,5-HD AUC at various doses of 2,5-HD. The
competitive inhibition model (see Equation (3) for model specification and Table 2 for model
parameters) predicts the values of 2,5-HD AUC, based on the assumption that rats were
subcutaneously administered with 2,5-HD and MEK.

Figure 8. Effects of co-exposure to MEK on the biological half-life of 2,5-HD at various blood

concentrations of 2,5-HD. The latter is a linear combination [see Equations (7)] of apparent
Michaelis-Menten constant, the concentrations of 2,5-HD and MEK in blood.
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Arthur Cho, Deborah Schmitz, and John R. Froines

Metabolic interaction between styrene and butadiene

Abstract

Butadiene (BD) and styrene (ST) are protoxins, i.e., compounds that are metabolically activated
to toxic epoxides in a variety of tissues. In some industrial conditions, workers can be exposed
to both compounds simultaneously so the nature of the metabolic interaction between the two
compounds is clearly important from an occupational health perspective. Pharmacokinetic
studies of the interaction between ST and BD in mice and rats showed that although ST inhibits
the metabolism of BD, BD had no effect on ST metabolism. Since the toxicity of both of these
compounds is dependent on metabolism, the interaction has been interpreted to reflect a
“protective effect” by ST on BD toxicity by some. The compounds are converted to their toxic
epoxides by enzymes of the cytochrome P450 (CYP) superfamily in what is commonly thought
to be the rate limiting step in their overall metabolic transformation. To evaluate the interactions
of the two compounds with CYP, we have studied epoxide formation from BD in the presence of
ST and epoxide formation from ST in the presence of BD in rat liver microsomes. We
considered two possible mechanisms, an irreversible one, in which the olefins could be
converted to compounds capable of forming covalent bonds with the enzyme and a second
possibility, that of competitive inhibition. Irreversible inhibition could be a protective action,
i.e., by blocking the formation of a toxic epoxide. The results indicated that irreversible
inhibition did not occur and that BD was a competitive inhibitor of ST epoxidation. These
observations, made at subcellular levels, differ from the results of the in vivo studies, leading us
to conclude that interaction at the CYP level is not the basis for the observed in vivo interaction.
Other investigators have recently suggested that the in vivo interaction may involve transporters
so that competition for access to the metabolic enzymes may be responsible. These subcellular
studies did not address this possibility and attempts to study the interaction at the cellular level
with hepatocytes were unsuccessful.

Introduction

Butadiene (BD) and styrene (ST) are protoxins, i.e., compounds that are metabolically activated
to toxic epoxides in a variety of tissues (Gadberry et al 1996). Both compounds are converted to
their toxic epoxides by enzymes of the cytochrome P450 (CYP) superfamily in what is
commonly thought to be the slow step in their overall metabolic transformation(Nakajima et al
1993; Nakajima et al 1994; Nedelcheva 1996; Nieusma et al 1998; Vaz et al 1998). The
epoxides are then hydrolyzed to the corresponding diols by the enzyme, epoxide hydrolase
(Gadberry et al 1996; Kemper & Elfarra 1996; Krause et al 1997; Mendrala et al 1993), and
subsequently undergo conjugation reactions before they are eliminated. In some industrial
conditions, workers can be exposed to both compounds simultaneously and the nature of the
metabolic interaction between the two compounds is clearly important from an occupational
health perspective. Pharmacokinetic studies of the interaction between ST and BD in mice
(Leavens & Bond 1996; Leavens et al 1996) and rats [(Filser et al 1993; Laib et al 1992) showed
that although ST inhibits the metabolism of BD, BD had no effect on ST metabolism. Since the
toxicity of both of these compounds is dependent on metabolism, the interaction has been
interpreted to reflect a “protective effect” by ST on BD toxicity by some (Laib et al 1992).
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Figure 1: The effect of varying BD on SO formation from ST at 50 uM

SO concentration was determined after 15-minute incubation of ST in the presence of the
indicated concentrations of BD. The data are expressed as % control (0.69 nmol SO formed
/minute*mg microsomal protein). The curve represents a fit to a competitive inhibition model

with the values of Km as 1.16 and Ki as 7.5 pM.

Figure 2. Effect of ST on BO formation from BD at 197 uM.
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BO formation was determined in the presence of the indicated concentrations of ST. The results
are expressed as percent of control activity which was 0.39 nmols/min*mg protein.

52



References

Filser, J. G., Johanson, G., Kessler, W., Kreuzer, P. E., Stei, P., Baur, C., Csanady, G. A. (1993)
A pharmacokinetic model to describe toxicokinetic interactions between 1,3-butadiene and
styrene in rats: predictions for human exposure. IARC Sci Publ : 65-78

Gadberry, M. G., DeNicola, D. B., Carlson, G. P. (1996) Pneumotoxicity and hepatotoxicity of
styrene and styrene oxide. J Toxicol Environ Health 48: 273-94

Kemper, R. A., Elfarra, A. A. (1996) Oxidation of 3-butene-1,2-diol by alcohol dehydrogenase.
Chem Res Toxicol 9: 1127-34

Krause, R. J., Sharer, J, E., Elfarra, A. A. (1997) Epoxide hydrolase-dependent metabolism of
butadiene monoxide to 3- butene-1,2-diol in mouse, rat, and human liver. Drug Metab
Dispos 25: 1013-5

Laib, R. J., Tucholski, M., Filser, J. G., Csanady, G. A. (1992) Pharmacokinetic interaction
between 1,3 -butadiene ans styrene in Sprague-Dawley raats. Archives of Toxicology 66:
310-314

Leavens, T. L., Bond, J. A. (1996) Pharmacokinetic model describing the disposition of
butadiene and styrene in mice. Toxicology 113: 310-3

Leavens, T. L., Moss, O. R., Turner, M. J., Janszen, D. B., Bond, J. A. (1996) Metabolic
interactions of 1,3-butadiene and styrene in male B6C3F1 mice. Toxicol Appl Pharmacol
141: 628-36

Mendrala, A. L., Langvardt, P. W., Nitschke, K. D., Quast, J. F., Nolan, R. J. (1993) In vitro
kinetics of styrene and styrene oxide metabolism in rat, mouse, and human. Arch Toxicol
67: 18-27

Nakajima, T., Elovaara, E., Gonzalez, F. J., Gelboin, H. V., Vainio, H., Aoyama, T. (1993)
Characterization of the human cytochrome P450 isozymes responsible for styrene
metabolism. IARC Sci Publ : 101-8

Nakajima, T., Wang, R. S., Elovaara, E., Gonzalez, F. J., Gelboin, H. V., Vainio, H., Aoyama, T.
(1994) CYP2C11 and CYP2BI1 are major cytochrome P450 forms involved in styrene
oxidation in liver and lung microsomes from untreated rats, respectively. Biochem
Pharmacol 48: 637-42

Nedelcheva, V. (1996) Interaction of styrene and ethylmethylketone in the induction of
cytochrome P450 enzymes in rat lung, kidney and liver after separate and combined
inhalation exposures. Cent Eur J Public Health 4: 115-8

Nieusma, J. L., Claffey, D. J., Koop, D. R., Chen, W., Peter, R. M., Nelson, S. D., Ruth, J. A,
Ross, D. (1998) Oxidation of 1,3-butadiene to (R)- and (S)-butadiene monoxide by purified
recombinant cytochrome P450 2E1 from rabbit, rat and human. Toxicol Lett 95: 123-9

Ortiz de Montellano, P. R. (1986) Cytochrome P450. Structure, Mechanism and Biochemistry.
Plenum Press, New York, pp 539

Vaz, A. D., McGinnity, D. F., Coon, M. J. (1998) Epoxidation of olefins by cytochrome P450:
evidence from site-specific mutagenesis for hydroperoxo-iron as an electrophilic oxidant.
Proc Natl Acad Sci U S A 95: 3555-60

Zegers, M. M. P., Hoekstra, D. (1998) Mechanisms and functional features of polarized
membrane traffic in epithelial and hepatic cells. Biochem J 336: 257-69

53



Shachar Eylam, Dale Hattis, and John Froines

Short Term Non-Invasive Biomarkers for the Processes Producing Long Term Lung
Damage--Evaluation of the Feasibility of Candidate Measurement Systems

Abstract

This report analyzes the potential for a few different potential biomarkers to serve as short term
measures of ongoing chronic lung damage processes resulting from occupational exposures. We
focus primarily on non-invasive measurements of ethane and pentane in exhaled air, and the
urinary excretion of the elastin degradation products desmosine and isodesmosine. Excretion of
the alkanes is a putative measure of oxidative processes in the lung resulting from macrophages
activated by particulate exposures. Desmosine and isodesmosine are putative markers for the
proteolytic processes that have been established as part of the pathogenesis of emphysema and
similar conditions. For ethane we develop a physiologically-based pharmacokinetic model that
can be used to interpret alveolar ethane measurements in terms of production--subtracting out the
contribution of ethane stored in the body from ambient air exposures, adjusting for differences in
body fat composition. A similar model for pentane is in process.

Both the ethane and desmosine/isodesmosine measurements have promise and appear feasible.
Three basic suggestions are made to help assure the collection of high quality data for workers
exposed to suspected lung-damaging agents:

1)  For both ethane and pentane, there should be a small series of measurements of
pharmacokinetic parameters both in vitro (e.g., ethane blood/air, liver/air, and related
partition coefficients) and in vivo (based on measured exposures) to confirm the
pharmacokinetic modeling proposed here.

2) Improved ethane (and/or pentane) ambient air measurements need to be made covering the
day or two prior to breath measurements for at least a sample of study subjects.

3)  Characterization of individual rates of excretion of desmosine and isodesmosine may
benefit from a small series of repeated samples, spaced apart by at least a couple of weeks.
Group differences, however, may well be detected by cross-sectional samples in which
only a single measurement is made per person.

Introduction

By definition, chronic cumulative diseases take a long time to develop into clinically
recognizable cases of impairment or illness. And therefore “clinically recognizable cases”--the
usual starting point for epidemiological work--are generally years and even decades removed
from opportunities for direct measurement of causally relevant exposures. It would greatly
facilitate both epidemiological research and (in the long run) the targeting of possible risk control
measures, if measurements could be made of the ongoing cumulative damage processes as the
damage is occurring.

The potential applications of such short term measurements in epidemiology are particularly

significant. Causal components of complex mixtures could be identified; effects of technical
changes in the composition of the complex mixtures could be evaluated, and dose response
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Table 1
Measurements of Ethane in the Breath of Active and Retired Coal Minters--Data of
Auburtin et al.

A. Results Stated In Terms of Ethane Production Rate (pmole/min)

Gmean current Ethane production rate (pmol/min)
dust exposure
(ng/m3
N Geom mean GSD

Surface workers 0.31
Smokers 15 147 1.9
Nonsmokers 15 57.9 26
Total 30 923 2.5
Underground miners 1.61
Smokers 15 307 1.7
Nonsmokers 17 469 7.3
Total 32 384 4.4
Retired miners (- pneum) 0 38 58.5 2.5
Retired miners (+ pneum) 0 25 44.1 3

B. Results Stated In Terms of Alveolar Air Ethane Concentration (pmol/liter)

Gmean current Ethane concentration (pmol/liter)
dust exposure
(ng/m?)
N Geom mean GSD

Surface workers 0.31
Smokers 15 209 2.1
Nonsmokers 15 104 2.2
Total 30 147 23
Underground miners 1.61
Smokers 15 437 1.8
Nonsmokers 17 614 73
Total 32 523 44
Retired miners (- pneum) 0 38 90 2.3
Retired miners (+ pneum) 0 25 90.1 24

Section 2 below will first give a basic technical description of the three types of assays, and
generally assesses their feasibility. For the urinary measurements of desmosine and
isodesmosine, this will include our limited information about the dynamics of change following
an unusual high-elastin meal. Section 3 will then describe a preliminary physiologically-based
pharmacokinetic model for ethane that assess the needs for different types of washout times to
avoid confusion between internally-generated ethane and ethane absorbed from the external air,
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Initial adaptation of this modeling framework to pentane will also be discussed. Finally, the
concluding section will make recommendations for the design of preliminary laboratory and field
studies to develop these biomarkers.

Basic technical description and feasibility of measurements in exposed workers

Breath Alkane Measurements

There are now nearly two decades of published reports of breath pentane and ethane output as
measures of lipid peroxidation in vivo (Wade and van Rij, 1985; Morita et al., 1986; Dilard et al,
1978). More recently, measurements of breath pentane have been controversial (Springfield and
Levitt, 1994). There have been very wide differences (reportedly over 1000-fold) among
different laboratories in reported background pentane levels (our own summary is reproduced in
Table 2). Some of the differences probably arose because of the similar retention times of
pentane and isoprene in many gas chromatography system. Isoprene is evidently present
normally in expired air in about 20-fold larger concentrations than pentane (Kohlmuller and
Kochen, 1993), and it migrates at a similar rate in many commonly used gas chromatography
systems, making it likely that some past researchers have recorded appreciable amounts of
isoprene as pentane. This appears especially likely for researchers who have reported the
greatest outputs of pentane (e.g., Zarling and coworkers). In experiments with authentic
reference materials, pretreatment with aqueous potassium permanganate removed all the
isoprene but did not alter pentane concentrations. When the same potassium permanganate
treatment was applied to alveolar breath samples it was possible to greatly reduce the previously
apparent “pentane” peak leading to the conclusion that this material was in fact isoprene
(Springfield and Levitt, 1994).

A final concern raised by Springfield and Levitt is that past researchers have used different and
generally inadequate periods of time breathing low-hydrocarbon air for “washout” of stored
pentane from fat tissue. In experiments in rats, they measured the rate of decline in expired
pentane after 20-hour exposures to high levels (2,000-4,000 ppm) of pentane in external air.

For normal rats (7% fat), they report recovery of about 64 pmoles/kg body weight of pentane
under these conditions--including 24 pmoles/kg body weight in a relatively slowly-exchanging
compartment (half life of about 2.8 hours) that they identify as likely to be fat. For an obese
strain of rats (Zucker--50% fat tissue) a total of about 630 pmoles/kg body weight were stored
and later recovered, including 520 pmoles/kg in a slow exchanging compartment with a half life
of 8.5 hours (Table 3). The rather dramatic conclusion of this paper is an expression of doubt
that endogenously generated pentane has ever been accurately measured in people.

This issue should eventually be addressed by the development of a full PBPK model for pentane,
It should be noted here, however, that the ratio of recoverable stored pentane per body weight per
ppm of external exposure in these rat experiments gives us a starting point for reasoning about
how much pentane could potentially be stored and re-released in humans exposed to normal
ambient background pentane. This background is reported to be of the order of 2.4-7.6 ppb in
urban outdoor air--corresponding to 110-340 pmol/liter. This is somewhat more than the average
of about 134 pmol/liter reported by Kohlmiiller and Kochen (1993) or the potentially somewhat
higher concentrations in the environment of mine workers (for which data will need to be

58


















Table 4 shows the basic results of Cumiskey et al. in which a total of six urine samples from
three subjects were analyzed on two different days. The comparison of the measurements on the
two different days gives us a measure of the experimental reproducibility (coefficient of
variation = 16-21%,; the comparison of average results for each subjects gives an approximate
measure of the interindividual variability [coefficient of variation = 14-32%; or, in logarithmic
terms log(GSD) = .064-.13)]. In the light of the observed day-to-day variability in the assay, the
authors advise that several days of sampling should be used to characterize elastase activity in
individual people.

Table 4
Inter-Assay Variability in Desmosine and Isodesmosine Concentration Measurements in
Urine Samples from Healthy Subjects--Data of Cumiskey et al. (1995)
(concentrations in pmol/mg creatinine)

A. Individual Sample Data
subject  sample IDES-day IDES-day DES-day DES-day IDES+DE IDES+DE

1 2 1 2 S-day 1  S-day2
11 A 7.06 7.06 10.43 7.34 1749  14.40
11 B 6.99 8.00 7.58 9.55 1457 1755
12 C 1027  9.67 7.92 8.12 1819  17.79
12 D 12.74 1403 1012  12.08 2286  26.11
13 E 4.52 6.10 5.06 6.47 9.58 12.57
13 F 7.61 8.08 8.52 8.88 1613  16.96

B. Summary Data for all Measurements for Each Subject

Subject Mean  Stderror Mean Std Mean Std error
IDES IDES DES eror DES+  IDES
IDES IDES
11 7.28 0.24 8.73 0.75 16.00 0.88
12 11.68 1.03 9.56 0.98 21.24 1.99
13 6.58 0.81 7.23 0.90 13.81 1.70
Interindividual Coefficient 32 14 22
of Variation (%)
Interindividual Log(GSD) 0.134 0.064 0.097

Another reason for sampling on multiple occasions is that the elimination of desmosine from the
system appears to be relatively slow. Stone et al. (1994) followed the excretion of desmosine
following the ingestion of a special elastin-rich meal (300 g of calf ligamentum nuchae,
containing 100 g of elastin, including 1.5 grams of desmosine and 1.2 g of isodesmosine. With a
1-2 day delay (presumably for absorption), this caused 8-10 fold increases in daily excretion of
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VRG _loss =
Vessel Rich_Group*VRG flow/(VRG_volume*VRG_tissue blood){moles/min}

Equations for Parameters (Circles in the Model Diagram)
Alveolar Ventilation =7 {liters/min}
Alv_Air Conc = Exhalation/Alveolar Ventilation{pmol/liter}

Art_conc = Bloodair_part*(Cardiac_Output*Mixed Venous Blood Conc+Ext Air Conc*
Alveolar_Ventilation)/(Cardiac_Output*Bloodair_part+Alveolar Ventilation) {pmoles/liter}

Bloodair_part=.105
Cardiac_Output = FG_flow+Liver Flow+MG _flow+VRG flow{liters/min}

Ext_Air_Conc = If (Time<1000) then 374 else 0*Rebreathing_Circuit Conc
{Rebreathing_Circuit_Conc 374 pmoles/liter atmospheric background? 6.64 pmol/l in
hydrocarbon free air according to Habib data}

Fat_tissue_blood = 2.7/Bloodair_part
FG_flow = .34 {liters/min}
FG_volume = 15.024 {liters}
Liver_Flow = 1.34{liters/min}

Liver tissue blood = .05/Bloodair part
Liver_Volume = 2.476{liters}
LivMetabolism_rate = 0.3

MG_flow = 1.5{liters/min}

MG _tissue_blood = .05/Bloodair_part
MG_volume = 34.756 {liters}

Mixed Venous_Blood Conc =
(FG_loss+liver_losstMG_loss+VRG_loss)/Cardiac_Output{moles/liter}

Rebreathing_Circuit_Conc = Rebreathing_Circuit Amt/R_Circuit Volume{pmoles/liter}
R_Circuit Volume = 14{liters}

VRG_flow = 3.38 {liters/min}

VRG _tissue blood = .05/Bloodair part}

VRG_volume = 3.551 {liters}

would yield a model in which the rebreathing circuit concentration would decline with an
elimination half-life without metabolism corresponding to the observed value of 6.2 hours. This
resulted in the following estimates for the various tissue/blood partition coefficients:
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the fat tissue) constant; and (2) an assumption that fat flow is unchanged even as fat volume
increases. Using both assumptions we tested the effect of a doubling of fat flow.

Table 10
Expected Decline of “Excess” Alveolar Exhalation from Body Stores During Various
Periods of Washout
Minutes after Excess alveolar conc over steady  pmoles/min excess excretion dependent
start of washout  state resulting from stored ethane on release of stored ethane

2 9.46 66.22

4 7.55 52.85

10 5.16 36.12

20 3.19 2233

30 2.36 16.52

40 2.02 14.14

50 1.86 13.02

60 1.79 12:53

70 1.75 12.25

80 1.73 12.11

90 1.71 11.97

100 1.69 11.83
Table 11

Effect of Doubling The Size of the Fat Group (From About 15 liters to 30 liters) on the
Expected Decline of “Excess” Alveolar Exhalation from Body Stores During Various
Periods of Washout

Double FG Volume and Flow Double FG Volume Only

Minutes Excess alveolar conc pmoles/min excess  Excess alveolar pmoles/min excess
after start  over steady state  excretion dependent conc over steady  excretion dependent
of resulting from stored on release of stored state resulting from on release of stored

washout ethane ethane stored ethane ethane
2 11.19 78.33 9.45 66.15
4 9.3 65.1 7.55 52.85
10 6.93 48.51 517 36.19
20 4,95 34.65 3.2 224
30 4.12 28.84 2.38 16.66
40 3.76 26.32 2.04 14.28
50 3.6 25.2 1.9 13.3
60 3.51 24.57 1.83 12.81
70 3.46 24.22 1.8 12.6
80 3.42 23.94 1.79 12.53
90 3.39 23.73 1.77 12.39
100 3.36 23.52 1.76 12.32
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template containing >15 mg/100 cm® up to at least 170 mg/100 cm?. The sampling technique for
total dust was based on a microsampling technique originally reported by Que Hee et al in 1985
(4) for available dust in lead abatement and lead surface sampling activities.

The initial study (1) investigated the effect of particle size, surface coverage, surface type, flow
rate, number of sampling passes, sampling technique, sampling face velocity, and degree of
training on soil sampling efficiency from relatively flat hard surfaces, using the low flow
technique (4) at 1.5 L/min as the starting point. The sampling apparatus was the same as the
portable personal sampling pump/filter cassette combination that is standard for air sampling of
aerosols by industrial hygienists, with the addition of a 5.0 cm x 0.6 cm ID Tygon sampling
probe whose sampling end was cut at a 45° angle. Minimum soil holdup on the sampling
apparatus surfaces allowed low soil surface coverages to be sampled efficiently. Soil was used
since the Santa Ana wind from the desert causes much infiltration of Los Angeles homes, and
soil is imported into homes by shoes. Efficient sam?ling (efficiency >87%; coefficient of
variation (CV) <S%) of dry, loose soil on a 100 cm” template was achieved between coverages
of 10 mg/100 cm” and 170 mg/100 cm® using at least 3 sampling passes for particle sizes
between 63 pm and 180 pm. The technique was effic:ent because the face velocity developed at
the surface was as high as 1083 ft/min for a | mm” surface-to-probe space.

The second paper (2) is the accepted paper demonstrating that spilled Rhodamine 6G dye and a
NIST dust and a NIST soil impregnated with a chlorpyrifos formulation at its expected
maximum coverage will also be sampled efficiently and precisely by the technique developed in
Appendix B. Rhodamine 6G is used at Los Alamos National Laboratory as a fluorescent dye in
tunable dye lasers. Powder is often spilled preparing the solutions, and a dry deposit occurs after
a spill of solution. Spilled powder tends to cake since it is slightly hygroscopic, and thus is
difficult to sample since it tends to cling to the surface. The flow rate had to be >3.0 L/min to
provide quantitative sampling recovery on the first sampling pass. Below 2.0 L/min, all of the
sample resided in the sampling probe and did not reach the filter cassette at all. As the flow rate
increased more sample was retained on the filter. The weight of the entire sampling ensemble
requires measurement, not the filter portion alone. The mass collected on the filter is only likely
to be representative of the spill at the highest sampling flow rate of 4.0 L/min.

Chlorpyrifos, an organophosphorothioate pesticide, has been measured at concentrations up to
1300 mg/kg dust, and surface coverages up to 990 pg/m The EPA in 2000 banned application
of chlorpyrifos within dwellings where children could be exposed. The hypothesis relative to
sampling efficiency was that the pesticide of highest concentration in dust was most likely to
decrease the sampling collection efficiency of uncontaminated dust using the optimized 3-pass
methodology at 4.0 L/min. Thus the experiment involved comparison of coated and uncoated
dust. NIST SRM 2711 Montana Soil of <74 um particle size, and SRM 1649a Urban Dust of
<125 pm particle size were coated with Lorsban 2E formulation. The latter consisted of 40.7%
chlorpyrifos, and 59.3% inert ingredients, mostly alkylbenzenes, as demonstrated through
GC/MS analysis of the formulation. 31.94 mg in acetonitrile was coated onto 10 g of dust or soil
to simulate the highest measured dust concentration of 1300 mg/kg. Loadings of 10-20 mg of
impregnated soil and dust at 1300 mg/kg concentration were investigated relative to uncoated
dust and soil on the 100 cm® template surface using the 3-sampling pass techmque developed in
Appendix B. The lower surface coverage range for efficiencies >79% and imprecisions <16%
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CV was 15-20 mg/100 cm? for both coated and uncoated dust or soil, with lower efficiencies
being evident for coated soil and uncoated dust. The lower efficiencies for coated soil were
caused by enhanced particle agglomeration and increased stickiness; this cannot explain the
contrary results for coated dust. For the latter, the initial particle size was bigger than for the
soil, and particle sizes between 63 um to 180 pm cause no difference in sampling efficiency.

The third paper currently under review (3) presents the research associated with sampling spills
of the freeze-dried bacterium, Photobacterium phosphoreum. The major finding relative to
sampling spilled powder was that since freeze-dried bacteria was a very deliquescent powder the
cassette entry port inner diameter had to be increased to accommodate large chunks to achieve
sampling efficiences >80%. Once the material becomes too damp, swabs with handles are the
best way to sample/clean up spills. During this investigation, the Microtox test of viability based
on bioluminescence was compared with a commercial colorimetric test to assess the effect of
dust on bacterial viability. The addition of 20 mg of NIST 1649a urban dust per mL caused
complete inhibition of the Microtox test as did 5 mg of dust for the colorimetric test. Complete
desiccation caused bacterial death in both tests. The major problem with the colorimetric test
using the naked eye was its insensitivity; sensitivity was improved twofold by developing a
spectrophotometric technique at 508 nm, and this rivalled the sensitivity of the Microtox test.
Microtox test results were only completely reliable for homogeneous solutions that passed a 0.45
pm filter.
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4, Integrated task and postural analysis for ergonomic exposure analysis. To develop, pilot
test,and validate an integrated task and postural analysis for ergonomics exposure assessment

Wen Chen V. Liu, Ph.D., CIH, CSP

Hazard Surveillance in the Defense/Nuclear Industry - Occupational Ergonomics
Component - Overview

The Occupational Ergonomics component of this research project contains five subprojects. The
first two subprojects focused on the development of exposure and response surveillance tools to
be used through Internet as a means for ergonomic hazard surveillance in the office work
environment using visual display terminals. The third and the fourth studies focused on the
evaluation of ergonomic hazards in a defense/nuclear facility that utilizes glovebox and Hypalon
glovebox gloves. The fifth subproject focused on the development of a real-time heat stress-heat
strain personal monitor for workers wearing total encapsulated protective suits, as heat stress has
been indicated as one of the major hazards encountered by many workers in the defense / nuclear
industry are involved in the decommission and decontamination activities. The title, significant
findings, usefulness of the findings, and dissemination of the findings of each of the subproject
are briefly summarized as follows.

Subprojects:

I. Computer Usage and Upper Extremity Musculoskeletal Discomfort in an Engineering Firm
of the Aerospace/Defense Industry - A Survey through [ntranet.

Significant Findings

This study represents the first electronic survey through Intranet that evaluated the
association between self-perceived computer usage and self-reported musculoskeletal
discomfort of the upper extremity. In addition, the population studied included engineers in
an Aerospace/Defense Industry, a profession that has not been studied in terms of the
prevalence of self-reported musculoskeletal discomfort. Furthermore, the survey was
conducted electronically the company's Intranet. Nine hundred and ninety-seven employees
(277 females and 717 males) of the company responded to the survey in two weeks. The
results of logistic regression analysis indicated that gender, job tenure, and hours of computer
usage were three factors significantly associated with the prevalence of musculoskeletal
discomfort in the upper extremity.

Usefulness of the Findings

This study demonstrated that Intranet and Internet is an expedient and useful tool for the
surveillance ergonomic hazards in office work environment.
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IV.

internal layout of the glovebox and by installing auxiliary material handling devices in the
glovebox.

The second ergonomic task analysis was conducted of an operation that refines metal in
specific forms. This particular glovebox operation has experienced high frequency of
abnormal glove breaches. The specific aim of the analysis was to identify improvements that
could reduce the incidence of glovebox glove failures. Document reviews, individual
interviews, small group meetings, and on-site observations were conducted during the
investigation. The results indicate that there are many micro and macro ergonomic
improvements that could be made to increase the reliability of the glovebox gloves and the
comfort of the workers.

Usefulness of the Findings

This case study demonstrated the utility of a systemic approach that addresses both
macroergonomic and microergonomic issues in improving the health and safety of workers in
a Defense / Nuclear facility. A portion of the study was also used to demonstrate the Defense
/ Nuclear facility’s effort and achievement under the Price-Anderson Act regulating the
facility.

Dissemination of the Findings

A case study was presented by a collaborator of the study at the 1998 American Industrial
Hygiene Conference and Exhibition. A manuscript is being revised for submission for
consideration of publication in a peer-reviewed journal (Industrial Health).

Validation of an Experimental Device for the Measurement of Kinetic Friction.
Significant Findings

An experimental device was developed in this project for the measurement of kinetic

coefficient of friction. In addition, the kinetic coefficient of friction (1) of fingertip was
measured for six Chinese subjects on textured and non-textured surfaces in this exploratory

study. The results indicate that 2 of the fingertip skin varies with the magnitude of normal
force and the surface texture of the test plates. The x4 decreased as the exerted normal force
increased. The highest value of 14 was 2.05 for males and 2.26 for females with 1 N normal
force on a test plate of 100% contact area. When the load increased to 10 N, 44 decreased to
1.09 for males and 1.11 for females on the same test plate. The y4 increased as the contact

area increased. For males, there was a 39% and 64% increase, respectively in z4 as the
contact area increased from 50% to 75% and 100%. For female, there were, respectively, a
41% and a 77% increase in 44 as the contact area increased from 50% to 75% and 100%.

Usefulness of the Findings

Friction is a common mechanical stressor upon human skin. High friction may produce
erosions and blisters to human palmar. Friction also affects our ability to manipulate and
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grasp objects with the hand. Friction between the surface of an object and fingers is also
needed for an individual to adjust the amount of force applied in manipulating objects. Low
friction objects tend to slip out of the hand resulting in an increase in the potential for injury.
Low friction objects therefore require greater grasp forces than objects with high friction.
Prolonged, excessive grip forces applied to prevent slippage may cause injuries to tendons
and tissues. The experimental device developed in the study has been adopted by a defense /
nuclear facility with a robot arm for testing the wearability of glovebox gloves. The results
of the study will be used to develop guidelines of glovebox glove design.

Dissemination of the Findings

An abstract of the results of the study was presented at the 1999 American Industrial Hygiene
Conference and Exhibition. A manuscript based on the results of the study is being revised
for consideration for publication in a peer-reviewed journal (Applied Ergonomics).

V. A Real-Time Personal Heat Stress & Heat Strain Monitor in Protective Suit.
Significant Findings

The goal of this study was to develop a real-time personal monitor capable of evaluating heat
stress and heat strain encountered by workers wearing encapsulating protective clothing.

This monitor simultaneously characterized the climatic condition of the microenvironment
and the physiological responses of the worker in protective clothing. Specifically, the study:
(1) integrated temperature and humidity sensors to continuously characterize the
microenvironment in a protective suit; (2) integrated heart rate sensors and body temperature
sensors to characterize the physiological response of the person wearing a protective suit; and
(3) tested the utility of two wireless transmitters, 0.9 GHz and 2.4 GHz, to transmit the heat
stress and heat strain signals.

Usefulness of the Findings

This study represents an innovative integration of information technology and sensor
technology for hazard surveillance. In addition, this study has direct application to personal
exposure surveillance of workers wearing protective suits and utility for the design of
protective clothing,

Dissemination of the Findings
An abstract of the preliminary results of the study has been submitted for presentation at the
2000 American Industrial Hygicne Conference and Exhibition. Manuscript is being revised

according to reviewers' comments for publication in a peer-reviewed journal (Applied
Occupational and Environmental Hygiene Journal).
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Being an engineering firm with more than two thousand engineers, the ergonomic team had a
tremendous amount of resources in terms of computer programming abilities, email and Intranet
connectivity. In addition, the management is committed to provide the human resources
necessary in initiating a study to identify the prevalence of the musculoskeletal
discomfort/disorders problem associated with computer usage. Having received some reference
materials regarding the design of a self-reported exposure assessment and discomfort survey, the
ergonomic team developed a dynamic webpage and conducted a pilot study.

This pilot study, because of its exploratory nature, had a simple objective. That was to get an
estimate of the computer usage among employees and of the prevalence of musculoskeletal
discomfort in upper extremity.

Methods

The methods the ergonomics team used to accomplish the above goals was to conduct an
exposure and discomfort survey through Intranet. The engineer developed a questionnaire using
the HyperText Markup Language. Emails were then sent to managers in the company soliciting
the managers’ cooperation in forwarding the messages to their groups of employees, including
the professionals, clerical staffs, technicians, etc. The emails forwarded to the employees
contained a link to the survey webpage on their Intranet. If the employee chose to respond, by a
single click on the link, he/she gets onto the questionnaire webpage. Within a two-week period,
nine hundred and ninety-seven employees of the company responded to ergonomics team’s email
request.

Excluding three respondents who did not provide information regarding their gender, there were
277 females and 717 males. Mean age of the male respondents 44.5 (SD=10.4 year) is not
significantly greater than the mean age of female respondents, 41.4 year (SD=10.5 year). Mean
tenure of the respondents was 9.3 year and the SD was 8.1 year. Male respondents had a mean
tenure of 9.8 year (SD=8.5 year), higher than the mean tenure of 9.3 year (SD=8.1 year) of the
female respondents (p < 0.01). Male respondents were also taller and heavier than female
respondents were. For male respondents, the mean stature was 178.7 cm (SD=7.3 c¢cm) and for
female respondents the mean stature was 163.6 cm (SD=7.2 cm). For male respondents the
mean body weight was 85.2 kg (SD=15.4 kg) and for female respondents the mean body weight
was 66.1 kg (SD=14.7 kg).

Questionnaire

The self-administered questionnaire had two sections, The first section collected basic
demographic data such as age, height, weight, job tenure, and gender were also collected using
the questionnaire.

The second section contained 12 questions. Two questions asked for the number of hours of
computer usage and the percentage of which using keyboard, mouse and watching screen. Two
questions asked for the frequency of taking breaks away from computer work. One question was
regarding the perceived work demand in keying and using mouse. Two questions asked for the
dominant hand for writing and for using the mouse. One question asked whether the respondent
wore glasses, especially the bifocal or multifocal. One question was on whether the respondent
had had his/her workstation evaluated for ergonomic problems. Two questions were asked
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Laboratory Validation
Laboratory validation of the software-based tool was done at the UCLA Occupational

Safety/Ergonomics Laboratory. The software-based exposure assessment tool was installed in
computers equipped with CPUs made by Intel, Cyrix, and AMD. All computers had at least 16
MB and with connection to UCLA Intranet. Input device used includes a 104-key AT keyboard
and a Microsoft mouse or an MS compatible serial mouse. Operating systems tested include
Windows95, Windows98, and WindowsNT. The software-based tool was tested with a word-
processing software package and a spreadsheet software package.

Counting the Keystrokes - All Keys without Finger Assignment
A virtual keyboard template as shown in Figure 2 was developed for testing the software-based
tool. The virtual template has counters arranged in four sections. Sections, I through III, are for
keys on a typical keyboard. Each counter of the virtual keyboard template increased by one each
time its corresponding key was pressed. We tested each key on a typical AT keyboard by
pressing them one by one to verify the increment of each counter. The virtual keyboard template
was developed using Visual Basic 4.

Printable Keys without Finger Assignment — Tests with Application Software
During the later phase of software development, a similar, but simplified, test was conducted
using a word processing software package and a web browser. This test was done without the
finger assignment. A simple sentence, “The quick brown fox jumps over the lazy dog,” with all
the 26 printable characters included was entered 15 times on a computer equipped with a AMD
K6-2 350 MHz CPU and a Windows98 operating system.

Test with Rollover and Chord Techniques without Finger Assignment
Rollover, i.e., pressing the second key while the first key was still down, was tested. Two keys
were entered without correction as fast as possible into a text document with a word processing
package.

Chord technique, i.e., entering multiple keys simultaneously, in data entry was also tested.
Specifically, the software-based tool was tested with 2-key and 3-key chord technique.

A stopwatch was used to time the duration of data entry in the two tests. Number of characters
in the document were manually counted and compared with the counts tracked by the software-
based tool without finger assignment.

Printable Keys with Finger Assignment
Once a signal from the keyboard is identified, the assignment is a simple process of looking up
the specific key in a table and increasing by one the specific counter designated for the finger. A
look-up table based on the assumption of a touch-typist is shown in Table I. For printable keys,
the software-based tool was tested in a word processing software by tracking the keys with finger
assignment. Three lines of printable characters were entered during three trials. The first line
included the upper cases and lower cases of 26 alphabetic characters, space keys, and a period.
The second line included 9 numbers, and special keys such as “! @ # $ % ~ & * ("and a period.
The third line included the rest of special keys, i.e., “-=[]\;’,./~_+{}|:<>?"and one
period. Cumulative counts of the finger counters provided by the software-based tool was then
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The software-based tool is inexpensive, since it is software-based and does not require the use of
any additional hardware not already installed in the personal computer workstation.

No special training is required to install and use the software-based tool. Installation of the
software-based tool is similar to installing any other software. Once installed and initiated, the
software-based tool sits quietly in the Windows background collecting data.

Impact on computer productivity seems to be minimal. Our laboratory tests showed that the
software-based tool has no apparent negative impact on productivity if the personal computer
system is equipped with a 166 MHz or faster CPU, 32 or more MB of RAM and a Windows95
operating system or later. The computer should have at least 8 megabyte of hard disk space in
addition to what is needed for Windows operating system, since the resultant data log file for an
8-hour work shift will be about 8 megabyte. As we have only tested the software-based tool with
a word-processing and spreadsheet software, further field tests with other application software
are needed.

Data collection is easy, as the keystrokes and mouse clicks are stored in an ASCII file ready to
upload. For workplace where there is no network, one only needs to compress the file to a
diskette. For workplace with network, the data log file from each personal computer workstation
is transferred to an FTP server automatically. In both cases, the ASCII file is ready for
conversion for data analysis with other software such as a SPSS, SAS, or a spreadsheet program.

Preliminary field tests of installation, usage, and FTP confirmed the results found in our
laboratory. The ergonomics team found the software user-friendly and not posing excessive
hardware requirement and computer resources. However, the ergonomics team did provide two
valuable suggestions for improvement. First, for security reason, the software-based tool is not
permitted to track neither the name of the active application software nor the name of the file that
a VDT user is working on. Second, assumption of touch-typist is not realistic. More than 30%
of the VDT users in the company are not touch typist. The software-based tool has subsequently
been modified to accommodate the need of this company.

It should also be noted that the software-based exposure assessment tool applies only to
Microsoft Windows-based work environment. Though many VDT operators nowadays work
under Microsoft Windows operating system, there are still many VDT operators work with Unix
or Macintosh based systems. Similar software-based tool should be developed for these non-
Windows VDT users.

Though the software-based tool satisfies our criteria for providing an objective estimate of
physical demand of VDT work, the tool could be further improved in several ways. First, the
software-based tool does not register signals entered with a 3-key chord technique. This means
that usage of 3-key macro in application software will not be tracked. Though we believe
keystrokes missed by the software through this mechanism would be low in reality, work is
currently underway to find ways to track 3-key chord. Second, the software-based tool in its
current form does not differentiate between left and right for “Ctrl”, “Shift” and “Alt” keys, since
Windows95 operating system does not provide separate left or right messages for these keys.
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However, more recent operating systems such as Windows98 and WindowsNT do provide
separate left and right messages for these three keys. If there is a need to differentiate these keys
in the future, the software-based tool could be refined to provide such a measure.

Only serial mouse has been tested so far with the software-based tool. There are other types of
mice, such as Universal Serial Bus (USB) based mouse, and other types of input device, such as
digitizing tablet, on the market. The response of these input devices should be tested.

Conclusion

A software-based tool for objective exposure assessment in VDT work was developed and
characterized. This tool tracks and categorizes the signals second by second from the keyboard
and the mouse. The software can help computer users acknowledge how many keystrokes from
each finger during the certain period of keystroke activities and the amount of mouse click status.
It also monitors computer usage patterns over time and trend to collect the repetitive keyboard
and mouse usage.

The quantification of keyboard and mouse-related activities will provide an objective exposure
estimate needed for the establishment of an exposure-response relationship between
musculoskeletal discomfort and disorders and VDT work. The software-based tool will form a
foundation for future epidemiologic studies of VDT-related musculoskeletal
discomfort/disorders.
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experienced frequent glove changes due to both normal glove wear and abnormal glove
breaches. This paper reports the results of two ergonomic evaluations of glovebox operations in
this particular facility. The goals of these ergonomic evaluations were to identify factors that
may have contributed to musculoskeletal discomfort/disorders among glovebox workers and to
the relatively high incidence of glovebox glove failure.

Two ergonomic task analyses were conducted of two glovebox operations in a Defense/Nuclear
Facility. The goals of the ergonomic task analyses were to identify factors that may have
contributed to musculoskeletal discomfort/disorders among glovebox workers and to the
relatively high incidence of glovebox glove failure, The ergonomics job analysis consisted of
task analysis through on-site observation and interview.

The first ergonomic task analysis was conducted of an operation (Operation I) that casts metal
inside a glovebox. The objective of the analysis was to identify opportunities for improvement
in terms of reducing musculoskeletal load associated with glove box operation. The concern for
musculoskeletal discomfort and disorders arose from the results of an in-house survey that
showed that 57% of the glovebox operators experienced back disorders and more than 24% of
the operators experienced neck and shoulder discomfort. As this evaluation was primarily
concerned with physical demands aspect of human-machine interface, it is considered as a
micro-ergonomics analysis (Hendrick, 1991).

The second ergonomic task analysis was conducted of an operation (Operation II) that has
experienced high frequency of abnormal glove breaches. The objective of the analysis was to
identify opportunities for improvement in terms of reducing an increasing incidence of failure of
Hypalon gloves utilized in glovebox operations. As the foci of this ergonomic evaluation were
not only on interface between human and hardware but also on formal rules and procedures, and
information and decision support systems, the second ergonomic evaluation considered both
micro and macro-ergonomic issues, as described by Hendrick (1991, 1995).

Lead-loaded Hypalon gloves (North Safety Product), 30 mil in thickness, were used as a primary
protective device to protect the glovebox operators from radiation in this Defense / Nuclear
facility. At the time of the analysis, there was more than thirty glovebox operations in this
facility and more than 4000 pairs of glovebox gloves are in use each day at this facility.

Glove changes due to abnormal breach poses risk of radiation exposure. Premature change of
gloves increases not only the amount of radioactive waste but also the risk of radiation exposure.
The Defense / Nuclear facility has developed a computer database to schedule glovebox glove
changes. The schedule of glove changes based on a rating of the tasks performed in a specific
glovebox, the frequency of usage, and the application of a survival analysis.

In a period of approximately two years, more than 1,400 pairs of gloves have been replaced and
5.64% of the replacement was caused by glove failure. During the same period, operation II had
90 pairs of glove replaced and 22.2% of the replacement was due to glove failure. Abnormal
glove failure is defined at this facility as failure due to puncture, tear, cut, chemical, and heat.
Overall, glove changes due to abnormal wear accounted for only 6.2%.
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Methods

Operation [.

The ergonomic job analysis of Operation I was completed in three steps, First, the metal casting
operation recorded on videotape was broken down into distinct tasks. A time code was added to
the videotape using a timecode generator (Horita, CA). The duration of each task was estimated
using the timecode between each distinct task. The duration estimate was verified by
experienced casting operators to ensure the task being analyzed was representative of the task
typically performed in the operation. The weight and dimension of casting apparatus such as
molds and crucible were measured on site.

The second step consists of collecting information on the posture typically adopted by glovebox
operators while performing the casting operation. This step was conducted in two on-site
simulations. Each simulation included all the tasks in the casting operation except for the
melting process since the latter involves only visual monitoring by the operator. One operator
with seven years of experience simulated the tasks for a period of 17 minutes and the other
operator in training simulated the tasks for 14 minutes.

The Ovako Working Posture Analysis System (OWAS) (Karhu, et al., 1977) protocol was used
to classify operators’ postures at the neck, arms, trunk, and legs every minute. With the OWAS
analysis, one could classify the specific operation into one of the four possible "Action"
categories, i.e., none (No Action Required), soon (Remedial Action Soon), very soon (Remedial
Action Required Very Soon), and immediately (Remedial Action Required Immediately). The
classification of the "Action" category is based on the percentage of duration that an operator
spends in a particular posture category.

The third step consists of estimating the percentage of population with sufficient strength in three
lifting tasks typically performed in the glovebox casting operation. The estimation was based on
computer modeling using the 3D Static Strength Prediction Program (University of Michigan,
1994). Weight and dimensions of objects being handled and the operator's posture were inputs
of each computer simulation. Three tasks were simulated. Task I involved the lifting of an
empty mold, 11 kg, with one extended arm from the right side of the operator. This scenario
represents transferring an empty mold from the compartment between two glove boxes. In task
I1, a mold with the metal rod inside, a total weight of 17 kg, was lifted with the left arm from the
left side of the glove box. The scenario simulates a task retrieving a full mold from the furnace
area in the glovebox. Task III involved the lifting of a full mold with both hands in front of the
operator's chest. This scenario represents a task in positioning the mold for disassembly.

Operation II.

The methods used in the analysis of the operations include document review, on-site observation,
individual interviews, and small group meetings. The focus of this portion of the study was on
macroergonomic issues that might be improved to reduce the frequency of glove breach.
Macroergonomic approach was adopted in this project because microergonomic approach can
sometimes achieve marginal success without resolving simultaneously macroergonomic issues.
The macroergonomic issues addressed in this analysis were characteristics of the workforce,
information sharing and transfer, and decision-making.
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Operation II. — Macro Ergonomics Issues

Systematic Approach to Identify Causes of Glove Breach

At the time of the study, the management team seemed to be preoccupied with the idea that high
incidence of abnormal glove breach was due to defective glove from the vendor and the aging,
i.e., limited shelf lives, of the Hypalon gloves. The management team documented that a
defective batch, e.g., with blister, cracking, and discoloration, was received at the facility.
However, this was based on only one batch of gloves. The facility needs to establish a program
that requires the warehouse or stockroom to sample and inspect the gloves upon receiving each
shipment. An alternate would be having the operators examine the gloves when the gloves are
signed off at the stockroom.

The effect of aging on glove's service life was only a hypothesis. There were no data to support
such a hypothesis. The Hypalon glove is supposedly designed with a feature that minimizes the
effect of oxidation. In terms of storage, the manufacturer (North, Inc.) of the Hypalon gloves,
recommended laying them on a flat surface and keeping them away from the sunshine.
However, once installed on to the glovebox, the glove would most likely hang from the ring (on
an active glovebox) or being tied into a knot on a non-active glovebox. On an active box,
manual material handling would certainly put the gloves to more stress, probably in regions
where the glove has most contact with the objects being handled. This Defense / Nuclear facility
should consider a study that evaluates the effect of factors, such as the age, duration in service,
frequency of usage, type of manual operation, and temperature, on the reliability of the gloves.
The existing glove exchange program could serve as a starting point to link glove failure with
task information and manual material handling while wearing gloves.

There may be other factors that have contributed to both the normal wear and the abnormal
breach of the glovebox gloves. At the time of the study, the facility relied on the use of survival
analysis to schedule the change of the gloves for “normal wear.” Though statistical approach,
i.e., using survival analysis, seems to be a good method to prevent glove breach and the resultant
radiation exposure, it inevitably assumes that the glovebox task is incapable of being modified.
The management should take a systematic, proactive approach in applying ergonomic task
analysis to glovebox task and identify ways to redesign glovebox task and tools.

Management Information System — A Better Link among Existing Databases

A chart of existing databases at this facility should be created to identify how each database
should be linked and how the information could be used to improve the process and to reduce the
glove failure. For example, the radiation incidence report available in the facility was not linked
with the glove exchange database.

It seems that data on glove usage were being gathered. However, the data collected have not
been optimally used. The results of the analysis seem to indicate that this particular Defense /
Nuclear facility was not collecting and wisely utilizing the information needed to plan their
activities for the prevention of glove breach. At the time of the study, this particular Defense /
Nuclear facility did not have a management information system to provide such information.
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than using the paint scraper. Once dried, the salt residues formed and adhered to the tabletop
rendering difficult to clean. Operator may have to use a sharp object, in this case a paint scraper,
to clean the surfaces. It is quite natural for a worker to hold his left hand in front of the scraping
action to keep the loose residue in one place. There is a danger of puncturing the left-hand glove
if there would be a slip of the right hand with the scraper. Gripping a sharp object in the right
hand forcefully for the scraping action increases the potential for cut, tear, and wear of the glove.
Timely housekeeping is a part of production activities most people tend to overlook. However,
in terms of glove breach, timely housekeeping in the glovebox operation may have a special
meaning, despite the fact that current housekeeping in glovebox is much and much better than 10
years ago.

On-line Process Control

During the data collection process through individual interviews and group discussion, the
management emphasized many times that retrieving a metal ingot from a crucible could be very
difficult and required frequent manual material handling. However, on-site observation revealed
that a smooth operation in retrieving the ingot was achievable. The supervisor and the operators
gave a 50%-50% chance of having a bad run versus a smooth run. For a process that is
important to national security, a 50%-50% chance should not be acceptable. The management
and operators should join force in experimenting with the process parameters to identify the
causative factors leading to a bad run. Experimental design, using methods similar to the
Taguchi method, should be developed and implemented for continuous improvement of the
process.

Conclusion

This study demonstrates the utility of a micro- and a macro-ergonomic task analysis for the
identification of hazards in a Defense / Nuclear facility. The results of the study showed that the
operators involved in glovebox operations were exposed to ergonomic stressors due to the design
of glovebox tasks. The study also showed that there were macro ergonomic issues that need to
be addressed in order for micro ergonomic issues to be resolved. The safety and health
personnel at the facility need to include ergonomic task analysis in their routine hazard
surveillance, The management and the workforce should be educated of the importance of
ergonomics in continuous improvement of the production process.
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Abstract

An experimental device was developed in this project for the measurement of kinetic coefficient
of friction. In addition, the kinetic coefficient of friction (x) of fingertip was measured for six
Chinese subjects on textured and non-textured surfaces in this exploratory study. The results
indicate that 4 of the fingertip skin varies with the magnitude of normal force and the surface
texture of the test plates. The y decreased as the exerted normal force increased. The highest
value of 14 was 2.05 for males and 2.26 for females with 1 N normal force on a test plate of
100% contact area. When the load increased to 10 N, x4 decreased to 1.09 for males and 1.11 for
females on the same test plate. The g4 increased as the contact area increased. For males, there
was a 39% and 64% increase, respectively in /4 as the contact area increased from 50% to 75%
and 100%. For female, there were, respectively, a 41% and a 77% increase in /4 as the contact
area increased from 50% to 75% and 100%.

Keywords: Kinetic Coefficient Friction; Texture; Chinese.

Introduction

Friction is a common mechanical stressor upon human skin. High friction may produce erosions
and blisters to human palmar skin (Knapik et al. 1995). Friction also affects our ability to
manipulate and grasp objects with the hand. Friction between the surface of an object and
fingers is also needed for an individual to adjust the amount of force applied in manipulating
objects (Cadoret and Smith 1996). Low friction objects tend to slip out of the hand resulting in
an increase in the potential for injury. Low friction objects therefore require greater grasp forces
than objects with high friction. Prolonged, excessive grip forces applied to prevent slippage may
cause injuries to tendons and tissues (Putz-Anderson 1988). Armstrong (1985) pointed out the
importance of proper friction in the design of hand tools. Frederick and Armstrong (1995)
studied the effect of friction and load on pinch force in a simple hand transfer task and suggested
that the use of tool handle friction enhancements might reduce required pinch force for objects
requiring upwards of 50% or more of maximum pinch strength.

Frictional properties between two surfaces is characterized by the coefficient of friction (u), a
dimensionless ratio of the friction force (¥}) between two bodies to the normal contact force (F,)
pressing the two bodies together (ATSM 1993). There are two types of coefficients, static
coefficient of friction (u;) and kinetic coefficient of friction (14). Static coefficient of friction, s,
is defined as the ratio of frictional force immediately before movement occurs to the normal
contact force, while kinetic coefficient, 44, is defined as the ratio of frictional force, under
conditions of macroscopic relative motion between two bodies, to the normal contact force.

Both static and kinetic coefficients of friction are important in the design of hand tools and other
manually manipulated objects. The static coefficient of friction of index fingertip has been
found to vary with test materials in many studies. For example, when tested with silk, suede, and
sandpaper, Johansson et al. (1984) found the static coefficients of index finger and thumb to
range from 0.22 to 2.0, while Westling et al. (1984) reported a x4, ranging from 0.35 to 1.21.
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male subjects experienced less increase in the finger contact pressure, With 1 N normal force,
the mean finger contact pressure was 18.3 kPa (SD: 8.0 kPa), while at 5 N normal force, the
mean finger contact pressure was 48.2 kPa (SD: 16.1 kPa), an increase of about 2.5 times. With
10 N normal force, the mean finger contact pressure was about 66.2 kPa (SD: 33.9 kPa), an
increase of about 3.5 times from that with 1 N normal force.

Overall, a 5-fold increase in normal force from 1 N to 5 N resulted in an increase of 3.5 times in
finger contact pressure from 14.9 kPa (SD: 7.1 kPa) to 40.6 kPa (SD: 13.7 kPa). A 10-fold
increase in normal force from 1 N to 10 N resulted in an increase of about 3.8 times in crease in
the finger contact pressure to 55.9 kPa (SD: 25.2 kPa).

Discussion

No gender difference was found in the present study of the fingertip kinetic coefficients of
friction on textured surfaces. Our finding of no significant gender effect seems to be consistent
with the finding by Kennis (1994) in a study of fabric-to-skin friction. The results suggest that
skin compliance may not be a significant determinant of kinetic friction of fingertip. Skin
compliance measurements for males in Woodward's study were significantly lower than for
females (mean two-point compliance: female = 2380.97 micron; male = 2088.14 micron; mean
gap compliance: female = 1901.33 micron, male = 1528.21 micron). We did not measure in this
study skin compliance in the way that Woodward (1993) did in his study. However, the results
that the finger contact area of female subjects seems larger than that of the male subjects seemed
to suggest that females’ fingertips are in general more compliant than that of males.
Nonetheless, the effect of such difference on the mean kinetic coefficients of friction seems
minimal.

It is of interest to compare the normal finger contact areas of the Chinese subjects of the present
study with that of the fourteen Caucasian male subjects in Bobjer et al’s study of 1993. Bobjer et
al. (1993) found the mean normal finger contact areas at I N and 10 N normal force were about
175 mm” and 250 mm?, respectively. They were slightly greater than the 98 mm? and 226 mm?>
for the female subjects of this study, but much greater than 61 mm? and 175 mm?, for the male
subjects at 1 N and 10 N normal force. As the sample sizes of both studies were relatively small,
it is premature to say that there was any definitively ethnic difference between Caucasian and
Chinese in finger contact area or in finger compliance.

However, there seems to be no significant difference in the kinetic coefficients of friction
reported in the study by Bobjer et al. (1993) and that found in the present study. For the Chinese
male and female subjects of the present study, the kinetic coefficients of friction on textured
surfaces were found to range from 0.79 to 2.09. The test plates in our study were directly
adapted from four of the five test plates used by Bobjer et al. (1993). Thus, the results of the
present study could be directly compared to that by Bobjer et al. (1993). As shown in Table 2,
under similar test conditions, the mean kinetic coefficients of friction in the study by Bobjer et al.
(1993) ranged from 0.74 to 2.22. There were minor differences in the kinetic coefficients of
friction between these two studies. However, none of the differences were statistically
significant based on the Bonferroni’s t-test (Morrison 1983) at an alpha level of 0.05. Thus,
ethnicity of the subjects did not appear to be a factor in the kinetic coefficients of friction.
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Effect of surface texture and normal force on kinetic coefficient of friction

A negative relationship between the kinetic coefficients of friction and the exerted normal force
was found in the present study. However, as seen in Figure 5, the negative correlation was more
prominent when the surface of the test plate is either smooth (test plate [V) or with 75% of the
area covered with ridge (test plate I) than when there is less ridge area. This is consistent with
what others (Buchholz et al. 1988; Bobjer et al. 1993) have found regarding the frictional
characteristics of human palmar skin: the human palmar skin does not follow the Amonton's
laws of friction. Comaish and Bottoms (1971) measured the coefficients of static and dynamic
friction between clean dry skin and sheet or knitted materials. They reported that skin obeys
Amonton’s laws of friction over a limited load range and this deviation may occur because skin
is subject to viscoelastic rather than purely plastic deformation. As Bobjer et al. (1993) pointed
out the frictional force of human palmar skin depends on the size of surface areas in contact with
the skin and is not directly proportional to the normal force.

Human skin may have similar characteristics as the polymeric materials and thus behaves
differently from the classical concepts of friction (Bobjer et al. 1993). As such, the kinetic
coefficient of friction may vary not only with the surface contact pressure, but also with the
sliding speed (Yamaguchi, 1990). In their study Bobjer et al (1993) controlled the speed of the
finger across the test plates in the range 4.5 ~ 5.5 cm/s. In the present study, the sliding speed of
the finger across the test plates was not controlled, but found to be in the range 0.6 - 3.8 cm/s.
Nonetheless, the difference in finger velocity across the surface did not seem to affect the results,
as evidenced by the insignificant difference in the kinetic coefficients of friction of the two
studies.

There are limitations of the study. First, small sample size was used in this exploratory study.
Only six subjects were studied. Second, none of the subjects had much experience in industrial
activities requiring intensive use of hand tools. More studies of larger sample size with diverse
industrial experience need to be conducted to identify relevant skin characteristics. Third, the
textured and non-textured surfaces made of polycarbonate represent only a small fraction of the
hand tool surface utilized in industrial environment. Other types of material such as aluminum
and other types of textured surface should be used to characterize the frictional properties of
palmar skin and hand tool surface and estimate hand force exertion in manual work. In addition
to flat surface, the influence of curvature surface instead of flat surface on coefficient of dynamic
friction should be further investigated. The effect of these factors on the coefficient of dynamic
friction should be further evaluated to characterize the frictional properties between human
palmar skin and hand tool surface.

Conclusions

This exploratory study characterized the frictional properties of the index fingertips of six
Chinese, three males and three females, using a simple device. Three textured surfaces and one
non-textured surface made of polycarbonate materials were used in this study to simulate the
hand tool surface. Despite the simplicity in the design of the device, the kinetic coefficients
determined in the study is similar to what other researchers have found. The kinetic coefficients
of friction of index fingertip depend on surface texture and magnitude of the normal force
exerted. There was no significant gender difference in the kinetic coefficients of friction.
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It is the goal of this study to develop a real-time personal monitor capable of evaluating heat
stress and heat strain encountered by workers wearing encapsulating protective clothing. The
monitor consisting of 5 sensors and two transmitters will be a valuable tool for the purpose of
exposure surveillance and biological monitoring. In addition, the monitor will allow the
collection of field data necessary not only for addressing the research needs identified by the
National Institute for Occupational Safety and Health (NIOSH, 1986) but also for potential
design modification of protective suits.

The real-time personal monitor developed in this study is capable of evaluating heat stress and
heat strain encountered by workers wearing encapsulating protective clothing. This monitor
simultaneously characterizes the climatic conditions of the microenvironment and the
physiological responses of the worker in the protective clothing.

Specifically, the study (1) integrated temperature and humidity sensors to continuously
characterize the microenvironment in a protective suit; (2) integrate heart rate sensors and body
temperature sensors to characterize the physiological response of the person wearing a protective
suit; and (3) tested the utility of two wireless transmitters, 0.9 GHz and 2.4 GHz, to transmit the

heat stress and heat strain signals.

Methods

As shown in figure 1, the conceptual design of the heat stress and heat strain monitor consists of
two sets of sensors, transmitters and receivers. The first set of sensors and transmitters is for the
measurement of physiological responses and consists of two thermistor probes (Sensor
Scientific, Inc.), one for chest skin temperature and one for tympanic membrane temperature,
and one heart rate monitor (Polar, Inc.). The signals from these three sensors are transmitted

through transmitter #I to receiver #L.

The second set of sensors and transmitters is for heat stress surveillance based on the
measurement of the climatic condition inside the protective suit. This set of sensors and
transmitter is composed of one thermistor for temperature and one sensor for relative humidity
(Vernier Software, Inc.) and a transmitter. Signals from both sensors are transmitted through
transmitter #2 to receiver #2. Methods for real-time data collection depend on the type of
wireless transmitters.
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RH sensor. With this configuration, three levels of RH, i.e., 0%, 53% and 100%, were tested to
establish a calibration line.

Heart Rate Measurement

The heart rate (HR) monitor (Polar, Inc.) is composed of two components, a transmitter belt and
a receiver. The transmitter detects each heartbeat through two electrodes with ECG accuracy
and transmits the heart rate information to the receiver with the help of a low frequency
electromagnetic field. For each heartbeat detected, the HR monitor’s receiver receives the
transmission, and passes a 3V pulse. The reception range between the HR monitor’s transmitter
belt and its receiver should be less than 3 feet, as recommend by the manufacturer.

In this study, the receiver was placed by the forehead and was within 1-foot distance of the
transmitter belt. The reading of the HR monitor was compared to manual counting of the pulse
at the common carotid artery of the neck for a minute.

Transmitter Test

Two types of transmitters were tested in this study. One transmitter (MicroStrain, Inc.) transmits
digital signals at a frequency of 0.9 GHz, and the other transmitter (RF-Link, Inc.) transmits
analog signal at 2.4 GHz. The 0.9 GHz transmitter is powered by a 9-volt battery and is capable
of transmitting five sets of digital signals. The 2.4 GHz transmitter is powered by a 12-volt
battery and is capable of transmitting simultaneously two sets of analog signals with switching
among four channels.

Both transmitters require receivers. The 0.9 GHz transmitter uses a receiver that transmits real-
time digital signals through an RS-232 communication port to a personal computer.
Transmission of the data is controlled by an MS-DOS (Microsoft Disk Operating System)
software provided by the vendor.

The 2.4 GHz uses a receiver that transmits the analog signals and therefore requires an additional
analog/digital data acquisition board for data collection. In the present study, the 2.4 GHz
receiver was connected to a data acquisition system consisting of an A/D converter (DAS 1601,
Keithley, Inc.) controlled by an application program written in-house with TestPoint software
package (ADAC Corp.).

The sampling rate of the 0.9 GHz transmitter was set at 100 Hz, while the sampling rate of the
2.4 GHz transmitter is only limited by the A/D acquisition board and the number of channels (up
to16 channels) used. A computer equipped with a Pentium 100-MHz processor was used for
data collection.

Statistical Analysis

Correlation and regression analyses were conducted to evaluate the correlation between two sets
of measures of a specific parameter, e.g., thermistor probe’s resistance readings vs. temperature
reading of the mercury thermometer, and to establish a calibration line. Analysis of variance was
used to evaluate the differences between thermistors. All statistical analysis was conducted
using a personal computer with statistical analysis procedure in the Microsoft Excel spreadsheet.
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The test results of two wireless transmitters, operating at 0.9 GHz and 2.4 GHz, respectively,
showed that each transmitter has its advantages and disadvantages. While the 0.9 GHz
transmitter can easily transmit signal from the thermistor probes and heartbeat monitor, it can not
take the signal directly from the humidity sensor. As for the 2.4 GHz, while it can transmit the
heartbeat signals in its current configuration, it does need an additional transducer to transmit the
signal from the relative humidity sensor. In this study, we have built a simple oscillator circuit
that allows the transmission of relative humidity sensor's signal.

Based on the results of the present study, the design of the real-time personal monitor for heat
stress and heat strain would consist of three thermistor temperature probes, a relative humidity
sensor, a heart rate monitor, one 0.9 GHz and one 2.4 GHz wireless transmitters. The 0.9 GHz
transmitter will be used to transmit signals from the three thermistor probes. One thermistor
probe will be used for air temperature and the other two thermistor probes will be used for body
temperature, measured either at skin surface of different location or at the mouth or in the middle
ear.

More tests and developmental work should be conducted to optimize the design of the real-time
personal heat stress - heat strain monitor. One consideration is the cost. While the 2.4 GHz
transmitter costs less than $200 a pair, the 0.9 GHz transmitter and receiver set costs more than
$1,500. To reduce the cost of the real-time heat stress - heat strain monitor, it is preferable to use
the 2.4 GHz transmitter. However, it would require the conversion of DC signals from the
temperature sensor to AC signal and a remote, automated channel switch. The is due to the fact
that the 2.4 GHz transmitter/receiver in its current package only accepts AC signals and allows
the transmission of two sets of signals on one channel at a time, despite of the four channels
available, Our laboratory is working on building an inverting amplifier so that all sensors could
be connected directly to the 2.4 GHz transmitter and receiver.

Conclusion

This study demonstrated the feasibility of integrating sensor technology and wireless
transmission technology for the heat stress and heat strain surveillance in the defense / nuclear
industry. This real-time heat stress - heat strain monitor is not only useful as a research tool to
elucidate the relationship between heat stress (within-suit microclimate) and heat strain but also
of great utility for exposure surveillance in the field.
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Thus, after completion of the LANL machinist pilot project (see below) we decided to proceed
with the following two projects to achieve goals 2) and 3) formulated above. We:

(1)  evaluated the effectiveness of the hearing loss prevention program at LANL, since for
this chronic sensori-neuronal disorder we were able to obtain systematic outcome
information for LANL workers;

(2)  used data collected and documented by the occupational physician of the Fernald nuclear
facility to evaluated the effect of combined exposure to chemicals and radiation on cancer
mortality in nuclear workers.

In the following we will first describe and make some recommendations concerning the LANL
medical and industrial hygiene surveillance programs. Second, we will report the results of our
machinist pilot project, followed by a brief report of results from our Fernald nuclear worker
mortality study (publications are included into this report). Last, we will present our evaluation
of the LANL hearing loss prevention program.

Medical Surveillance at LANL

The medical surveillance at the LANL focuses on surveillance required by regulations and
certification programs such as human reliability tests required for firefighters and for workers
using respirator equipment as well as ‘fitness for duty’ exams. LANL-UC employees are invited
to medical examinations in 1-, 2-, and 4-year intervals, depending on age and membership in 62
surveillance or certification categories (see attached list 1, attachment). Depending on which
surveillance category a worker qualifies for, exams include any of 26 routine medical tests (see
list 2, attachment). The only chemical for which biological monitoring data is routinely collected
is blood lead.

The medical staff performs between 5,000 and 6,000 exams annually. Every LANL employee is
invited for new-hire, work-termination, and possibly some periodic exams. While the new-hire
exam is required by laboratory policy, termination exams are required only for a subgroup of
employees, and periodic exams can only be offered when the medical department has the
capacity to perform medical exams apart from those required. Employees are free to deny the
offer of non-required exams. Members of the medical department felt that the acceptance rate
for periodic exams decreased due an increased participation of the occupational medical facility
in drug- and alcohol-screening programs which created some reluctance to accept non-required
medical benefits.

Employees who return from sick leave after more than five days are required to be examined by
occupational medicine staff before they are allowed to return to work. Shorter absences are not
documented in the files of the occupational medicine department. Medical histories and test
results are recorded in a standardized manner and retained almost exclusively in hardcopy format
in employee’s files. For some medical test procedures, such as audiometry tests, computerized
data are available.

Furthermore, the medical department also offers human reliability exams and drug testing and

new-hire and termination exams to employees of the two main subcontractors at LANL (1500
craft employees and about 500 professionals). An arrangement has been made to report all on-
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the-job injuries and illnesses of subcontractor employees to the occupational medicine
department as well.

Recommendations
We strongly recommend that all medical test results are stored with a personal identifier and are

available in computerized format.

Industrial Hygiene Surveillance at LANL

It is the task of the industrial hygiene/health and safety group at LANL to identify and refer
employees for inclusion in any of the medical surveillance programs. The UCLA team learned
that in the early 1990s LANL began to integrate the medical and industrial-hygiene systems.
Some of these efforts were required by the Laboratory’s UC contract as well as by DOE-orders
(DOE 5480.8A, 5480.10, 5480.4, 5483.1A) and enhanced by a peer-review process involving all
three UC Laboratories (Berkeley, Lawrence Livermore, LANL). They were initiated in 1993
and focused on a medical and industrial hygiene interface to integrate data across the two
systems, i.e., across the medical and exposure surveillance databases.

The industrial hygiene group at LANL created databases to be integrated into a “health-hazard-
assessment” (HHA) system. The HHA system is based on operation code data, an assessment of
the types of chemicals used, the expected dose (which might depend on vapor pressure and
particle size etc.), the duration and frequency of exposure, toxicity, and an evaluation of whether
protective control measures are non-existent, effective or non-effective. Also, different from
other systems previously used this system systematically collects personal identifiers for all
workers involved in operations and processes evaluated. A final score based on all of the
collected IH-data guides the development or improvement of protective controls and/or medical
surveillance activities.

The content of the HHA system is based on general criteria previously established by IH to
evaluate work place hazards. Nevertheless, previously field notes have been kept as individual
documents. Since they were not sufficiently standardized, they provided only a fragmented view
of hazards in the workplace. Furthermore, these documents were not available to medical-care
providers and, thus, could not be used as a guide to potential health hazards encountered by
employees in the work place.

The main databases (first established in 1993) that contributing to health hazard assessment at
LANL are:

¢ An automated chemical inventory system (all chemical substances for which Material Safety
Data Sheets (MSDS) exist). This database is linked to procurement and allows the industrial
hygienist to know which chemicals are bought and used at the facility. A 1991 baseline
inventory of chemicals is regularly beingupdated. The system is further fed by annual
reconciliation updates that tracks movement of containers once each year and chemical
disposal records. This system tracks about 250,000 containers (95% of all chemical
containers at the facility), of which 170,000 are in active use.

e A second database contains information on carcinogens only. This database identifies
individual employees who use each carcinogen and the processes in which they are used. The

154















hearing loss can be examined epidemiologically after linking information from medical and
industrial hygiene records.

Description of the LANL Hearing Conservation Program

The Hearing Conservation Program (HCP) has been designed to protect employees against
hearing loss. LANL utilizes Air Force Regulation (AFR) 161-35 as recommended by DOE-
Albuquerque [7]. Industrial Hygiene and Medical departments developed the LANL- HCP
based on AFR 161-35 and Occupational Safety and Health Act (OSHA) 29 CFR 1910.95,
Occupational Noise Exposure. Impact/impulse noise is being controlled based upon the
threshold limit values of the American Conference of Governmental Industrial Hygienists.

The HCP applies to all LANL employees who are exposed to noise levels at or above fifty
percent of the Occupational Exposure Limit (OEL), that is at 85 dB or more of A-weighted
sound pressure level for eight hours in any 24-hour period or an equivalent exposure at higher
levels for shorter times according to AFR 161-35. Employees, supervisors or health and safety
personnel may request to enroll an employee in the HCP. Machine shop employees are
automatically entered into the HCP regardless of the noise exposure. Supervisors, employees or
health and safety personnel may request to remove an employee from the HCP. Usually, the
reasons for removal are a change into a job without noise exposure or retirement. According to
the LANL-HCP description, an employee is removed from the HCP whenever noise exposures
above the action level no longer occur (action level is an 8-hour time weighted average of 80
dBA or a noise dose of 50% of the permissible OEL).

The purpose of the Hearing Conservation Program is to identify and characterize high noise
areas, conduct measurements, and implement controls to reduce employee exposures to
workplace noise. The HCP components include:

e A monitoring program designed to identify potentially high noise levels in the workplace
Identification and notification of employees routinely exposed to hazardous noise

* Recommendation of engineering controls to reduce workplace noise and hearing protection
for employees in potentially high noise areas
Employee training (initial and annual)
Audiometric testing and physician review

e Evaluation, investigation and reporting of suspected noise-induced hearing loss

LANL HCP includes all components recommended by NIOSH, except one. There is no program
effectiveness evaluation component included in the LANL HCP.

Noise monitoring program

Description
Noise exposure monitoring is conducted via three noise surveys.

1. Walk around survey. A general survey is conducted to determine the locations and

boundaries of hazardous noise areas. It is usually done with a Type 2 sound level meter and
the results are used to plan a work shift sampling strategy.
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but the majority of samples were area noise measurements and only a small number (about 5%)
were personal measures. We found that most area noise measurements had been performed in
Technical Area (TA) 3 which houses various shops including the machine shop and in TA 53.
Unfortunately, we found that it was impossible to link measured workplace exposure levels to
individual workers because the audiometric database does not contain worker location
information, and no database exists or was made available to us that contains worker location
and, thus, would allow us to match existing area noise measurements to individual workers. In
fact, we were able to match only 155 individuals across all three available databases, and for no
more than 106 of these workers personal noise measurements were available. This small group
will be the basis for our analyses and we will refer to this group in the following as ‘workers
with noise measurements’ (WWNM).

In Tables 1-3 we show the proportion of workers at LANL who experienced hearing loss in at
least one ear according to different definitions and for two groups, i.e. workers with both
audiometric and noise level measures (WWNM) and workers for whom we have audiometric
data only. The OSHA definition - defining a change in hearing threshold for an average of 10dB
or more at 2,3,4 kHz in either ear relative to a baseline audiogram [6]- clearly provides the most
sensitive definition. According to the OSHA criteria, about one third of all workers for whom
we have noise measurements experienced a loss in at least one ear while such a threshold shift
was less prevalent among all workers ever tested audiometrically, about a quarter of them
exhibited a shift. The observed crude difference between these two groups of workers persisted
independent of which hearing loss definition was employed. Thus, the comparison might suggest
that workers for whom industrial hygienists at LANL measured noise were not only a more
highly exposed group but also experienced subsequent hearing loss at a higher rate.

For our preliminary comparisons of noise exposed with non-exposed workers we chose the
OSHA standard threshold shift definition but relied on a threshold shift in both rather than either
ear. We based this decision on our observation that audiometric data provided in the
computerized database was not systematically corrected for measurement errors due to the
failure of a worker to respond properly during audiometric testing. Thus, we believe that a shift
in both ears can be considered a more reliable outcome. All comparisons presented are based on
the difference between the first and last available audiometric test result. The follow-up period
for audiometry among workers with noise measurements ranged from 0.6 to 20.6 years with a
mean of 12.2 years. The earliest threshold shift increases for both ears were observed after a
minimum 5-year difference between first and last audiometric test, but mostly shifts were
observed after 15-20 years of follow-up and a minimum age of 40 years at the time of the last
test. Thus, as expected, the proportion of workers who developed hearing loss increased as more
time elapsed between the first and last available audiometry test result and as the population
grew older.

Among the 106 noise monitored workers 52% had reportedly been exposed to noise levels of 85
dBA or more. Occupational hearing loss is expected to be bilateral and 24 workers (22.6%) in
the WWNL group developed bilateral hearing loss (Table 5). Furthermore, 57 WWNL workers
(53.8%) experienced hearing loss according to the OSHA criteria in at least one ear. Comparing
the 106 exposed WWNL workers (>=85dBA) with those unexposed (<85dBA) we estimated a
2.8-fold increase in the risk for hearing loss (crude OR=2.81; 95% confidence limits 1.5, 7.5;
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Research Activities

6. Assessing Risks from Exposures to Multiple Physical and Chemical Agents

Exposure to ionizing radiation in combination with chemicals is an important problem in many
developed countries and is likely to be an issue in developing countries. Not only a growing
concern at many hazardous waste sites, where various radioactive and toxic chemical wastes are
buried, aggregate exposures to these two classes of hazardous agents are also common in the
military, in the defense nuclear industry, and in many research laboratories. Moreover, in both
the medical research and medical service sectors of modern economies, mixed exposure to
ionizing radiation and certain chemicals can frequently occur. Mixed exposure to ionizing
radiation and chemicals is also expected to be an important issue for many of the emerging
research and technology industries in developed countries.

Very little quantitative analysis is currently available on the cumulative effects of exposure to
multiple hazardous agents that have either similar or different mechanisms of action. Over the
past several years, efforts have been made to develop the methodologies for risk assessment of
chemical mixtures, but mixed exposures to two or more dissimilar agents such as radiation and
one or more chemical agents have not yet been addressed in any substantive way. To address
this issue, we carried out a review and evaluation of the current understanding of the health risks
arising from mixed exposures to ionizing radiation and specific chemicals. We compiled
information on how radiation/chemical exposures, when evaluated in aggregation, were linked to
chronic health endpoints such as cancer and intermediate health outcomes such as chromosomal
aberrations. We also consider the extent to which the current practices are consistent with the
scientific understanding of the health risks associated with mixed-agent exposures. From this we
identified research needs for assessing the cumulative health risks from aggregate exposures to
ionizing radiation and chemicals. Our evaluation indicates that essentially no guidance has been
provided for conducting risk assessment for two agents with different mechanisms of action (i.e.,
energy deposition from ionizing radiation versus DNA interactions with chemicals) but similar
biological endpoints (i.e., chromosomal aberrations, mutations, and cancer). Our analysis
reveals the problems caused by the absence of both the basic science and an appropriate
evaluation framework for the combined effects of mixed-agent exposures. This makes it difficult
to determine whether there is truly no interaction or somehow the interaction is masked by the
scale of effect observation or inappropriate dose-response assumptions.

This effort resulted in a proposed framework for measuring and evaluating radiation/chemical
exposures. This framework was applied to workers at the U.S. Department of Energy Savannah
River Site in South Carolina where exposures to both benzene and ionizing radiation have been
measured. The key findings and recommendations from this study are the following:

1) The environmental health sciences community needs an evaluation framework that makes
possible consideration potential interactions between chemical agents and ionizing radiation.

2) The limited power of epidemiological studies may be inadequate to uncover the potential
synergisms that would be important from a policy perspective.

3) Carefully designed studies of chromosomal aberrations may have the potential to reveal the
synergisms caused by mixed exposure to genetoxic agents.
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4) The environmental health community needs standardized procedures for characterizing the
risks of mixed-agent exposures.

5) Uncertainties in extrapolation from experimental data to human risks must be properly
characterized.

6) Risk assessment guidance must be explicit on procedures to address the combined effects of
mixed-agent exposures.

7) There is an absence of case studies on the health effects of mixed-agent exposures.

Waste Incinerators as Case Study of Failure to Address Worker Exposure

Waste incineration has emerged over the last century as a viable strategy for (a) reducing the
volume of municipal waste, (b) for reducing substantially the volume of chemical and biological
hazardous wastes, (c) for destroying medically contaminated hospital waste, and (d) for
producing energy. Whether waste incineration poses a health risk to occupational and residential
populations has been the subject of continuous scientific debate. In November 1999, the
National Research Council released a report titled "Waste Incineration and Public Health" that
addressed pollutant emissions, exposures and health risks from waste incineration. We carried
out a study to provide some background both on the health issues that have emerged for waste
incineration and to discuss some of the issues raised in the NRC report. This work was
published in the journal Environmental Science and Technology. In this report, we identified
three areas in which the limitations and uncertainty in the data impact health effects assessments.
First, there is very little emissions data for any event other that normal operation. Second, we
still lack data needed to characterize intermedia transfers of emitted chemicals from ambient air
to food webs and to indoor environments. Third, we note that the existing framework used to
assess human exposures and health effects from incinerators has focused on local populations but
excluded both workers and the larger regional populations.

Workers at incinerators are and understudied and important population for exposures to multiple
chemical agents. Workers come into close contact with not only the stack emissions, but also
with toxic pollutants captured in the air pollution control equipment, including electrostatic
precipitators and bag houses. These must be cleaned out periodically, and high concentrations of
dioxin and various metals have been measured in the air during these operations. Both personal
and area sampling of workers cleaning out electrostatic precipitators at municipal incinerators
demonstrated exposures greatly in excess of recommended limits for dioxins and metals (arsenic,
lead, cadmium and aluminum). Elevated levels of dioxin and lead have been reported in the
blood of municipal incineration workers. Higher concentrations of hydroxypyrene in the urine of
municipal incineration workers indicate exposure to higher levels of polycyclic aromatic
hydrocarbons; similarly, higher levels of urinary mutagens have been reported among refuse
incinerator workers.

Research Products
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