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Study and Models of Total Lead Exposures of Battery Workers

CHAIYUTH CHAVALITNITIKUL*, LESTER LEVIN and LUNG-CHI CHEN
Environmental Studies Institute, Drexel University, Philadelphia, PA 19104

In an attempt to establish a more realistic and reliable model for relating environmental exposure measurements to the biological indices of
exposure, a study was undertaken to quantify the total sources of lead exposure among lead storage battery workers. In addition to the usual
personal and area lead air sampling, quantitative and repeatable measurements of removable lead from work surfaces and the workers’ hands
and faces were obtained daily for ten consecutive work days in the pasting and battery assembly departments. Mathematical correlations of
blood lead and zinc protoporphyrin (ZPP) levels as the dependent variable with the lead exposure sources were derived and demonstrated
most strongly as log-log relationships. Statistical analyses by computer programming indicated that the airborne, hand, facial and work
surface levels have a high degree of inter-correlation with a very significant positive individual correlation with blood lead levels and a
somewhat lower correlation with ZPP. The results suggest that contaminated personal and work surfaces may play a more significant role in

toxic occupational and environmental exposures, generally, than had heretofore been demonstrated or suspected.

Introduction

Lead exposures from the different processes in the manufac-
ture of electric storage batteries have been shown to be
variable and fluctuate considerably from hour to hour and
from day to day.® Air lead concentrations have been
reported in different departments of the battery plant with
mean values as lowas 9 ug/ m®in the plastics department and
as high as 218 ug/m® in the machine pasting department.®
Several researchers have maintained, however, that indus-
trial airborne concentrations are not always a reliable index

of exposure due to: 1) high diurnal variations, 2) highly.

significant differences between workers doing the same job,
3) the intermittences of exposures, 4) individual peculiarities
of work and personal habits; 5) added exposure from off-
the-job activities and 6) dietary sources.” Work surface
and personal contaminations have been acknowledged but
not quantitatively studied as possible sources of accidental
lead ingestion among lead workers.®”

The routes of lead entry and uptake have been extensively
studied with the conclusions that the amount of lead
absorbed depends on the dose, particle size, chemical and
physical forms of the lead, solubility, personal hygiene hab-
its, and also specific host factors, such as age, nutritional and
physiological status.*®® Based on a model developed by the

Task Group on Lung Dynamics of the ICRP and the avail-

able data, the absorption of the inhaled lead into the blood
for the average adult was estimated to be 4099

On the other hand, there is general agreement that only
895 to 10% of dietary lead ingested by adults is absorbed. "%
In a typical battery plant, the lead dust settled on work
surface and the workers’ bodies and clothing may lead to a
relatively greater dose by ingestion than that by inhalation.®

*Present Address: Director National Institute for the Improvement of
Working Conditions and Environment (NICE) Taling Chan, Bangkok
10170 Thailand.

Send Correspondence to: Professor Lester Levin.

There is a general agreement among most researchers
that the blood lead level is a reliable integrated indicator of
current lead exposure history of an individual, particularly
for those with current industrial exposures.”’s’lz’w) Both clin-
ical and epidemiological studies have attempted to corre-
late inhaled and ingested lead with the blood lead levels.
Typically, the clinical studies have been conducted by hav-
ing volunteers ingest lead incorporated in their food"*' or
by inhaling lead particlesus'm) with results suggesting a posi-
tive relationship of both ingested and inhaled lead with
blood lead levels.”"

Epidemiological studies of adult blood lead levels and
environmental sources of exposure have emphasized mainly
the relationship of the air lead and blood lead levels.""”
Only in pediatric studies have other variables suchasleadin
soil, house dust, paint chips, and other forms of contamina-
tion been investigated as the sources of lead ingestion which
may contribute to the blood lead levels."®® The lesser
attention to ingested lead among occupational adult'popu-
lation may be due to the relatively lower percentage of
absorption of ingested lead,® the inadequacy of surface
contamination measurement methods®” with the conse-
quent lack of monitoring data, and the traditional reliance
on airborne threshold limit values as the criteria for evalu-
ating occupational exposure. ‘

However, poor personal hygiene habits of industrial
workers have long been recognized by hygienists as a poten-
tial source of unintentional ingestion. This exposure source
has not been acknolwedged by OSHA orincorporated into
the blood lead-air relationship model despite the common
consensus amorig industrial hygienists that food, smoking
and body and clothing contaminations may be sources of
lead exposure and absorption through ingestion.®?

Routine wipe sampling of work surfaces has been used to
identify potential sources for ingestion of toxic substan-
ces®*2 with few or no measurements of contamination on

Copyright 1984, American Industrial Hygiene Association
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workers’ hands, lips or face, hair and clothing. Thus, the
total sources of lead exposure and their interrelationship
among lead workers have never been appreciably investi-
gated either qualitatively or quantitatively.

In attempting to define the role of total lead exposure to
the biochemical indices of absorption, it was particularly
propitious to perform this study at a lead battery plant due
to the availability of long term and current blood lead levels
of the workers and extensive air sampling data. The first
objective of this study was to suppiement with current
monitoring the airborne lead levels and, for the first time, to

perform comprehensive monitoring of personal surface "

‘contamination, ie., on workers’ hands and face and on
work surfaces. Secondly, the mathematical relationships
and inter-relationship of the biochemical indices and the
airborne and surface measurements of lead would then be
established employing simple and multiple regression anal-
yses. In addition, correlations between the biochemical
measures and independent variables of smoking habits, use
of respirators, use of protective gloves, and tenure on the
job’were also studied.

Experimental

Process Description

Storage battery manufacture is comprised of several opera-
tions performed in separate departments in which the lead
exposure levels vary accordingly.® Briefly, a lead grid is
formed by casting molten metal or by an expanded metal
process. The grid or plate is then pasted with a mixture
composed generally of lead, lead oxide, sulfuric acid, water
and expanders. The pasted plates are placed on racks, heat
cured and stored in humidity controlled chambers. The
plates are then “dressed up” by a brushing machine to get
rid of excess paste and then manually stacked to form the
battery elements, alternating negative and positive plates
with an inert separator between each plate, welded to form
groups, and finally charged. Based on established air sam-
pling data, the pasting and assembly departments represent
high and medium exposure levels, respectively, and were
consequently selected for the areas of study.

» Subjects

The criteria for selecting the plant workers were those used
in a prior battery plant study;® no job change within the
last year, employment at the plant for at least the prior six
months, no recent or extended illness, holiday or absence,
and no significant work schedule change, e.g., overtime.
Although it was proposed.to involve all the 12 assembly
workers and all 10 pasting department workers, one assem-
bly worker could not participate because of OSHA’s Medi-
cal Removal Program and five pasting department workers
changed their minds and refused to participate. The sub-
jects, their job classification, age and years of exposure are
indicated in Table 1. Consequently, 11 assembly depart-
ment workers, 5 pasting department workers and 4 control
subjects from the research and development laboratory and
the medical department (plant nurse) were measured daily
for facial and hand lead for 10 consecutive working days in

American Industrial Hygiene Association JOURNAL (45) 12/84

rates of 1.5 to 2.0 Lpm. -

TABLE | )
Employee Participants In Study
Years of
Subject Job Classification Age Exposure
C1 Research and Development 48 1.0
c2 Research and Development 43 1.0
Cc3 Research and Development 28 1.0
c4 Nurse 55 7.0
Al Floorperson-Assembly 35 4.5
A2 Floorperson-Assembly 59. 29.6
A3 Finisher-Steel & Wood Tray Batt. 51 13.0
A4 Group Builder-industrial Truck 23 3.3
A5 Industrial Cell Finisher 52 33.8
A6 Terminal Cable Maker 54 34.1
A7 Plate Wrapper 48 18.3
A8 Group Builder-Large Power 33 8.1
A9 Group Builder-Large Power - 31 11.4
A10  Group Builder-Large Power 62 10.8
P1 Plate Dresser 36 1.6
P2 Plate Dresser 33 4.5
P3 Trucker-Hand 53 1.3
P4 Plate Dresser 34 10.2
P5 Asst. Pasting Machine Operator 24 4.4

a two week period. Current blood samples were obtained
for each and analyzed for lead, hemoglobin and zinc
protoporphyrin.

Contamination Monitaring
Personal airborne lead samples were taken daily in the
breathing zones of each worker in the assembly.and pasting.
departments, including the lunch period. Essentially, full
shift area samples were concurrently taken in each of the
control group and workplaces. Airborne samples were col-
lected on a mixed cellulose ester filter, 37 mm diameter,
0.8 um pore size using personal air samplers at sampling
The personal and surface contamination methodology
have been previously reported in detail®® and the air sam- '

. pling procedures and analytical methods for lead are stan-

dard procedures,®” which were modified slightly. The per-
sonal contamination samples were taken by wiping the hand
and face with a commercially available paper towel, 14 x 20
cm,, premoistened with benzalkonium 1:750 and alcohol,
20%. Each participant was requested to open the paper towel
packages, unfold the moistened towel and wipe his/her
hands thoroughly including the palms, the back of the hand
and each finger. Sampling was performed each afternoon
and the hand wipes were placed in sealed plastic bags. With
the exception of the controls, each participant also had his or
her face wiped with the paper towel daily. The facial wipe
began at the right corner of the participant’s forehead and
was moved to the left, down to the left cheek, the chin and
then up to the right cheek, down the nose and finally around
the mouth.

Five representative work surfaces were sampled each
morning with the Whatman filter paper no. 42, cut to 10 x 10
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cm and moistened with distilled water. The filter papers were
placed over. representative work surfaces and pressed

evenly over the entire surface with a gloved hahd. The work
surfaces 1ncluded work bench tops, stacks of production
material, tools unfinished: and finished- product surfaces. All
samples weretransferred to clean, labeled plastic sealing bags’
and analyzed by atomic absorption spectrophotometry. @n

Exogenous and Other Factors

. The following suspect exogenous lead sources or activities of

the subjects were reported: cigarette smokmg, alcohol use,

. canned food, medications, automotive repair ‘work, paint-

ing; use of firearms, In addition, the presence of facial hair,
use of dust’ resplrators and personal protective equipment
(gloves, head covers, aprons) and personal hygiene practices
were noted. Approximately 30% of the subjects smoked at
least one-package of cigarettes a'day, only 15% regularly
used firearms and 75%admitted to drinking alcohol regu-
larly or occasionally. The wearing of ‘approved dust/ mist
respirators was required and practiced in the’pasting depart-
ment whereas only 20% of the assembly workers wore the
respirators where the use was voluntary. All subjects reported
washing their hands 3 to 4 times a day and 55% of the
workers. routinely wore cotton work gloves which are not
1mpermeable to the lead:dust.

Statistical Analysis

Elght independent var1ables including airborne lead levels,
hands, facial'and work surface w1pe measurements, tenure
(as months ‘of serv1ce) smokmg habits and the use of respira-
tors and protectwe gloves were evaluated as possible predic-

1.8{ LOGBLOOD-Pb =1.0425+ 0.2738 LOGAIR Pb

R?2z 0.7863

BLOOD LEAD( ugm/100gm)

0.0 0.4.: 0.8 1.2 - 1.6 . 2.0 o2
TOTAL AIR LEAD( ugm/M3):.
Figure 1 — Log blood vs'log air:

tors for the current blood Jead and ZPP levels, as the
dependent variables. The last three of the independent vari-
ables were expressed in quantal fashlon with values of 0 (no)
or 1 (yes).

Stepwise multiple regression analyses were used to calcu-
late the coefficients for the variables in the tested-models.
An analysis of variance was used to test the null hypothesis
of linearity between the transformed dependent and.inde-
pendent variables. All calculations were performed using a
computerized program package (Statistical Analysis Sys-
tem - SAS).® The fitness of the data. was tested as linear-
linear, log-linear and log-log models. For successive model
testing, only-variables with coefficients of correlation of less
than 0.7 were considered for inclusion so as to-reduce
excessive multicolinearity effects.

TABLE Il
Lead Levels of Environmental and Biological Samples
Measurement . Group/Location Results
Range ‘Mean S.D.
Air borne lead, Control 16- -~ 21 18 02

mg/m?® " Assembly Dept.
‘Pasting Dept.

Hand lead,

" Control '
‘'mg Assembly Dept:
. .Pasting Dept.
Facial lead, . Control
mg .- Assembly Dept.

: Pasting .Dept.} .
Work surface, - Control:
mg/100 cm? - Assembly Dept.
N Pasting Dept.
- Blood lead,  Control
* mg/100 mg Assembly Dept.
Pasting Dept.
Blood ZPP, Control ’
mg/100 mg~  Assembly Dept.
' ‘Pasting Dept.
Hemoglobin Control
% Assembly Dept.
Pasting Dept.

16.1- 164.8 71.2 46.1
90.6- 114.2 99.9 8.9

38.2- 155.6 72.0 36.9

1523 -14023 5227 4190 .
1956 - 8381 5510 - 2598

not measured

2512 - 187.0 81.0 48.7

106 - 603 298 = 183
22- 119 7:1 4.3

353 - 2809 1230 837
218 - 7465 3885 2818

<10 - 17.0 122 33
25 - 51 34.4 7.2
38 - 49 41.0 4.6
1 - 35 19.2 11.0
39 - 382 122.4 96.6
69 - 121 85.0 219
13.1 - 161 14.6 1.2
12.7 - 15,2 13.7 0.7
14.1- 16.2 14.7 0.4
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BLOOD LEAD(ugm/100gm)

LOGBLOOD-Pb = 0.6710 + 0.2413LOGHAND-Pb

R?20.7983

1.6 1.8 2.8 2.7 3.1 3.5 . 8.9 4.3
HAND: LEAD( #zgm/BOTH HANDS)

Figure 2 — Log blood vs log hands.

Results and Discussions

Thie mean, standard deviations and ranges of all measure-
ments are shown in Table 11.

Airborne Lead Exposures

The personal air sampling results (representing time-weighted
averages) are expressed as the averages. of N daily measure-
ments with their standard deviations (SD)-in Table 11. The
individual averages range from a low of 1.6 ug/m® for a
control subject to a high of 164.8 ug/m® for an assembly
worker. The latter level is well in-excess. of the OSHA per-
missible exposure limit of 50 ug/m®as an’8 houraverage: As
might be expected, there were highly significant differences
(P < 0.01) between the manufacturing activiti¢s and the
controls but no significant differences between- the pastmg
and assembly operators '

Hand and Facial Leads :

The means, ranges and standard dev1at10ns of the daily hand
and facial wipes measurements for the groups and controls
are presented in Table 11 :Since trace amounts of lead may be
contacted from such nen-occupational sources as, ordinary
newsprint, it would not be surprising to find low:but mea-
sureable quantities of hand contaminated lead on any con-

“trol subject. However, the low levels of atmospheric lead

BLOOD LEAD(ugm/100gm)

LOGBLOOD-Pb = 1.1048 + 0.2194 LOGFACIAL Pb’

R? = 0.8420

0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8
. FACIAL LEAD( }lgm/FACE)
Figure 3 — Log blood. vs log face. -

American-Industrial Hygiene Association- JOURNAL (45) 12/84

LOGBLOOD-Pb = 0.9992+0,1742 LOGSURFACE Pb

R2= 0.7452

BLOOD LEAD( ugm/100gm)
(]

00 04 08 12 18 20 24 28 32 3.6 4.0
SURFACE LEAD( [ngl1OOGMz) .
Figure 4 — Log blood vs log surface.

measured in the control subjects’ work areas, which presum-
ably originate in part from the production are,as,,;;pontrib-
ute to the source of hand lead measured on.the-controls.:In
any case, the mean hand measurements of the plant- workers
were from 40 to 90 times greater than the controls. Facial
wipes, performed only on plant workers, indicate -a wide
range of values with the not unexpected finding that in the
appreciably dustier pasting department,-as indicated by the
personal air lead results, also shown in Table II, the workers -
incur a significantly higher contamination ( P:<(:0.005).than
the assembly workers. :

Since hand-and facial wipes represent the- most hkely and
immediate source foraccidental ingestion, the relatlve signif-
icance of these amounts of removable lead can:be related to’
the potential dose resulting from ¢ exposure to. the allowable
occupational airborne lead level. If weassume that a worker’
inhales ten cubic meters of air durmg a work shift at-the
current OSHA permissible exposure level of 50° ug/m ‘and
that 35% of the lead aerosol is retained inthe lungs as’cited,
thena theoretlcal daily inhaled delivered dose can be ashigh
as 175 ug. The hlghest mean values-for facial and hand lead
wipes were 603:and 14032.5 ug, respectively.- 1t is obvious
that lead from contamined hands and faces cannot be
ignored in any evaluation of the total lead exposure.

_ TABLE 1l
Relatlonshlp Between Log-and
\ Blood Lead and Logs of Facial, Hand,
A|r, Surface Lead, and Tenure

Independent
Variable Intercept Slope - R?
Log Facial-Pb 1.1048 0.2194 . 0.8420
s : (P < 0.0001) -
Log Hand-Pb ~0.6710 0.2413 0.7983
o ‘ (P < 0.0001)
Log Air-Pb. 1.0424 0.2738  0.7862
. , ‘ (P<0.0001) -
Log Surface-Pb.  0.9991 0.1742 0.7452
o o (P <0.0001)
Log Tenure 1.16: 0.16 0:1560
: {P < 0.0845)
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BLOOD LEAD(ugm/100 gm )

1.9
1.8
1.8
LOGBLOOD-Pb =1.1603 + 0.1587 LOGTENURE

.

1.2
RZ = 0.1563

1.1

.
1.0 . .

1.0 1.4 1.8 2.2 2.6 30 3.4
TENURE(MONTHS)

Figure 5 — Log blood vs log tenure. }

Surface Lead .

Five daily work surface wipes were obtained whenever pos-
sible so that the average values reported in Table 11 represent
a maximum of fifty samples per worker station over the 10
day sampling period. The values ranged from a mean surface
value of 2.6 ug/ 100 cm? for a control subject to a high of
7465.3 ug/ 100 cm?® for a pasting worker. Once again, there
were highly significant differences (P < 0.005) between the
controls and manufacturing departments and significantly
higher levels (0.01 < P < 0.025) at the pasting department
compared to the assembly department. Over half of the plant
work surfaces locations indicated mean values well in excess
of 1000 g per wipe and two pasting workers had maximum
values in excess of 10 000 mg, so that even indirectly, work
surfaces sources for possible ingestion in the workplace are
indicative of significant potential exposure. ’

Blood Lead and Zinc Protoporphyrin

Blood lead, hemoglobin and zinc protoporphyrin (ZPP)
levels are also shown in Table 1I. The analysis of variance
method was used to test if the blood lead levels of the
subjects in the assembly and pasting departments were

TABLE IV
Relationship Between Log of Blood-Lead and
Logs of Hand-Lead and Gloves; and
Facial Lead, Respirator and Gloves

Independent
Variables Intercept Slope Significance R?
Log (Hand-Pb) 0.6990 0.2175 P<0.0001 0.84
Gloves 0.0923 P<0.05 )
Log (Facial-Pb) 1.0854 0.2316 P <0.0001
Gloves 0.0882 P<0.08 0.88
Respirator 0.1183 P<0.05

affected by the external sources, personal habits and the
wearing of protective equipment. Although smoking repre-
sents an indirect exposure by possible contamination with
lead on the cigarette from the workers’ hands or work sur-
faces, interestingly, there were no significant differences
between smokers and non-smokers. No differences were
found due to firearms, the wearing of respirators or gloves,
and facial hair. With respect to the other external parame-
ters, there was no unusual consumption of canned food or
alcohol, unusual medication and no one “moon-lighted”
appreciably in possible lead exposure activities such as
automotive repair work or painting.

Relationship Between Lead Exposure and Biological Indices
Standard correlation analyses were first performed between
each of the independent and dependent variables. Figures 1,
2, 3 and 4 graphically illustrate the lines of best fit for the
log-log relationship of blood lead with the airborne, hand,
facial and work surface results, respectively.

The data shown in Figures 1, 2 and 3 illustrate two
extremes, i.e., low, and high sets of data, which represent the
“low exposure” (control) group and worker group of sub-
jects, respectively. The slopes for these regression lines are
found to be very significantly different (P < 0.001) from
zero. In addition, the relationship between log (blood-Pb)

TABLE V
The Best One, Two, and Three Variable Models
Found From Linear-Linear and Log-Linear Models

Linear-Linear Model

Log-Linear Model

Dependent Variable: Blood-Pb  Dependent Variable: {Log (Blood-Pb} v

The Best.One Variable

The Best One Variable

Estimate R? Estimate R?

Intercept 21.5972 0.3973 Intercept  1.2722 0.4225
Air-Pb 0.1554 (P <0.0029)* Air-Pb 0.0029 (P <0.0019)*

The Best Two Variables The Best Two Variables
Intercept  17.5000 0.4764 Intercept  1.1749 0.5599
Air-Pb 0.1677 (P<0.0014)* Air-Pb 0.0032 (P < 0.0004)*
Tenure 0.0244 (P<1279) Tenure 0.0005 (P<0.0341)*

The Best Three Variables The Best Three Variables
Intercept 16.1306 0.5719 Intercept  1.1529 0.6363
Air-Pb 0.1195 (P <0.0238)* Air-Pb 0.0024 (P <0.0082)*
Facial-Pb  0.0309 (P <0769) Facial-Pb 0.0005 (P < 0.0855)
Tenure 0.0297 (P<0573) Tenure 0.0007 (P<0.0138)

Agtatistical Significance of Slope.
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and log tenure was also evaluated and the slope was found to
have a slightly significant difference (0.05 < P < 0.09) from
zero as shown in Table 111 and Figure 5.

The evaluation of the models by the stepwise multiple
regression methods has shown that only two of the four
models, ie., hand Pb and facial Pb, would allow other
independent variables, i.e., gloves and respirator, to be
added to the models as shown in Table IV. Most importantly
from the industrial hygiene aspect, the wearing of cotton
gloves or respiratory equipment does not appear to reduce
the lead absorption from all sources.

ZPP Levels and Independent Variables

Significant correlation (0.0001 < P < 0.0005) between log -

ZPP and logs of air, hand, facial and work surface lead were
also found as shown in Table V. The use of respirators or
gloves and log ZPP were somewhat significantly correlated
(0.05 <P <0.11). Unlike the blood lead, there was signifi-
cant correlation (P < 0.02) between smoking and log ZPP.

Interrelationship Between the Two Indices of Pb Absorption
There was a significant (P <0.0001) correlation between log
(blood-Pb) and log ZPP (Figure 6) with 65 percent of the
variance in ZPP correlating with the blood lead (R? =
0.6514). No correlation was found between log (blood Pb)
and log hemoglobin (Hb) (Figure 7). Log Hb and log ZPP
were somewhat correlated with P < 0.073 (Figure 8).

Total Lead Exposure Model

The best models incorporating one, two and three variables
were derived by stepwise multiple regression analysis from
both the linear-linear and log-linear models and are shown
in Table VI. Airborne lead alone, airborne lead and tenure,
and airborne lead, facial lead and tenure were the indepen-
dent variables producing the best one, two and three variable
models, respectively. The t-tests on the coefficients of the
proposed models show that only the coefficient of the air-
borne lead was significant (P < 0.05) in the linear-linear
model. This was in fairly good agreement with the Benard
Model derived by OSHA."® Only marginal significance can
be attached to facial lead and tenure (0.05 <P < 0.08). The
log-linear model proved better than the straight linear-linear
model with slightly higher multiple coefficients of determi-

2.8
2.6 .

244 LOGZPP = 1.6263LOGBLOOD Pb - 0.87238
B .

2.2 R?= 0.6514
2.0
1.8
1.8

1.4

ZINC PROTOP ORPHYRIN (7 gm/100ml)

1.2

1.0

1.00 1.10 1.20 1.30 1.40 1.60 1.60 1.70
BLOOD LEAD ( # gm/100mt)

Figure 6 — Log ZPP vs log blood.
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1.20
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o 118 * *
o
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T 117 . . .
< t18]e
z - .
m .
o 115
-
S 114
g LOGHB = 1.1537 -0.0027 LOGBLOOD Pb N
w113 hd .
I 5 °

1.12 R" Z 0.0005

. L
1.11
.
1.10
1.00  1.10 1.20 1.30 1.40 1.50 1.80 170

BLOOD LEAD( u# gm/100gm)
Figure 7 — Log HB vs log blood.

nation (R?) for all three models. In the log-linear model, the
coefficient of airborne lead and tenure was significant (P <
0.02) with marginal contribution from the facial lead (P <
0.08). The model can be expressed as: Log (Blood-Pb) =
1.1529 + 0.0024 (Air-Pb) + 0.0005 (Facial-Pb) + 0.0007
(Tenure).

Summary and Conclusions

Since logarithmic relationships gave the best fit to the data in
this study, all discussions and conclusions were made based
on the logarithmic models. Significant intercorrelation
among the multiple sources of exposure (airborne, hand,
facial, surface lead) was observed, as expected. Overall, the
facial lead level was the strongest independent variable in
describing blood lead levels (R® = 0.842, P < 0.0001). Even
so, the R? of the hand, airborne, work surface lead levels
were 0.7983, 0.7863 and 0.7452, respectively. These four
models clearly show the strong relationships between the
blood lead levels and each source of exposure. On the other
hand, job tenure (months of service) showed a rather weak
correlation with the blood lead levels, which is consistent
with the findings of others.®® The absence of significant
differences of blood lead levels between smokers and non-
smokers could be due to the small sample sizes.

ZPP levels were also found to correlate with the airborne,
hand, face and work surface lead levels with a slightly lower

TABLE VI
i Relationship Between Log ZPP and Logs of
Facial, Surface, Air, and Lead Levels and Tenure

Independent
Variable Intercept Slope R®

Log Facial-Pb 1.3008 0.3422 05733
(P < 0.0001) ,

Log Surface-Pb  1.0764 0.2942 05953
(P < 0.0001)

Log Air-Pb - 1.2058 0.4255 0.5317
(P < 0.0005)

Log Hand-Pb 0.6814 0.3584 0.4942
(P < 0.0005)

Log Tenure 1.1060 0.3971 0.2739
(P <0.0179)
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RZ%and lower levels of significance than the blood lead levels.
The stronger correlation of tenure with ZPP levels rather
than with blood lead levels has been supported by other
studies®®? and has been explained as follows: 1) For
recently exposed workers the blood lead may be elevated,
but the erythrocyte population is too young to reflect this in
a corresponding elevation of ZPP. 2) Blood lead levels
reflect recent or current lead absorption, whereas ZPP
represents a biological effect of lead toxicity, slower in
appearance but more persistent in duration.®

The type of predictive model developed is, of course, still
in an untested stage and the use of these models requires
further experimental validation. However, these contamina-
tion models may be found valuable for promoting more

. comprehensive monitoring of the workplace so as to identify

heretofore neglected sources of personal and surface con-

tamination and provide a more valid representation of the .

total exposure of the worker.

Acknowledgements

We appreciate the valuable assistance of Victor Prybutok of
the Drexel University faculty with the statistical treatment
and interpretation of the data. We also thank Giovina L.
Leone and Kathleen A. Lucas for their help in the extensive
sampling and analysis.

References .

1. NIOSH: Criteria for a Recommended Standard — Occupa-
tional Exposure to Inorganic Lead, Revised Criteria— 1978.
HEW (NIOSH) Publication No. 78-158 Washington, DC
(1978). _ :

2. Hammond, P.B.: Human Health Implication. In: Lead in
the Environment. National Science Foundation #NSF/RA-
770214. Washington, DC (1977). )

3. Williams, M.K., E. King and J. Walford: An Investigation of
Lead Absorption in an Electric Accumulator Factory with the
Use of Personal Samples. Brit. J. Ind. Med. 26:202-216
(1969). ’

4. Stokinger, H.E.: Usefulness of Biologic and Air Standards
for Lead. J. Occup. Med. 17(2):108-112 (1975).

5. Williams, M.J.: Justification for NIOSH Recommended Air
Standard. J. Occup. Med. 17(2):93-96 (1975).

6. Kehoe, R.A.: Metabolism of Lead Under Abnormal Condi-
tions. Arch. Environ. Hith. 8:235-243 (1964).

7. U.S. Environmental Protection Agency. Air Quality Crite-
ria for Lead. Office of Research and Development. EPA-
600/8-77-017. Washington, DC (1977).

8. Kehoe, R.A.: The Harben Lectures, 1960. The Metabolism
of Lead in Man Health and Disease. J.R. Inst. Publ. Health
Hyg. 24:81-97; 101-120; 129-143; 177-203 (1961).

9. Drill, S., J. Konz, H. Mahar and M. Morse: The Environ-
mental Lead Problem: An Assessment of Lead in Drinking
Water from a Multi-Media Perspective. Office of Drinking
Water. EPA-570/9-79-003. U.S. Environmental Protection
Agency. Washington, DC (1979).

10. Tola, S., S. Hernberg and J. Nikkanen: Parameters Indica-
tive of Absorption and Biological Effect in New Lead Expo-
sure; A Prospective Study. Brit. J. Ind. Med. 30:134-141
{(1973).

11. World Health Organization Task Force on Environmental
Health Criteria for Lead: Lead, WHO, Geneva (1977).

12. U.S. Department of Labor: Occupational Exposure to
Lead — Final Standard, OSHA. Federal Register, Tuesday,
November 14, 1978 (Part V).

808

13.

14.

16.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Zielhuis, R.L.: Dose-Response Relationships for Inorganic
Lead. Int. Arch. Occup. Hith. 35:1-35 (1975).

Rabinowitz, M., G.W. Wetherill and J.D. Kopple: Studies
of Human Lead Metabolism by Use of Stable Isotope Tracers.
Environ. Hith. Perspectives. May, 145-153 (1974).

Griffin, T.B., F. Coulston, H. Wills, J.C. Russel and J.H.
Knelson: Clinical Studies on Men Continuously Exposed to
Airborne Particulate Lead. Environ. Qual. Safety, Supple-
ment li: Lead. 221-240 (1975).

Chamberlain, A.C., W.S. Clough, M.J. Heard, D. Newton,
A.N.B. Scott and A.C. Wills: Uptake of Inhaled Lead from

. Motor Exhaust. Postgrad. Med. J. 51:790-794 (1975).

National Research Council: Lead: Airborne Lead in Per-
spective. Committee on Biological Effects of Atmospheric
Pollutants, Division of Medical Sciences. Washington, DC
(1972).

Yankel, A.J., 1. vanLindern and S.C. Walter: The Silver
Valley Lead Study. The Relationship Between Childhood
Blood Lead Levels and Environmental Exposure. J. Air Pollut.
Contr. Assoc. 27:763-767 (1977).

Angle, C.R. and M.S. Mclintire: Lead in Air, Dustfall, Soil,
Housedust, Milk and Water: Correlation with Blood Lead of
Urban and Suburban School Children. In: Trace Substances
in Environmental Health — VIl Proceedings of the 8th

- Annual Conference on Trace Substances in. Environmental

Health. D.D. Hemphill {(ed.), University of Missouri, Columbia,
MO (1974).

Galke, W.A., D.l. Hammer, J.E. Keil and J.W. Lawrence:
Environmental Determinants of Lead Burdens in Children.
In: Proceedings of the International Conference on Heavy
Metals in the Environment. National Technica! Information
Service, Springfield, VA (1975).

Chavalitnitikul, C. and L. Levin: A Laboratory Evaluation of
Wipe Testing Based on Lead Oxide Surface Contamination.
Am. Ind. Hyg. Assoc. J. 45:311-317 (1984).

Lyman, D.R.: Lead Industries Association Position. J.
Occup. Med. 17(2):84-90 (1975).

U.S. Department of Labor: Wipe Sampling Policies and
Procedures. In: /ndustrial Hygiene Manual — Chapter VI.
OSHA, Washington, DC (1977).

Royster, G.W., Jr. and B.R. Fish: Techniques for Assessing
Removable ‘Surface Contamination. ORNL-TM-1045,
Washington, DC (1965).

Caplan, K.J. and G.W. Knutson: Experimental Analysis o
Lead-in-Air Sources in Lead-Acid Battery Manufacture. Am.
Ind. Hyg. Assoc. J. 40:633-643 (1979).

Chavalitnitikul, C.: A Study of the Quantitative Contribution
of the Multiple Sources of Lead Exposure in the Industrial
Environment. Doctoral thesis submitted to faculty of Drexel
University, Philadelphia, PA (1981).

NIOSH: Manual of Analytical Methods, 2nd Ed., Vol. 1 and
3. U.S. Department of HEW, Cincinnati, OH (1977).

SAS User's Guide, 1979 Edition, SAS institute Inc., Box
8000, Cary, NC (1979).

Lilis, R.A., A. Fischbein, S. Diamond, H.A. Anderson, |.J.
Selikoff, W.E. Blumberg and J. Eisinger: Lead Effects
Among Secondary Lead Smelter Workers with Blood Lead
Levels Below 80 g/ 100 mL. Arch. Environ. Hith. 32(6).255-
266 (1976).

Grandjean, P.: Lead in Danes: Historical and Toxicological
Studies. Environ. Qual. Safety Supplement Il. Lead (1975).
Joselow, M.M. and J. Flore: Application of the Zinc Proto-
porphyrin (ZPP) Test as a Monitor for Occupational Exposure
to Lead. Am. Ind. Hyg. Assoc. J. 38:63-66 (1977).
Grunder, F.l. and A.E. Moffitt: Evaluation of Zinc Protopor-
phyrin in an Occupational Environment. Am. Ind. Hyg.
Assoc. J. 40:686-694 (1979).

9 February 1983; Revised 17 August 1984

Am. Ind. Hyg. Assoc. J. (45) December, 1984



