


PREFACE oy

The Hazard Evaluations and Technical Assistance Branch of NIOSH conducts field
investigations of possible health hazards in the workplace. These
investigations are conducted under the authority of Section 20(a)(6) of.the
Occupational Safety and Health Act of 1970, 29 U.S.C. 669(a)(6) which .
authorizes the Secretary of Health and Human Services, following a written.
request from any employer or authorized representative of employees, to
determine whether any substance normally found in the place of employment has
potentially toxic effects in such concentrations as used or found.

The Hazard Evaluations and Technical Assistance Branch also provides, ‘upon .
request, medical, nursing, and industrial hygiene technical and consultative
assistance (TA) to Federal, state, and local agencies; labor; industry and
other groups or individuals to control occupational health hazards tnd to
prevent related trauma and disease.

Mention of company names or products does not constitute endorsement by the
National Institute for Occupational Safety and Health.
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II.

III.

ANTRODUCTION

On August 14, 1984, the National Institute for Occupational Safety and
Health (NIOSH) received a request for a Health Hazard Evaluation from
the International Brotherhood of Painters and Allied Trades of United
States and Canada (painters union) at Electric Boat Division of General
Dynamics Corporation, Groton, Comnecticut. The request was concerned
with the potential for reproductive effects among male workers exposed
to glycol ethers (Cellosolves: 2-ethoxyethanol, 2-methoxyethanol,
2-butoxyethanol) during ship painting operations at this facility. The
request was a result of published information implicating glycol ethers

as having the potential for causing adverse reproductive effects in
both male and females.

2-ethoxyethanol (2EE) is the primary solvent in epoxy paints used at -
this shipyard. Approximately 800 painters are potentially exposed to
2EE during the application of coatings at various stages in the
construction of nuclear submarines. An industrial hygiene survey was
conducted by NIOSH between December 3-7, 1984, A separate medical
evaluation was conducted by Yale University and is reported elsewhere.

BACKGROUND

The Electric Boat Division of General Dynamics Corporation constructs
and retrofits nuclear submarines under contractural agreement with the
United States Navy. The two types of submarines manufactured at
Electric Boat are the Trident class and the Fast Attack Class.
Electric Boat employs about 25,000 workers (predominantly trades
people), approximately 800 of whom are painters.

Painters are engaged full-time in a variety of painting operations
including brush painting, spray painting, mixing, and sand blasting.
They use a significant amount of paints and thinners which contain from
5-60% 2-ethoxyethanol (2EE) and 2-methoxyethanol (2ME). They often
work in enclosed spaces. The glycol ethers are found as constituents
and thinners for epoxy paints. These paints are used extensively in
ship building. At Electric Boat, over 40,000 gallons of one epoxy
paint alone (Savapon), containing 10X 2ME have been used. The game
paint contains 5X 2EE in the color component, 25X 2EE in the cure
component and 25% 2EE in the thinner. Epoxy paints are used to paint
inside tanks and missile tubes, as well as the exterior of the ships.
Mixing and brush painting often take place without respiratory
protection; spray painting is usually done with an air supplied
respirator. NKIOSH previously conducted a health hazard evaluation
(HETA 78—135 1333) in this shipyard and measured 108 mg/m> of 2ME and
27-475 mg/m3 of 2EE during painting operations. Industrial hygiene
sampling performed by General Dynamics indicated: wup to 30 ppm

(93 ng/n ) of 2ME during a mixing operation, levels up to 27 ppm

(84 mg/m3) of 2ME in areas 10 feet from a spray operation, and one
sample with 400 ppm (1474 ng/m3) of 2EE in a closed space operation.
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B. Biological

Urine specimens were collected in a polyethylene cup and then split
into two separate scintillation vials, labeled and frozen for
shipment to the analytical laboratory. Samples were analyzed for
the glycol ether metabolites 2-ethoxyacetic acid (EAA),
2-methoxyacetic acid (MAA), and 2-butoxyacetic acid (BAA)
accordingto the method developed by Smallwood, et. al.? Urine
samples were also analyzed for creatinine. (The urine creatinine
concentration, by itself, has no medical interpretation, it is used
to standardize the measured concentrations of the other
substances.) Two hundred fifty-four (254) specimens were submitted
for analysis (total 508 vials). Pre- and post-shift urine
specimens were collected from the 36 workers being air monitored on
2-4 consecutive work days in an attempt to determine if any
correlation could be demonstrated between exposure to the glycol
ethers and excretion of the metabolites in urine.

V. EVALUATION CRITERIA

As a guide to the evaluation of the hazards posed by workplace
exposures, NIOSH field staff employ environmental evaluation criteria
for assessment of a number of chemical and physical agents. These
criteria are intended to suggest levels of exposure to which most
workers may be exposed up to 10 hours per day, 40 hours per week for a
working lifetime without experiencing adverse health effects. It is,
however, important to note that not all workers will be protected from
adverse health effects if their exposures are maintained below these
levels. A small percentage of workers may experience adverse health
effects because of individual susceptability, a pre-existing medical
condition and/or by a hypersensitivity (allergy).

In addition, some hazardous substances may act in combination with
other workplace exposures, the general environment, or with medications
or personal habits of the worker to produce health effects even if the
occupational exposures are controlled at the level set by the
evaluation criteria. These combined effects are often not considered
in the evaluation criterion. Also, some substances are absorbed by
direct contact with the skin and mucous membranes, and thus potentially
increase the overall exposure. Finally, evaluation criteria may change

over the years as new information on the toxic effects of an agent
become available.

The primary sources of environmental evaluation criteria considered for
this study were: (1) RIOSH criteria documents and recommendations, (2)
the American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold Limit Values (TLV's), and (3) the U.S. Department of Labor
(OSHA) federal occupational health standards. Often, the NIOSH
recommendations and ACGIH TLV's are lower than the corresponding OSHA
standards. Both NIOSH recommendations and ACGIH TLV's usually are
based on more recent information than are the OSHA standards. The OSHA
standards also may be required to take into account the feasibility of
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Based on the animal evidence of the reproductive toxicity of 2EE, NIOSH
has recommended that the current OSHA PEL of 200 ppm (8-hour TWA) be '

reexamined and that exposures to 2EE be reduced to the lowest extent
feasible.b

VI. RESULTS ARD DISCUSSION
A. Environmental

Glycol ethers were found only in those bulk samples expected to
contain glycol ethers although some discrepancies existed between
hazard communication listings of components and those identified by
analysis. 2-Methoxyethanol, for example, was not found in any of

the bulks though it was expected, and appeared in some of the air
samples.

All of the blank samples (not exposed to 2EE but handled as field
samples) were analyzed as non-detectable. Fourteen blank samples
were submitted for analysis. The absence of any detectable
quantities of 2EE on the blank samples confirms the absence of

contamination either in preparation, Bhipping, and laboratory
analysis.

The results of environmental air samples for 2-ethoxyethanol are
shown in Table 1. The Table also includes the results of pre and
post-shift concentrations of ethoxyacetic acid for each worker.
Other variables presented in the Table include: numerical values
ratings for physical activity, skin exposure, and respirator usage;
method of painting; which paint was used; temperature in the work
environment; actual number of hours spent painting; and the
location where the painting took place.

Of the 102 samples analyzed for 2EE, 14 were below the detection
limit of 0.01 mg/sample. With the same analytical sensitivity for
2ME, 50 out of 102 samples were undetectable. Only one sample,
that of a painter performing brush painting out-of-doors, contained

butoxy ethanol (6.01 mg/m3). This sample contained no detectable
2EE or 2ME.

None of the sample results exceeded the OSHA PEL's for 2EE, 2ME, or
2BE. Only one (1) sample exceeded the ACGIH TLV for 2ZME, but .
eleven (11) sample results exceeded the TLV for 2EE.

A summary of exposure by work location appears in Table 3.
However, since workers' assignments are constantly changing, this
information is of little use in determining cumulative exposure
potential. On any given day; any worker could be assigned to any
area. Nonetheless, the highest measured exposures aseemed to

cluster in the most confined spaces and in those being intensively
painted.
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ﬁI.

The data was also analyzed to compare the activity adjusted air
concentration to the effect of wearing a respirator vs. not wearing
a respirator. The results indicated a respiratory protection
factor of somewhat less than two, which is at the lower end of

in-use protection factors measured for other agents in other
industries.17,18,19 This finding could be explained if skin absorpt

ion proved to be a significant route of entry for EE in these workers

A similar analysis of the data was performed to assess the relative
importance of direct inhalation exposure and skin absorption (as
indicated by visible contamination of the skin with paint at the
end of the shift) on total EE absorption. Overall, the researchers
reported that although some skin absorption was indicated, this
factor did not achieve statistical significance. It was estimated
that of the total amount of EE absorbed, inhalation was likely to
have been 3-5 times as large a source as dermal absorption for this
group of workers. It would not be inconsistent to report that
direct air inhalation could have accounted for essentially all of
the total EE absorption observed.

SIONS ATIONS

us ]

Based on the results of this investigation it is concluded that a
potential health hazard existed at the time of this study due to
painters' exposure to 2-ethoxyethanol.

In the effort to study the health effects of workplace chemical
exposures, estimation of the dose received is always the most elusive
term. Historical exposure data is often scarce, inadequate, not
comparable with current methods of data collection, or inaccessible.

In a shipyard situation such as this, accurate assessment of even
current exposures is exceptionally hard to attain because of the
extreme variability of conditions. Different materials are used and
even the configuration of the work spaces changes as a ship progresses
toward completion. Even the number of painters assigned to the same
space can change exposure levels. Because of the variability of the
jobs, with painters moved freely from location to location, and working
with different paints, it is a difficult task to attempt to categorize
a vorker's potential exposure level by any of these factors. As a
result of this investigation, NIOSH has developed an additional tool to
aid in the evaluation of worker exposure to glycol ethers: a
biclogical monitoring method. This method, together with the
pharmacokinetic models tested by Dr. Hattis, et al, provides a uaeful
measure of an employee's total exposure to these solverits.

Recommendatjons

1. Worker exposure to glycol ethers should be reduced to the lowest
extent feasible. In this regard, substitution for the glycol
ethers with less toxic materials would achieve the optimum result.
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VIII.

3-

However, it is understood that the paints must meet strict
Department of the Navy specifications and substitution may not be
possible until the Navy changes their specifications.

Employees who are required to use glycol ether based paints should
be provided with, and required to use, proper personal protective
equipment, including respirator with organic vapor cartridge,
impervious coveralls and gloves.

A continuous program of industrial hygiene assessment should be
instituted for the painters. Since solvents are used in varying
quantities and conditions, frequent sampling for exposures is
essential.
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TRELE 1 = Electrac Boat - HETA Bé-474 (Continued)

ID DAY PEZ POST  AIR CON Activity SEIN EX RESP USE Type Paint TEMF HOURS Location
sg EEA/ wmg EER/ g EE/  1=lipht O=none 1=ro
g creat g creat cu e Csheavy 2=signif respirator
3 28 16 .17 1 0 1 spray Sav, Un BO 1 AMR 719
24 35 10 3.02 2 2 0 spray oil B0 6 Fan 719
S 27 21 5.7 2 0 0 spray oil BS 4 Fan 719
b 26 20
4 18 W {0.45 2 0 1 brush Savapon 80 2 ANR 720
RAE 25 16 10.%% 1 0 i brusk Savapon B85 1 AMR 720
b 20 13 3.60 1 0 i1 none none B3 0 AMR 720
T b 3 3.2 1 ¢ 1 brush Blac Po 75 6 0'head 73
T I | ND 13 2.11 2 1 1 brush Blac Po B0 b Fan 731
b (b [} 4,00 1 1 1 brush Blac Fo B85 6 Fan 731
6 ND [}
o (8 4 2.8 1 0 1 prush Savapon B0 & ER 720
354 9 10 4B.4) 2 0 0 brush Savapon B0 7 ER 720
5 12 15 2.47 i ¢ 0 none  none B85 4 UL 720
6 10 )
3 W 2] 5.05 1 0 1 brush Savapon BO 1@ 732
3 4 KD 3 5.04 1 0 1 brush Savapon BO 4 EW 732
$ ND I 1113 2 1 I brush Savapon BS 4 ER 722
b B 10









Table 3.1
Shipyard Painter Database

WORKER DAY PRESHFT POSTSHIFT  AIRCONC ACTIVITY RESPUSE SKINEX

NUMBER Mg EAA mgEAA Mg EE  (lesanding (1=No (0 = none
g Creatinine g creannine cubic meter 3 = heavy lifL) respirator)  2=signif.)
1 3 99 6 1.70 3 1 _
4 S 3 4.10 1 0 1
5 2 1 2.18 2 0 0
6 2 99 -99.00 9°° 9 9
2 4 36 64 44.01 2 1 1
S 61 54 16.99 1 1 0
6 57 44 60 1 1 0
7 39 -99 -99.00 9 9 9
3 4 1 4 5.23 1 1 1
5 1 11 56.03 1 1 0
6 16 13 4.83 1 1 1
77 -9 99.00 9 9 9
-4 4 14 11 60 1 1 1
5 7 17 2.12 2 1 o
6 ? -99 3.23 1 1 0
7 20 -99 -99.00 9 9 9
5 4 -99 -99 22.94 2 1 1
s -9 -99 7.14 2 1 1
6 -99 -99 -99.00 1 1 0
6 4 36 38 7.58 2 1 1
5 47 47 6.38 2 1 1
6 -99 55 8.30 1 1 0
7 34 -99 -99.00 9 9 9
7 3 5 6 291 1 1 0
4 -99 6 4.79 1 1 1
5 6 9 - 6.58 1 0 0
6 8 13 -99.00 9 9 9

* .99 signifies missing data for the urinary measurements of ethoxyacetic acid and the air
measurements of ethoxyethanol.

** 9 signifies missing data for the activity, respirator use, and skin exposure ratings.
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Table 3.1, Continued

2
1
p
-99

2
21
18
14

(1=standing

{(l1=No

SKINEX
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cubic meier 3 = heavy lifL) respirator)  2esignif.)
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1.06
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-99.00
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18.89
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Table 3.1, Continued

WORKER DAY PRESHFT POSTSHIFT AIRCONC ACTIVITY RESPUSE SKINEX

NUMBER mpEAA mpEAA g EE  (l=sianding (1 =No (0 = nonc
g Creatinine g creaonine cubic meter 3 = heavy lift.) respirator) 2=signif.)
23 3 12 14 8.19 1 1
4 16 10 3.13 2 1 1
5 16 10 7.29 1 1 0
6 16 8 9900 9 9 9
24 4 1 1 4.11 1 1 1
8 2 5 2:17 1 1 0
6 S 2 .99 1 1 0
7 1 -99 -99.00 9 9 9
25 3 <99 6 92 3 1 1
4 6 5 1.05 1 1 0
S 7 6 6.85 1 1 1
6 5 10 -99.00 9 9 9
26 4 6 8 3.08 2 1 1
5 11 16 6.27 1 1 0
6 10 16 0.48 1 1 0
7 13 -99 -99.00 9 9 9
27 3 5 16 7.45 3 1 1
4 -99 - 2.17 1 1 0
5 10 -99 -99.00 9 9 9
28 3 1 1 2.60° 1 1 0
4 2 5 3.21 2 0 2
5 1 1 3.91 2 0 2
6 1 1 -99.00 9 9 9
29 3 1 3 11.64 1 1 0
4 6 8 3.33 2 1 1
5 2 5 1.31 2 1 0
6 3 4 -99.00 9 9 9
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S-5

Table S-1

Predicted Urinary Excretion Of Ethoxyacetic Acid at Uarious Times
During Successive Daily 8-Hour Occupational Exposure to 5.65 ppm

Ethoxyethanol (20 mg/m3)
Time After "Less Simple Model" Predic- "70-Hr Model Predic-
Start of tions (Best Estimate Model). tions (Plausible Upper Bound)
Exposure (ug EAA/min. (mg EAA/g (ug EAA/min. (mg EAA/g
(min.) excreted) creatinine®) excreted) creatinine)
Day 1 Post-shift 15.73 12.52 12.39 9.86
(420 min)** :
Day 2 Pre-shift 12.67 12.54 1327 13.14
(1380 min)***
Day 2 Post-shift 24.33 19.37 24.65 19.62
(1860 min)
Day 3 Pre-shift 20.37 20.17 23.12 23.48
(2820 min)
Day 3 Post-shift 30.88 24.58 34.32 27.32
(3300 min) R b
Day 4 Pre-shift 25.04 24.79 31.96 31.64
(4260 min)
Day 4 Post-shift 34.85 27.75 4193 33.38
(4740 min)
Day 5 Pre-shift 27.88 27.60 38.46 38.08
(5700 min)
Day 5 Post-shift 37.27 29.67 47.93 38.16
(6180 min)
4 Day Ave Pre-shift 21.49 21.28 26.85 26.59
5 Day Ave Post-shift 28.61 22.78 32.24 25.67

* Assuming 1.7 g per day of overall creatinine excretion, and diurnal changes in creatinine
exccretion as given by Lakatua et al. (1982)--See Table 3.3 on p. 50. This results in
expected creatinine excretion rates of (.8559*1700 mg/day)/1440 min/day = 1.01 mg/min
for the two hours preceeding a 9:00 A.M. "preshift" collection, and (1.034*1700)/1440 =
1.256 mg/min for the two hours preceeding a 5:00 P.M. "postshift" collection. :

** The data given here are the expected instantaneous rates of delivery of ethoxyacetic acid
to the bladder. The 420 minute point is approximately the average rate that might be seen in
a urine collection after an 8 hour shift, assuming that the urine has accumulated in the
bladder between the 6- and 8-hour time points after the start of the workday. _

*** By the same reasoning as given for the post-shift time points, the pre-shift urine
samples are assumed to represent a two-hour accumulation of urine that was delivered to the
bladder on average 23 hours after the start of the previous day's workshift.



S-6

(1) Measurements of relevant blood/air and tissue/air partition
coefficents for EE, ethoxyacetaldehyde, and EAA.

(2) In clinical settings such as those used by Grosenekent et al.
(1986a,b; 1987a,b), measurements of blood concentrations of
ethoxyacetaldehyde and EAA. This might allow more definitive
estimation of

(a) rates of the two steps of metabolism for the aldehyde
dehydrogenase pathway (from EE to ethoxyacetaldeyde, and
from ethoxyacetaldehyde to EAA),

(b) the fraction of EE that is metabolized via the aldehyde
dehydrogenase vs "other" pathway(s)

(c) rates of tissue storage and release of ethoxyacetaldehyde, and
return from storage. (Some aspects of the Groseneken et al.
1986a,b results suggest that the usual pharmacokinetic
modeling assumption of equilibration between tissue levels
of EE, emoxyacetaldehydc, and EAA, and the levels in
venous blood exiting the tissues may be leading to
inaccuracies.)

(3) Analogous pharmacokinetic studies in animal systems where male
and female reproductive effects have been measured.

(4) Observations in human workers of the decline in urinary EAA
excretion rates over several days of no exposure (including diurnal
fluctuations in excretion). This would both allow resolution of
some important uncertainties in the construction of human
pharmacokinetic models, and assessment of human mtcnmdwxdual
variability in EAA excretion.
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1. INTRODUCTION

L1 _Goals of the Analysis

This is the fourth in a series of research efforts to improve the state of
the art of risk assessment by making use of more detailed information on the
biological processes by which specific agents are processed and cause harm in
biological systems.*

Ethoxyethanol (ethylene glycol ethyl ether) (EE) and other glycol
ethers are widely used as solvents in inks, paints, varnishes and products used
in servicing automobiles (Veulemans et al., 1987; US EPA, 1984). Extensive
animal studies indicate that the aldehyde and/or acid metabolites of glycol
ethers produce testicular toxicity and infertility in males (Beattie et al., 1984;
Chapin and Lamb, 1984; Creasy and Foster, 1984; Creasy et al., 1985; Foster
et al., 1984, 1986, 1987; Hardin et al., 1984; Hurtt and Zenick, 1986; Moss et
al., 1985; Oudiz and Zenick, 1986) and embryotoxicity and developmental
anomalies in pregnant females (Anderson et al., 1987; Andersen and Hardin et
al.,, 1984, 1987; Hawley et al., 1984a,b; Hardin and Eisenman, 1987; Johnson
et al., 1984; Nelson et al., 1984; Toraason et al., 1986; Tyler et al., 1984;
Wier et al, 1987; Zenick et al., 1984). This report lays the groundwork for a
quantitative assessment of these effects in human workers. We construct and
test a series of semi-empirical** pharmacokinetic models of the processing of

* The three previous analyses (on perchloroethylene, butadiene, and ethylene oxide) all
applied physiologically-based pharmacokinetic modeling techniques to chemicals where the
primary concern is carcinogenesis. Moreover in each of those cases it was reasonable to
postulate a primary genetic mechanism for the carcinogenic action--direct reaction of the
agent (ethylene oxide) or a metabolite (perchloroethylene, butadiene) with DNA. The ideal
goal of the modeling in those cases was therefore to calculate the integrated sumof .
concentration X time of DNA-reactive material available in the different species as a function
of the levels and durations of external exposure. Although the precise mechanism of action
of the glycol ethers in producing reproductive effects is not known, it seems reasonable to
suspect that damage may result from maintaining a critical concentration of active
metabolites at the site(s) of action for a defined time. In this case, therefore, it may be much
more important to have a dynamic model capable of determining peak levels of internal
exposure, and the duration over which alternative hypothesized critical internal
concentrations are maintained.

** As discussed in Section 2, due to the complexity of the two-step metabolism of
ethoxyethanol (via ethoxyacetaldehyde to ethoxyacetic acid), some peculiarities of the:
findings of Groseneken et al. (1986a,b), and the lack of relevant data on partition _
coefficients, construction of a full physiologically-based pharmacokinetic model would
require estimation of too many unknown parameters for the available information.
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controled clinical experiments. Nevertheless, as will be seen, there are
significant ambiguities that can lead to a number of different plausible
interpretations of the data which we will represent in alternative model
formulations. The construction and fiitting of the alternative models from
these data will be the subject of Section 2. Still more recently, the same
research group has reported similar studies of the acetate ester of
ethoxyethanol (Groseneken et al., 1987a,b), with generally similar results
(Figure 1.3).* We have not yet incorporated these new data into the processes
for fitting the alternative models. _

The second primary source of data is a set of industrial hygiene and
biological monitoring results for a group of painters using ethoxyethanol-
based products in a shipyard (Sparer, et al., 1987; Welch et al., 1987; DeBord
and Lowry, 1986; McManus, 1987). For 2-4 consecutive days, the authors
measured pre- and post-shift concentrations of ethoxyacetic acid and
creatinine in urine, and 8-hour time-weighted air concentrations of
ethoxyethanol, in a group of 36 male workers. In addition, the workers were
classified according to their use of respirators, and ratings were made of the
strenuousness of their activity during the workday and of the degree of
hand/arm skin exposure that was apparent at the end of each shift. In Section
3 we use these results to test the models, and then in Section 4 we use them
together with the models to assess ethoxyethanol absorption in relation to air  *
and dermal exposure, activity levels, and the use of respirators.

The shipyard painter data set offers two kinds of opportunities to use
the different models to estimate daily worker absorption of ethoxyethanol.
Each model can be used to predict ‘

(1) the decline in urinary excretion of ethoxyacetic acid that would
have been expected from each worker's preshift urine collection to
the same day's postshift collection. Any excess of the observed to
the predicted postshift excretion can then be interpreted in terms of
ethoxyethanol absorption. _

* The acetate ester bond is evidently hydrolyzed quite rapidly relative to the time course of
the oxidation to ethoxyacetic acid. Groseneken et al. (1987a) estimate a half-life for the
ester hydrolysis of about 8-11 minutes.
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(2) the decline in urinary excretion of ethoxyacetic acid that would
have been expected from each worker's preshift urine collection to

the next day's preshift collection. Again, any excess of observed
over expected ethoxyacetic acid excretion can be used to make a
second estimate of ethoxyethanol absorption during the workday.

A key test of the models is whether, in aggretate, the absorption estimates of
the first type (preshift-postshift) agree with the absorption estimates of the
second type (preshift-next day's preshift). As it happens, for several months
we were unable to obtain reasonable agreement (within a factor of two) on
this test for any of the model variants we tried. In the end, however, we were
able to obtain agreement for our simplest models when we used the data of
Lakatua et al. (1982) to correct for dirunal changes in creatinine excretion. It
appears that failure to correct for this dirunal rhythm led to a significant
distortion in the model predictions of post-shift ethoxyacetic acid excretion
from preshift measurements. '
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exercise (compare with the data in the last column of Tables 2.1a and 2.1b).
There are a couple of possible explanations for this:

(1) The exercising subjects could have increased their rates of
metabolism of EE during exposure, so that the increased absorption
was not reflected in any appreciable increase in EE in the body at
the end of the exposure periods. One possible type of mechanism
for this might involve metabolism of EE in muscle tissue (muscle
receives a greatly increased amount of blood flow with increasing
exercise). Arguing against this is the very low activity of muscle
tissue of alchohol dehydrogenase--the enzyme responsible for the
initial oxidation of both ethanol and EE (Romer et al., 1986).

(2) The physiological conditions produced by increasing exercise
(perhaps the greater transfer of alcoholic sugars etc. to be burned
in muscle tissue) might somehow interfere with the transfer of
ethoxyethanol to the slower-exchanging compartment. A relative
increase in metabolism occurs because with the decrease in transfer
to the peripheral compartment, relatively more ethoxyethanol is
available in the central compartment (where metabelism
presumably takes place)

Whatever the true explanation, after trying out a number of
possibilities, we concluded that we simply did not have enough information to
build a full physiologically-based pharmacokinetic model that would
reproduce this particular behavior. Moreover, because of the relatively rapid
metabolism of ethoxyethanol when compared to the dynamics of excretion of
ethoxyacetic acid (see below), it was our judgment that the modest suggested
nonlinearities in the distribution of ethoxyethanol between the central and
peripheral compartments are not critical for our main problem--which is the
prediction of ethoxyacetic acid excretion. The key point is that the net'
absorption of ethoxyethanol and ethoxyethanol acetate is linear with external
air concentration. Therefore, the enzymes responsible for metabolism cannot
be appreciably saturated. For present purposes we believe it is sufficient to
* represent the uptake and storage of ethoxyethanol in our models with a simple
empirical equation derived from the Groseneken (1986a) results. We named
the models constructed on this basis our "simplest” models.

The usual way in which two-compartment empirical pharmacokinetic
models are represented is with a central comparment that receives material






-14-

As can be seen in this formulation, ethoxyethanol is delivered directly from
the external air to both central and peripheral compartments, although all
metabolism and exhalation depend only on the material in the central
compartment.

The advantage of this is that the rate constant for transfer from the slow
to the central compartment ("return to central” or "k21") is simply the
regression coefficient found for the slower compartment in the Groseneken et
al. (1986a) regression equations--about .0068 on average. Further, the sum
of the metabolism and exhalation rate constants must simply be the regression
coefficient found for the faster compartment--about .131 on average. The
exhalation rate constant needed to achieve reasonable correspondence with the
absolute levels of exhaled ethoxyethanol was .0027 or about 0.2% of the total
loss from the central compartment (this is compatible with the reported range
of total recovery of ethoxyethanol in exhaled air of 0.1-0.4%). The ratio of
"uptakel" to total absorption ("uptakel" + "uptake2") needed to achieve the
right balance of accumulation in the two compartments at the end of exposure
was found to be about 83%. Table 2,2 shows the overall correspondence of
the pattern of exhalation exhibited by our "simplest” models to the composite
equation derived from the Groseneken et al. (1986a) experiments. The
overall fit is clearly good enough that we will not be making gross errors by
using this formlation to represent the availability over time of ethoxyethanol
in the central compartment. This is what is required for the subsequent
modeling of metabolism and excretion.

As can be seen in the notes at the bottom of Table 2.2, the results for
our "simplest" model formulation suggest that the great bulk of absorbed
ethoxyethanol is metabolized quite rapidly--90% or so is processed by the end

.. of the exposure period. The remainder is delivered to the central

compartment and metabolized at a modest rate, according to the dynamics of
the slower "peripheral” compartment. At the end of the exposure, about 70%
of the unmetabolized ethoxyethanol is contained in the peripheral
compartment.
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When combined with the findings of the previous section--that nearly 90% of
the absorbed ethoxyethanol may have already been metabolized at the end of
exposure--the delayed peak of EAA excretion after exposure implies that
either there may be appreciable storage of an intermediate form between EE
and EAA or there may be a lag in the delivery of EAA from the tissues where
_ it is metabolized to the renal excretory aparatus.

On the basis of the known metabolism of EE by aldehyde
dehydrogenase, the intermediate form is presumably ethoxyacetaldehyde.
Ethoxyacetaldehyde is potentially of considerable toxicological interest in the
light of recent jn vitro findings by Foster et al. (1986) which imply that
methoxyacetaldehyde may be on the order of fifty times more potent than
methoxyacetic acid in causing detachment of Sertoli-germ-cells (presuming
that this is a good model of toxicity jn vivo). For some time it has been known
that metabolism is essential for the toxic action of glycol ethers on testicular
cells (Moss et al., 1985). '

Unfortunately there are no measurements of the levels of
ethoxyacetaldehyde or ethoxyacetic acid in human blood, exhaled air, or any
other body tissue. There are also no measurements of partition coefficients,
or association constants for the reversible reactions forming covalent linkages
to -SH, -NH2 or -OH groups (on proteins or other molecules in blood or
elsewhere). In short, we have little to go on to help us construct a full
physiologically based pharmacokinetic model involving the aldehyde
derivatives of glycol ethers. For our "simplest” models, we have therefore
chosen to represent the oxidation of ethoxyethanol to ethoxyacetaldehyde and
then to ethoxyacetic acid, and the later excretion of the EAA, in the most
straightforward possible way--as simple linear rate constants, acting on total
body stores of ethoxyacetaldehyde and EAA in each case. The full diagram of
our "simplest" model is shown in Figure 2.1, and the corresponding equations
are given in Table 2.4. _

The system shown has two parameters that can be adjusted to fit the
ethoxyacetic acid excretion data (in addition to the proportion of
ethoxyethanol that is metabolized by alcohol dehydrugenase vs. hypothesized
other routes--which was discussed earlier):

(1) the rate of oxidation of ethoxyacetaldehyde to ethoxyacetic acid

(2) the rate of urinary excretion of body stores of ethoxyacetic.acid.

R
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Table 2.3
Equations for the "Best-Estimate Simplest" Maodel

Equations for Accumulators:

BODY_EAA =BODY_EAA +dt * (EALD_OXIDATION - URINARY_EXCRETION )
INIT(BODY_EAA) = O{initial value...}

BODY_EALD = BODY_EALD +dt * (EE_ADH_ OXIDATION - EALD_OXIDATION )
INIT(BODY_EALD) = O{initial value...}

Central EE = Central_EE + dt * (UPTAKE - EE_ADH_OXIDATION -
NON_ADH_METAB - EXHALATION +k21)
INIT(Central_EE) = O{initial value...}

EE2_Comparmment = EE2_Compartment + dt * ( -k21 + UPTAKE2 )
INIT(EE2_Compartment) = 0{inidal value...}

EXHALED_EE = EXHALED_EE +dt * (EXHALATION )
INIT(EXHALED_EE) =0 (inital value...}

OTHER_METABOLITES = OTHER_METABOLITES + dt * (NON_ADH_METAB )
INIT(OTHER_METABOLITES) = O{initial value...)

TOTAL_ABS = TOTAL_ABS +dt * (ABSORPTION)
INIT(TOTAL_ABS) = 0{initial value...}

URINE_EAA = URINE_EAA +dt * (URINARY_EXCRETION )
INIT(URINE_EAA) = O{initial value...}

ABSORPTION = UPTAKE + UPTAKE2 {MOLES/MIN}
EALD_OXIDATION =.14*BODY_EALD {MOLES/MIN}
EE_ADH_OXIDATION = .0624*Central_EE

EXHALATION = IF (EXPOSURE = 0) THEN (2.7E-3)*Central_EE ELSE 0
(MOLES/MIN}

EXPOSURE = IF (TIME <= 480) THEN 5.65 ELSE 0 (PPM}
-k21 = .0068*EE2_Compartment

NON_ADH_METAB = .0659*Central_EE {HYPOTHESIZED ALTERNATIVE ROUTE
OF METABOLISM}
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Table 2.3, CONTINUED
EQUATIONS FOR THE "Best-Estimate SIMPLEST" MODEL

UGM3_EXHALED = IF (EXPOSURE = 0) AND (TIME <=960) THEN
(EXHALATION/12.7)*9.01E10 ELSE IF (EXPOSURE = 0) THEN
74*(EXHALATION/VALV)*9.01E10 ELSE 0

{ASSUMES 35% DEAD SPACE, AND THEREFORE CORRRESPONDING DILUTION
OF ALVOLAR AIR CONC. 1/1.35 = .74}

UPTAKE = .83*VALV*EXPOSURE*1E-6/25.45 {(MOLES/MIN]

UPTAKE2=.17*EXPOSURE*VALV*1E-6/25.45 {MOLES/MIN}
URINARY_EXCRETION = (3.7E4)*BODY_EAA
URINE_UG_PER_MIN = URINARY_EXCRETION*1.041E8

VALV = IF (TIME <= 960) OR (1440 < TIME) AND (TIME <= 2400) OR (2880 < TIME)
AND (TIME <= 3840) OR (4320 < TIME) AND
(TIME <= 5280) OR (5760 < TIME) AND (TIME <= 6720) OR
(7200 <TIME) AND (TIME <= 8160) OR (8640 < TIME) AND
(TIME <= 9600) THEN 11.38 ELSE 4. -
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2.4.2 Fitting the Adjustable Parameters for the "Best
Estimate" and "Alternative" "Simplest" Models

The upper part of Table 2.5 shows the sums of the squares of the
differences between the logarthmsjg of the observed and model-predicted
EAA excretion rates for our "simplest” models for various trial values of the
rate constants for ethoxyacetaldehyde oxidation and EAA excretion. To place
these numbers in perspective, a sum of log squares of 5 represents, forthe
average of the 84 points, a ratio of about 1.75 between a typical point and the
model prediction.* Similarly, a sum of log squares of 4.3 (the best fit we
achieved) represents a typical ratio of 1.68. It can be seen that the optimum
value for the ethoxyacetaldehyde oxidation rate is affected by the value chosen
for the EAA excretion rate.

The lower portion of Table 2.5 shows the times at which EAA
excretion reached its peak, for the various combinations of parameter values.
We were not entirely pleased to notice that optimizing on our primary
criterion for fit--minimizing the sum of the squared log deviations--drove us
to set the ethoxyaldehyde oxidation rate at such a high level that the peak of
EAA excretion was predicted to happen at 330 minutes--only an hour and
forty minutes after the end of exposure. It will be recalled that Groseneken et
al. (1986a) observed the true peak at 3-4 hours after the end of exposure. We
therefore decided to explore in parallel the implications of an "Alternative”
variant of the "Simplest" model in which the ethoxyacetaldehyde oxidation
rate was set at a relatively low value (.03/min), which, after optimization of
the EAA excretion rate, led to a peak EAA excretion at 370 minutes (2 hours
and 20 minutes after the end of exposure).

For the "Best Estimate-Simplest" model, the requirement for 23.6%
EAA excretion over 42 hours led us to allocate 48.6% of the metabolized EE
to the alcohol dehydrogenase pathway (rate constants of .0624/min. and:
0659/min. for the ADH and non-ADH pathways, respectively). For the-
"Alternative-Simplest" model, 53.5% was allocated to the ADH pathway (rate
constarn.:s of .0687/min. and .0596/min. for the ADH and non-ADH routes).

* 10(5/84)”2 =1.754
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The calculated optimal urinary excretion rates correspond to terminal
half-lives for urinary excretion of 31.2 hours in the case of the "Best
Estimate-Simplest” model and 26.2 hours in the case of the "Alternative-
Simplest" model. The latter is somewhat closer to the range of 21-24 hours

reported by Groseneken et al. (1986b) themselves (using calculation methods
that unfortunately were not described).

2.4.3 Defining and Fitting the Adjustable Parameters for

the "Less Simple" Models (With and Without Diurnal
Changes in EAA Excretion)

4 " imple" 1 Wi i a
Excretion

We were still not entirely happy with the relatively early appearance of
the peak in EAA excretion, even in the "Alternative-Simplest” model. We
therefore explored the implications of a "less simple" model structure (Figure
2.2) which has many features borrowed from our earlier physiologically-
based pharmacokinetic models. By having both steps of metabolism occur in
the liver, while excretion originated in the central "vessel-rich-group"
compartment, we hoped to allow some ethoxyacetic acid to be excreted at
early time points after the start of exposure while still producing a broadening
of the time pattern of release of the EE metabolites from the large combined
muscle/fat compartment, and hence a later peak EAA excretion time.
Tissue/blood partition coefficients for the model were derived from
Fiserova-Bergerova et al. (1986) assuming that ethoxyacetaldehyde and EAA
would both have parition coefficients equal to the average for the seven
hydrophilic chemicals studied by those authors:*

Liver and Vessel-Rich Group | 749
Fat Group 68

- Muscle Group | 726
Muscle/Fat Groups Combined (weighted average) 712

5 '[‘hisassumptiunispaﬁmiarlqusﬁonableih ﬂ:emsaofethnxymldnhyde because of
the possibility of reversible covalent binding with amino-, sulf1ydryl, and hydroxyl groups:
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These models also incorporate a daily change of blood flow and alveolar
ventilation rates between waking and sleeping periods.

The optimization of the adjustable parameters for this model structure
is shown in Table 2.6, and the resulting equations are given in Table 2.7. It
can be seen that with this structure, we were able to achieve a peak as late as
400 minutes, with no worse an overall fit to the EAA excretion data, as judged
by the sum of the squares of the log ratios criterion. For this model, the
terminal half-life for urinary excretion of EAA was 33.4 hours, and 42.4% of
the metabolized EE was allocated to the alcohol dehydrogenase pathway (rate
constants of .05445/min. and .07385/min. for the ADH and non-ADH
pathways, respectively).

432" Simple” With Diurnal in tion

In observing the pattern of deviations of the EAA excretion rates from
the model predictions, we noticed that the points at 1560 and 2040 minutes
after the start of exposure tended to be higher than the adjacent points at 1080
and 2520 minutes (see Figures 1.2 and 1.3, and Table 2.4). This suggested
that there might be a diumal pattern of change in the excretion of EAA. that
could prove misleading. If we compare the excretion half-life implied by
pairs of the last four points in the Groseneken et al. (1986b) data set we see:

Time After Groups Exposed At Rest Groups Exposed to 20 ug/m3  Geom.
Startof Ex-  10ug/m3 20ug/m3 40 ug/m3 OW 30W 60W Mean
posure (min.) of T1/2
1080 1.10 272 4.57 353 7.3 8.35

2520 .89 1.79 3.48 2.67 486 7.87

T1/2° (hours) 78.5 39.8 61.0 59.6 358 281 69.7
1560 1.18 1.87 5.24 378 8.71 9.11

2520 .89 1.79 348 267 4.86 7.87

TiR" (hours) 3932 254  27.1 319 190 = 758 48.1
2040 1.47 3.03 5.57 333 6.17 8.49

2520 .89 1.79 348 2.67 4386 7.87

T12" (hours) 11.0 - 105 11.8 25.1 232 281 19.7

*T1/2 in hours = (In 2)*(T2 - T1/[60*In (EAA excretion rate at T2/EAA excretion rate at
T1), where the T's are times after the start of exposure in minutes.
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Table 2.6
Fitting the Adjustable Parameters for the "Less Simple" Model
(Without Diurnal Changes in Urinary EAA Excretion)

(First criterion: the sum of the squares of the differences between the
model-predicted and observed logjQ(EAA excretion rates):

Ethoxyacetaldehyde
Oxidation Rate Urinary EAA Excretion Rate®
(Moles EAA produced .003 0038 004 ' .006
Mole Eald in liver-Min.)
0.2 6.863
0.3 8.238 5.266
0.4 4932
0.5 5.956 4.846 4.929
0.75 5.216
1.0 4972  4.430 4,378 5.438
1.2 _ 4412

(Second Criterion: the times of peak EAA excretion--minutes after start of
exposure)

Ethoxyaceraldehyde
Oxidation Rate Urinary EAA Excretion Rate (min."1)
(Moles EAA produced .003 0038 004 .006
Mole Eald in liver-Min.)
0.2 545
0.3 550 , 475
0.4 . 440
0.5 490 450 410
0.75 450
1.0 425 400  400%* 360
1.2 395

* Moles EAA excreted/(Moles EAA in the Vessel-Rich Group-Min.).

** This combination of values for the adjustable parameters was selected as the best fit for
the "less simple" model.
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It can be seen that the comparison of the points that were separated by exactly
twenty-four hours (both based on early morming urine collections) seems to
yield much longer estimates of the half life of EAA in the body than the
comparisons between waking-hour urine collections and the final morming
point.

The suggested diurnal effect would not have to be very large to produce
an appreciable distortion in the apparent half life of EAA in the body. If we
assume that the true half life of EAA in the body is in fact about 70 hours, then
the geometric mean of the ratio of the observed EAA excretion rates at 2520
minutes to those that would have been predicted from the 1580 minute points
is about .867. Similarly, if we calculate from the 2080 minute point, the EAA
excretion at 2520 appears to be only about .772 of what we might expect from
simple exponential decline with a 70 hour half life. In the end, we decided to
base a variant of our "less simple" model on an assumption that the true EAA
body half life is 70 hours, but that urinary excretion during 16 waking hours
is 20% more than during 8 hours of sleep. This yields rates for EAA
excretion of .00202*(VRG EAA)/minute during waking hours, and
00168*(VRG EAA)/minute while asleep.

The fit of the remaining adjustable parameter (ethoxyacetaldehyde
oxidation) using this assumption is shown in Table 2.8. It can be seen thatwith
this model structure the peak of EAA excretion is extended to 440 minutes,
although the best fit achieved to the EAA excretion data (with a rather high
rate of ethoxyacetaldehyde oxidation) is a little worse than was achieved for
the earlier model structures. An interesting feature of the 70-hour model is
that it implies that a greater proportion (72.2%) of the metabolized EE will
go via the non-ADH pathway (the rate constants for ADH and non-ADH
metabolism are .0926/min. and .0357/min., respectively).
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f! ingl f ional r xveth

Table 2.9 shows the different models' predicted EAA excretion rates at
various times following exposure of model workers for eight hours to 20
mg/m3 ethoxyethanol.* In the next major section, we will use these model-
predicted excretion rates (and rates for other time points) as alternative bases

for inferring the amounts of EE absorbed by workers in the shipyard painter
population.

* After our earlier work, based on Brugnone et al. (1980), we assume a normal alveolar
ventilation rate of 11.38 liters/minute during occupational exposure with relatively light
exertion. Given nearly complete absorption of the EE reaching the alveoli, this leads to an
expectation that 1.213 X 10~3 moles of EE would be absorbed. Because the system as we
have represented it is completely linear, greater or lesser air concentrations of EE, or
alveolar ventilation rates, would lead to proportionately greater or lesser EE absorption.
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Table 2.9

Predicted Urinary Excretion Of Ethoxyacetic Acid at
Uarious Times After 8-Hour Occupational Exposure to 5.65 ppm

Time After
Start of

Exposure

(min.)

Day 1 Post-shift
(480 min)

Day 2 Pre-shift
(1440 min)

Day 2 Post-shift
(1920 min)

Day 3 Pre-shift
(2880 min)

Day 3 Post-shift
(3360 min)

Day 4 Pre-shift
(4320 min)

Day 4 Post-shift
(4800 min)

Day 5 Pre-shift
(5760 min)

Day 5 Post-shift
(6240 min)

Ethoxyethanol (20 mg/m3) on a Single Day

Best Estimate
Model Prcd_.

(ug EAA/min,

excreted)

19.22

14.79

12.39

8.68

121

5.10

4.27

2.99

2.50

Alternative
Model Pred.
(ug EAA/min.
excreted)
23.44
18.08
14.64
9.60
7.77
5.09
4.12

2.70

2.19

Less Simple
Model Pred.
(ug EAA/min

- excreted)

15.55

12.41

10.55

7.54

6.41

4.58

3.89

2.78

2.37

Diurnal Excret-
ion Model Pred.
(ug/EAA/min

excreted)
14.23
13.18
12.13
10.39
9.56
8.18
7.54

6.45

5.94
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Table 3.1
Shipyard Painter Database

WORKER DAY PRESHFT POSTSHIFT AIRCONC ACTIVITY RESPUSE SKINEX

NUMBER JngEAA. mgEAA. JugEE  (I=standing (1=No (0 = none
g Creatinine g creatinine cubic meter 3 = heavy lift.) respirator) 2=signif.)

1 3 -99° 6 1.70 1 1
4 5 3 4.10 1 0 1

5 2 1 2.18 2 0 0

6 2 -99 -99.00 -~ 9* 9 9

2 4 36 64 44 .01 2 1 1
5 61 54 16.99 1 1 0

6 57 44 .60 1 1 0

7 39 -99 -99.00 9 9 9

3 4 1 4 523 1 1 1
5 1 11 56.03 1 1 0

6 16 13 4.83 1 1 1

7 7 99 . 9900 9 9 9

4 4 14 11 60 1 1 1
5 7 17 2.12 2 1 2

6 7 -99 3.23 1 1 0

7 20 -99 -99.00 9 9 9

S 4 -99 -99 22.94 2 1 1
: ) -99 -99 7.14 2 1 1
6 -99 -99 -99.00 1 0

6 4 36 38 7.58 2 1 1
5 47 47 6.38 2 1 1

6 -99 55 8.30 1 1 0

7 34 -99 -99.00 9 9 9

7 3 3 6 291 1 1 0
B -99 6 4.79 1 1 1

5 6 9 6.58 1 0 0

6 8 13 -99.00 9 9 9

* 99 signifies missing data for the urinary measurements of ethoxyacetic acid and the air
measurernents of ethoxyethanol.

" 9 signifies missing data for the activity, respirator use, and skin exposure ragings.
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Table 3.1, Continued

WORKER DAY PRESHFT POSTSHIFT AIRCONC ACTIVITY RESPUSE SKINEX

NUMBER g EAA  mgEAA Jng EE (l=standing (1 =No (0 = none
g creatinine g creatinine cubic meter 3 = heavy lift.) respirator)  2=signif.)
15 4 99 9 7.38 1 1
S 11 15 19.51 1 0 0
6 -9 9 3.09 1 1 0
7 9 -99 -99.00 9 9 9
16 3 3 2 52 3 0 1
4 3 8 84.34 1 0 0
5 11 9 7.88 1 1 0
6 13 11 -99.00 9 9 9
17 4 9 11 6.64 2 0 1
5 5 14 2.15 2 0 1
6 11 17 5.74 1 1 0
7 10 -99 -99.00 9 9 9
18 3 9 99 - 79.00 2 0 0
4 31 23 1.05 1 1 0
9 13 10 11.52 1 1 0
6 27 12 -99.00 9 9 9
19 3 2 4 2.19 1 1 0
4 3 1 2.08 3 -0 1
2 3 1 .00 2 0 2
6 1 3 -99.00 9 9 9
20 4 26 26 40.12 2 0 1
5 66 49 59.20 1 1 1
6 41 38 9.29 1 1 1
7 43 -99 -99.00 9 9 9
21 4 -99 20 15.83 1 1. ¥:
5 29 40 38.54 1 1 0
6 30 .30 -99.00 1 1 0
22 4 6 3 3.33 2 1 0
5 5 6 442 1 1 -0
6 6 7 -99.00 9 9 9
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Table 3.1, Continued

WORKER DAY PRESHFT POSTSHIFT AIRCONC ACTIVITY RESPUSE SKINEX

NUMBER mg EAA mg EAA JngEE  (Isstanding (1=No (0 = none
g Creatinine g creatinine cubic meter 3 = heavy lift.) respirator)  2=signif.)
23 3 12 14 8.19 1 1
4 16 10 3.13 2 1 1
S5 16 10 1.29 1 1 0
6 16 8 -99.00 9 9 9
24 4 1 1 4.11 1 1 1
3 2 5 2.17 1 1 0
6 5 2 99 1 1 0
s 1 -99 -99.00 g 9 9
25 3 -99 6 92 3 1 1
4 -6 3 1.05 1 1 0
S 7 6 6.85 1 1 1
6 g 10 -99.00 9 9 9
26 4 6 8 3.08 2 1 1
3 11 16 6.27 1 1 0
6 10 16 9.48 1 1 0
7 13 -99 -99.00 9 9 9
27 3 5 16 7.45 3 1 1
4 99 5 2.17 1 1 0
S 10 -99 -99.00 9 9 9
28 3 1 1 2.60 1 1 0
4 2 5 3.21 2 0 2
S 1 1 3.91 2 0 2
6 1 1 -99.00 9 9 9
29 3 1 3 11.64 1 1 0.
4 6 8 .33 2 1 1
5 2 5 1.31 2 1 0
6 3 4 -99.00 9 9 9



42
-Table 3.1, Continued

WORKER DAY PRESHFT POSTSHIFT AIRCONC ACTIVITY RESPUSE SKINEX

NUMBER mgEAA  mgEAA JngEE  (I=standing (I1=No (0 = none
g creatinine . g creatinine cubic meter 3 = heavy lifL) respirator) 2=signif.)
30 3 -9 4 8.95 1 0
4 1 4 7.64 2 0 0
5 5 3 4.08 1 1 0
6 -99 6 -99.00 9 9 9
31 4 57 47 3 2 1 1
5 78 42 1.00 2 1 1
6 54 -99 .60 1 1 0
7 39 -99 -99.00 9 9 9
a2 3 26 16 7.17 1 1 0
4 35 10 3.02 2 0 2
S 27 24 5.71 2 0 0
6 26 20 -99.00 9 9 9
33 4 18 14 23 2 1 0
5 25 16 10.96 1 1 0
6 20 13 3.60 1 0
34 3 4 13 3.20 1 1 0
4 2 13 2.11 2 1 1
5 4 6 4.00 1 1 1
6 2 6 -99.00 9 9 9
35 3 6 S 2.28 1 1 0
4 5 10 48.61 2 0 0
5 12 15 2.67 1 0 0
6 10 -99 -99.00 9 9 9
36 3 2 3 9209 1 1 0
4 P ] 2 5.04 S 1 0
5 3 - 1 11.13 2 1 1






The model results presented in Table 2.9 (p. 36 above) show the rates
of EAA excretion expected for the different models at various times after a
single 8-hour exposure to 20 mg/m3 EE (with total absorption of
1.213 X 10-3 moles EE). Larger and smaller air concentrations or alveolar
ventilation rates would be expected to produce proportionately larger or
smaller absorption and EAA excretion at every time point.*

There are two steps to using the urinary excretion data to calculate EE
absorption over a workday:

- (1) Based on the "preshift" EAA excretion rate, calculate the amount of
EAA excretion that would be expected at the "postshift" collection
time, and at the next day's preshift collection time in the absence of
any further exposure. These "carryover” EAA excretion rates are
then subtracted from the EAA excretion observed at the two
collection times after the day's exposure.

(2) Multiply the remaining EAA excretion (not explained by simple
continued excretion from the stores of EAA from previous days)

by the appropriate constant factor to convert to units of moles EE
absorbed during the workday.

To derive the appropriate preshift-to-postshift multipliers for the first
step, we simply need to observe the ratio of the day 2 postshift EAA excretion
rates to the day 2 preshift excretion rates. Similarly, the preshift-to-next-
day's-preshift multipliers are calculated as the ratio of the day 3 preshift to the
day 2 preshift:

"IhemwouldbesomcdiffcrmbcsinthcpmcmofEAAexcmﬁon if the EE exposure were
not (as implicitly assumed) uniform over the 8 hour period. This would particularly affect
the EAA excretion rate for the first day's post-shift urine collection.
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Best Estimate Alternative Less Simple 70-Hr
Comparison Simplest Model ~ Simplest Model =~ Model Model
Post/Pre 8.53x10-3 7.04x10-5  10.57x10-5 11.56x10-5
Nextpre/Pre  9.43x10-3 7.71x10-5 11.23x10-5  12.90x10-5
33 C . f Model Perf Using Criterion#1:
Similarity of Al ion Calculated From Preshift/Postshift and

3.3.1 Analysis Without Correction for Diurnal Cycles of
Creatinine Excretion

An obvious first step in assessing the models' performance is to ask
whether the two independent calculations that are possible for a single day's
exposure under each model give reasonably comparable results. Table 3.2
shows the sum of total calculated EE absorption for all worker-days where
preshift, postshift, and next-day's-preshift urinary EAA excretion data were
available. _

As can be seen in Table 3.2, for all of the model variants the
comparisons are miserable--the total absorption of the workers (on the 77
days with complete information) calculated from the preshift/postshift data is
less than a third of the total absorption calculated from the preshift/next-day's
preshift comparison. These data are, however, based on what turns out to be
an assumption that is not quite correct--that urinary creatinine is an
appropriate normalizing measure which is comparable between pre-shift and
post-shift time points. The next section shows how we have managed to:do
better by using available data on diurnal changes in creatinine excretion.
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3.3.2 Analysis With Correction for Diurnal Cycles of
Creatinine Excretion

As it happens, there is considerable evidence that there are diurnal
cycles in the urinary excretion of creatinine, and a host of other renal
functions. Some observations of Lakatua et al. (1982) are shown in Figure
3.1. Creatinine excretion is relatively low in the early moming hours just
after waking (when the "preshift" urine is accumulating) and relatively high
in evening hours.

Lakatua et al. (1982) fit a cosine function to their data. Numerical
evaluation of this function (Table 3.3) indicates that the rate of urinary
creatinine excretion from 7:00 - 9:00 A.M. averages about 85.6% of the
overall mean®, whereas from 3:00 - 5:00 P. M. creatinine excretion averages
about 103.4% of the overall mean. This requires us to make two different
kinds of corrections to the calculations described in Section 3.2:

(1) The predicted postshift urine concentration in mg EAA/g creatinine
should be multiplied by 72.07/87.03 = .8281. Astherateof
creatinine excretion rises during the day from the preshift to the
postshift urine collection, a constant rate of EAA excretion in
mg/hour will translate into a lower rate of excretion when
expressed in mg/g creatinine. The multipliers previously given at
the top of page 45 for predicting postshift urine concentrations
from preshift readings in the absence of further exposure therefore
become:

Best Estimate Alternative Less Simple ~ 70-Hr
Comparison Simplest Model = Simplest Model =~ Model Model
Post/Pre 6937 6705 704 7621

(2) In the formulas for the final calculation of daily absorption, the
previously assumed daily rate of creatinine excretion (1.7 g/day)
should be multiplied by the .8559 and 1.034 factors for the pre-
shift and postshift collections, respectively. The conversion factors
for translating the excess of observed over predicted urinary mg/g
creatinine excretion into moles of EE absorbed (previously given at
the top of page 46) therefore become:

*72.07 /84.2 = .8559
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in question) that is related by the regression equation to variation in the two
independent variables (ADJAIR and ANYSKIN). Higher values for R2
indicate stronger correlations between the dependent and independent
variables. "Tadjair” and "Tanyskin" are the ratios of the ADJAIR and
ANYSKIN regression coefficients to their respective standard errors (T
values greater than 1.64 indicate that the coefficient is statistically
significantly different from zero at P < .05 in a one-tailed test* ). The final
three columns give the absolute values of the regression coefficients

themselves. For example, the regression equation for the first line in Table
35Ais

Moles EE absorbed/worker (post/pre comparison) = .90 X 10-4 + 2.44 X 10-5 ADJAIR
+2.38 X 104 ANYSKIN

Where ADJAIR is in mg EE/m3 (multiplied by the activity level) and
ANYSKIN is 1 or 0 as discussed earlier. For each model, data are given using
as dependent variables (1) the moles absorbed as calculated from a
comparison of postshift urine concentrations with preshift, (2) moles
absorbed calculated from a comparison of the preshift EAA concentration
with the next day's preshift, and (3) the average of (1) and (2) for each
worker-day where urinary EAA excretion data were available for all three
relevant readings, and air exposure data and skin ratings were also available
for the day when exposure took place.

It can be seen in Table 3.5A (without respirators) that all of the models
show strong and highly statistically significant relationships between adjusted
air concentrations and the estimates of worker absorption. Moreover, the
ADJAIR coefficients as estimated by the models for the post/pre and
nextpre/pre comparisons are generally consistent with each other. The..
seventy-hour model performs a little less well in both of these respects than
the other models, but the differences are not dramatic.

As might be expected, the data for the smaller number of workcr-days

_where respirators were used (Table 3.5B) show somewhat weaker and less
consistent relationships between air exposure and absorbed ethexyethanol, but
the relationships are still significant enough to provide meaningful

* A one-tailed test is appropriate here because we have a strong theoretical expectation that

there should be a positive correlation between measures of exposure and cthoxycthanol
absorption.
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4. INFERENCES FROM THE MODELS AND THE SHIPYARD
DATA

41 _The ESf £ Activity Level FE Al ion Via Aj !
Dermal Routes

Table 4.1 shows regression analyses analogous to those in Table 3.6,
separated by activity level. There were 44 qualifying worker-days at activity
level 1, 30 at activity level 2, and 2 at activity level 3. It can be seen that the
ADJ2AIR regression coefficients are much larger for the "2" and "3" group
than for the "1" group. This suggests that at higher activity levels the workers
are absorbing even more EE than we provided for with the 1.5X and 2X
assumptions for increased alveolar ventilation built into the definition of the
ADJAIR and ADJ2AIR variables. It can also be seen that the modest
suggested effect of the "ANYSKIN" variable is stronger for the group rated at
higher activity levels.

We are reluctant to increase our assumption about relative ventilation
rates at the different activity levels as much as would be required to
accommodate these observations. It seems implausible that the "moderate”
activity people could be taking in as much as 4-5 times more air than the
"sedate" activity people. Pending confirmation, we simply draw the
conclusions that adjustment for activity levels seems to be helpful in achieving
overall fits of the models to the data, and that our "Adjusted" air level
calculations do not seem to be gverstating the effect of activity on EE
absorption (they may in fact be somewhat understating it).

4.2 Relative Importance of Inhalation vs Dermal Routes of
Exposure :

Given the total absorption of EE as calculated from our different
models, what can we say about inhalation vs. dermal absorption in the group
of shipyard painters we have been studying? Based on the Groseneken et al.
(1986a) data and an assumption of 11.4 I/minute alveolar ventilation
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Table 4.1
Regression Analyses For Worker-Days At Different
Activity Levels

Comparison Ussd N R?  Tagj2air Tanyskin  Intercept Adj2Air  Skin
For Calculating Coeff. Coeff.
Moles Absorbed (x104)  (x10°9) (x10-4)
44 Worker-Days At a Relatively Low Acfivity Level (1="Sedate"):

BEST ESTIMATE SIMPLEST MODEL

Ave, Both 44 147 2.56 -.54 3.095 1.17 -73
Post/Pre and
Nextpre/Pre
ALTERNATIVE SIMPLEST MODEL

Ave, Both 4 150 2.63 -.39 - 2.805 1.04 -47
Post/Pre and
Nextpre/Pre

LESS SIMPLE MODEL
Ave, Both 4 144 -2.51 -.57 3.604 1.36 -93
Post/Pre and '
Nextpre/Pre

SEVENTY HOUR MODEL
Ave, Both 4 .106 1.93 -91 2.530 1.00 -1.41
Post/Pre and -
Nextpre/Pre

32 Worker-Days At Higher Activity Levels ("2" or "3"):
BEST ESTIMATE SIMPLEST MODEL

Ave, Both 32 .550 5.84 1.30 =499 409  3.01
Post/Pre and
Nextpre/Pre
ALTERNATIVE SIMPLEST MODEL

Ave, Both 32 .541 5.71 1.36 -.244 3.41 2.68
Post/Pre and
Nextpre/Pre

LESS SIMPLE MODEL '
Ave, Both 32 .556 591 1.28 -729 - 493 3.53
Post/Pre and
Nextpre/Pre

SEVENTY HOUR MODEL
Ave, Both 76 .552 591 994 -1.575 4.80 2.67
Post/Pre and
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during light work (Brugnone et al., 1980), we implicitly built into all of our

models a relationship between moles of EE absorbed and 8-hour TWA
exposure in mg/m3 of:

1.211 X 10-3 Moles Absorbed

= 6.06 X 10~ moles abs/(mg/m3)
20 mg EE/m3 (8 hour TWA)

Comparing this with the ADJ2AIR coefficients in Table 3.6, it can be seen that
the actual regression relationships derived from the data are weaker than this
by 2-3 fold. The difference probably results in part from inaccuracies in the
measured levels of the independent variables relative to real exposure.*

We can use the theoretically-defined 6.06 X 10-3 coefficient to evaluate
how much of the total absorption indicated by the models for the worker-days
studied could have been accounted for by direct air inhalation, and how much
therefore must remain to be accounted for by dermal absorption. The results
of this calculation for the four model variants are shown in the second line of
numbers in Table 4.2. It can be seen that using this assumption, for all of the
models, all of the absorbed EE can be accounted for (and then some) by
inhalation, and we are not absolutely compelled by the data to attribute any of
the absorption to the dermal route.

If we do use the low-biased air regression coefficients in the same kind
of calculation, we can arrive at a more conservative estimate of the EE
absorption attributable to direct air inhaltion (third line of numbers in Table
4.2). It can be seen that in all cases on the order of half to two thirds of the
total moles absorbed (given in the first line) must be attributed to the air
route.

Our best estimate of the relative importance of the air and dermal
routes comes from comparing the conservative regression-calculated average
air absorption in the third line, with a similar conservative regression-
calculated figure for the average dermal absorption in the last line of Table
4.2. It can be seen that in all cases, the data supggest that the air route accounts
for 3-5 times as much of the estimated EE absorption as the dermal route.

* In regression analyses, inaccuracies in the measurement of the dependent variable do not
bias the regression equation, but inaccuracies in measuring the independent variables bias
the result to larger values of the intercept and smaller values of the coefficients of the

1 t variables. The positive intercepts in Table 3.6 (when the actual values should
be zero) provide other evidence of this kind of bias. '
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Table 4.2
Moles of EE Absorption Due to inhalation Us Other Routes
of Exposure in the Shipyard Painter Group

(Based on 76 Worker-Days with Complete Urinary Excretion and
Air Exposure Data--Rll Data Are Moles Absorbed H 10-9)

Best Estimate  Alternative Less Simple 70-Hr
Simplest Model Simplest Model Model Model
Total Moles 4.53 4.10 5.27 3.70
Absorbed Per : -
Worker-Day

Moles Absobed 5.43 5.43 5.43 5.43
Potentially Attributable

to Direct Air Inhalation®

Minimum Moles 2.19 1.87 2.62 2.39
Absorbed Attributable
to Direct Air Inhalation **

Moles EE Absorption -901t0234 -13310223 -16t02.64 -1731t01.31]
At o Resriniig

to be Accounted for
By Dermal Absorption

Estimate of Dermal .67 .61 By 7 B3 |
Absorption from ANYSKIN
Regression Coefficient***

* This calculation uses the theoretical relationship between air inhaltion and moles EE .
absorbed that was built into the models (assuming complete absorption of EE from alveolar
air and an alveolar ventilation rate during light work of 11.4 liters/minute). The average
adjusted air exposure level (ADJ2AIR) for the 76 worker-days was 8.96 mg/m3. Assuming
6.06 X 10~ moles abs/(mg/m3), this leads to an expectation of an average of 5.43 X 10-4
moles absorbed EE potentially attributable to direct air inhalation.

** Calculated using each model's ADJ2AIR regression coefficient and the average
ADJ2AIR value of 8.96 mg/m3. As discussed in the text, this is a minimum estimate
because uncertainties in the measurement of air concentrations tend to bias the regression
coefficient to lower values. : : )

*** This conservative value is calculated by multiplying the dermal absorption regression
coefficient by the average value of ANYSKIN for the 76 worker-days—-.5. Itisa
conservative estimate for the same reason as the analogous set of estimates for absorption by
the inhaltion route, and because the qualitative ascertainment of dermal exposure by
examining the hands and arms for paint spots is clearly more uncertain, quantitatively, than
the measurement of air concentrations. On the other hand, it should be noted that for none
of the models was the ANYSKIN statistically significantly different than 0 at the 5% level.
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“Table 4.4
Moles of EE Absorption Due to Inhalation Us Other Routes
of Exposure in the Shipyard Painter Group--Excluding
Low-Temperature Data Points

(Based on 64 Worker-Days--AIl Data Are Moles Absorbed H 10-4)

Best Estimate  Alternative Less Simple 70-Hr
Simplest Model Simplest Model  Model Model
Total Moles 4.48 4.02 5.22 3.80
Absorbed Per
Worker-Day

Moles Absobed 5.72 572 . 572 5.12
Potentially Attributable

to Direct Air Inhalation *

Minimum Moles 2.62 2.26 3.11 2.68
Absorbed Attributable

to Direct Air Inhalation **

Moles EE Absorption -12410186 -1.70t0176 -50t02.11 -192t01.12
Absorption Remaining

to be Accounted for

By Dermal Absorption

Estimate of Dermal 33 28 .40 .39
Absorption from ANYSKIN
Regression Coefficient™*

* This calculation uses the theoretical relationship between air inhaltion and moles EE
absorbed that was built into the models (assuming complete absorption of EE from alveolar
air and an alveolar ventilation rate during light work of 11.4 liters/minute). The average
adjusted air exposure level (ADJ2AIR) for the 76 worker-days was 9.45 mglm?’. Assuming
6.06 X 10~ moles abs/(mg/m3), this leads to an expectation of an average of 5.43 X 10-4
moles absorbed EE potentially attributable to direct air inhalation.

** Calculated using each model's ADJ2AIR regression coefficient and the average
ADJ2AIR value of 8.96 mg/m3. As discussed in the text, this is a minimum estimate
because uncertainties in the measurement of air concentrations tend to bias the regression
coefficient to lower values. )

*** This conservative value is calculated by multiplying the dermal absorption regression
coefficient by the average value of ANYSKIN for the 76 worker-days--.422. Itisa
conservative estimate for the same reason as the analogous set of estimates for absorption by
the inhaltion route, and because the qualitative ascertainment of dermal exposure by
examining the hands and arms for paint spots is clearly more uncertain, quantitatively, than
the measurement of air concentrations. On the other hand, it should be noted that for none
of the models was the ANYSKIN statistically significantly diffsrent than 0 at the 5% level.
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There is appreciable carryover of EAA from day to day,” and it can be
expected that EAA excretion rates build up in the course of a work-week with
constant 8-hour exposure on each day. Table 4.5 shows this day to day
buildup, and the effects of expressing EAA excretion in ug/min vs mg/g
creatinine, given the diurnal changes in creatinine excretion.

The data in Table 4.5 can be used to make estimates of the equivalent 8-
hour TWA air exposure for workers exposed to EE and its derivatives by
both air dermal routes, even if one only has a single measured value of EAA
in the urine for each worker. For example if one has a pre-shift measurement
of urinary EAA in mg/g creatinine taken on the third day of the workers'
work-week (Wednesday), then the estimated average mg/m3 EE exposure on

the previous two days under our best-estimate ("less simple") model would
be:

(urinary mg/g creatinine)*(20 mg/m3 in air)/(20.17 mg/g creatinine)
=992 * measured urinary mg/g creatinine

Other things being equal, of course, it is better to base estimates of
individual daily worker EE exposure on comparisons of urinary EAA output
per g of creatinine before and after a particular workshift. To avoid pessible
complications from inaccuracies in our formulas for diurnal changes in
urinary creatinine output (and possibly EE excretion), and to reduce the::
effects of different patterns of exposure during an 8-hour workshift,” ! we
recommend basing such calculations on preshift urine collections taken24
- hours apart. Given such data, the calculation can be done in two steps:

(1) Predict the second day's preshift urine concentration in the gbsence
of any exposure during the shift in question--for our preferred
"less simple" model, multiply by .608.*** Subtract the result from
the observed urinary EAA concentration for the second day's
preshift collection.

* See Table 2.9 on page 36 for the pattern of excretion expected after a single day's

exposure. Also see Figures 1.2 and 1.3 for the original observations of Groseneken et al.
(1986b and 1987b).

** E.g. high peak exposures at the b:gmnmgorthecndofaworkshxft,vsamoreconnnuos
pancm of exposure.

s For the 70-hour model, the factor would be .788--see p. 45 above. - et
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ethoxyacetaldehyde and EAA. This might allow more definitive
estimation of

(@) rates of the two steps of metabolism for the aldehyde
dehydrogenase pathway (from EE to ethoxyacetaldeyde, and
from ethoxyacetaldshyde to EAA),

(b) the fraction of EE that is metabolized via the aldehyde
dehydrogenase vs "other" pathway(s)

(c) rates of tissue storage and release of ethoxyacetaldehyde, and
return from storage. (Some aspects of the Groseneken et al.
1986a,b results suggest that the usual pharmacokinetic
modeling assumption of equilibration between tissue levels
of EE, ethoxyacetaldehyde, and EAA, and the levels in
venous blood exiting the tissues may be leading to
inaccuracies.)

(3) Analogous pharmacokinetic studies in animal systems where male
and female reproductive effects have been measured.

(4) Observations in human workers of the decline in urinary EAA
excretion rates over several days of no exposure (including diumal
fluctuations in excretion). This would both allow resolution of
some important uncertainties in the construction of human
pharmacokinetic models, and assessment of human interinidividual
variability in EAA excretion.
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