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Occupational lead exposure of storage battery
workers in Korea
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ABSTRACT Two hundred and thirty-four lead workers employed in a storage battery factory in
Korea were examined for lead in blood (PbB) and urine (PbU), §-aminolaevulinic acid in urine
(ALAU), coproporphyrin in urine (CPU), and haemoglobin. The dose-response relationship
between PbB and ALAU suggested that a PbB below 50-60 ug/dl is a proper practical limit of
biological monitoring for lead workers. The inter-relationship between PbB and ALAU or PbU
was better explained by a segmental straight function than by a curvilinear function. Inclusion of
data from workers whose PbB was below 3040 ng/dl, if they comprise a relatively large propor-
tion of the whole, seems to have a role as a dummy effect on the overall regression function
causing the curvilinear trend. At a given blood lead concentration, the ALAU of lead workers
increased with an increase in the duration of exposure. This could be explained by the chronic
effect of lead on haem precursors. Semi-quantitative measurement of CPU still played an impor-
tant part in the screening of lead workers due to its simplicity, showing high sensitivity (97-8%) in

detecting lead workers with PbB of 60 ug/dl or over.

The effects of lead on human health have been
investigated intensively for the past 50 years, and
the pay-off in terms of human health has been
dramatic. Through application of engineering con-
trol measures and proper medical supervision the
level of human exposure in lead-using industries has
been reduced considerably in recent years, and the
incidence of clinical lead poisoning in the popula-
tions at risk has been drastically reduced.' > Conse-
quently, the effects of lead on health have become
progressively less frequent and serious. But the
application of newer, more advanced diagnostic
methods*>* and the changing concept of unwanted
effects of lead on man continue to show previously
unknown effects occurring at relatively low levels of
exposure.® So a great deal of attention is focused
nowadays on the untoward effects said to occur
when tissue levels are not sufficiently high to pro-
duce frank clinical intoxication.”

Blood lead (PbB) is considered to reflect the
magnitude of the current and recently acquired
biologically active fraction of the body burden of
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lead,' and the concentration of lead in the blood is
widely used as an index of total exposure and an
index of biological permissible limits for lead
workers.*!°

Many studies suggest that PbB of around 60 pg/dl
is more reliable for biological monitoring of lead
workers than 80 ug/dl of PbB, which is relevant to
air concentration of lead of about 150 ug/m*.°'* On
the other hand, Williams'? opined that there
appeared to be no evidence or good reason for
reducing current limit levels.

Laboratory tests used in the control of lead
exposure fall into one of two categories, lead
absorption and lead intoxication.!* Several studies
have been made correlating the different tests with
each other; the results of these studies, however, are
not always in full agreement.!*'s

Subjects and methods

SUBJECTS

Two hundred and thirty-four male lead workers
employed in a storage battery factory in Korea were
investigated. Table 1 shows their age, work dura-
tion, job, and air concentration of lead.

METHODS
Air sampling for lead concentration of air was car-
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Table 1 Age, work duration, and lead concentration of air by workplace

Workplace No of Age (years) Work duration Concentration of

workers (years) lead in air(mgim®)
Assembly 102 26-8 + 6-2* 3.3 £3.0 0-38 = 0-21
Casting 47 29-3 = 5-8 53 +38 0-20 = 0-05
Pasting 53 297 £ 63 51 %43 0-17 = 0-04
Refining 15 31-1 £ 93 52 + 43 0-07 = 0-03
Lead powder 17 287 = 62 55+ 4.1 0-21 = 0-08
Total 234 284 *+ 65 4.4 + 3.8

*Mean = standard deviation.

ried out five times in each workplace with a Hi-
volume air sampler; the samples were analysed by a
dithizone method.'®

The following biochemical tests were carried out
on all workers. PbB!” and urine lead (PbU)!¢ were
measured by a dithjzone method; urinary
8-aminolaevulinic acid (ALAU) was measured by
the method of Tomokuni and Ogata'®; semi-
quantitative measurement of urinary coproporphy-
rin (CPU) was carried out by the method described
by de Kretser and Waldron'?; haemoglobin were
checked by the cyanmethemoglobin method. All the
urine analyses were made on spot samples, and all
urine samples were corrected to a specific gravity of
1.016.

Results

COMPARISON OF BIOCHEMICAL DATA BETWEEN
WORKPLACES AND BY WORK DURATION

Tables 2 and 3 show the mean value of PbB, PbU,
ALAU, and Hb by workplace and by work duration.
There was no statistical difference of PbB between
workplaces, but the proportion of workers whose

Table 2 Biochemical data by workplace

PbB were over 60 ug/dl was different, the highest
values being found in the assembly department,
which also had the highest air concentration of lead
(table 4).

The mean level of PbB, PbU, and ALAU seemed
to be increased as the duration of exposure
increased; there was a statistically significant differ-
ence between the data from men with under two
years’ and over six years’ exposure (p<<0-05). No
differences were shown in mean level of Hb by work
duration.

DOSE-RESPONSE EFFECTS OF LEAD ON THE
HAEMATOPOIETIC SYSTEM (table 5)

The response level for each of the biochemical
indices was selected as follows:

ALAU—Five and 10 mg/l were selected as the
cut-off points. The former was regarded as the
upper limit in non-occupationally exposed subjects
and the latter as the acceptable limit in lead work-
ers.’

Hb—Twelve and 13 mg/dl were selected. The
latter was the lower limit of healthy lead workers in

Workplace PbB (ug/dl) PbU (ugl) ALAU (mgfl) Hb (mgldl)
Assembly 559 + 21-3* 134 = 103 86 * 80 13-1 + 1-6
Casting 51:7 £ 17-2 107 = 64 69 + 55 13:5 = 11
Pasting 540 = 16:4 115+ 68 81 + 62 129 + 1-4
Refining 45-8 = 20-0 90 = 51 72 £ 66 12:6 = 19
Lead powder 53-8 + 163 93 + 49 8-8 + 58 132 = 12
Total 53-8 +£ 19:0 119 + 84 82 + 69 131 = 1-5
*Mean * standard deviation.
Table 3 Biochemical data by work duration
Work duration (years) No of workers PbB (ugldl) PbU (ugll) ALAU (mgl) Hb (mg/dl)
<2 41 45-6 = 20-0* 101 = 79 50 = 36 13-4 = 1.7
2-4 81 47-4 = 182 + 74 67 = 4.9 132 = 1.4
4-6 49 56:7 + 18-1 135 = 105 9-5 = 80 130 = 14
>6 63 652 + 13:6 148 + 68 11-1 = 85 129 + 14
Total 234 53-8 £ 19:0 119 = 84 82 + 69 131 = 1-5

*Mean + standard deviation.
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Table 4 Number of workers by level of blood lead and workplace. (Percentages shown in parentheses)

Workplace Blood lead (ugidl) Total

<40-0 40-1-60-0 60-1-80-0 =80-1

Assembly 25 (24-5) 30 (29-4) 35 (34-3) 12 (11-8) 102 (100-0

Casting 12 (255 20 (42-6 12 525~5 3(64 47 (100-0

Pasting 11 (20-8 23 (434 15 (283 4( 75 53 §100'0

Refining 6 (40-0 6 (40-0 2 (]3~3{ 1(67 15 (100-0

Lead powder 3(17-6) 8 (47-1) 6 (353 — 17 (100-0

Total 57 (24-4) 87 (37-2) 70 (29-9) 20 ( 85) 234 (100-0)

Table 5 Number of workers whose biochemical values were over the criteria in subjects grouped by level of PbB.

(Percentages shown in parentheses)

PbB (ugidl) No of workers ALAU (mgll) Hb (mgldl) CPU positive*

50 10-0 13-0 12-0

=<30-0 30 3 (10-0 — 11 (367 1 (33 2 (67
30-1-40-0 27 5 (187 —_ 7 (259 2 (74 6 §22-2
40-1-50-0 38 12 (31-6 3 (79 9 (237 5(13-2 11 (289
50-1-60-0 49 30 (61-2 13 (265 15 (286 9 (184 28 }57'3
60-1-70-0 50 42 (84-0 24 (480 22 (440 10 (20-0 48 (96-0
70-1-80-0 20 19 (950 13 (650 14 (70-0 9 (45-0 20 (100-0)
80-1-90-0 16 15 (93-8 14 (875 12 (750 6 (37-5 16 5100-0;

=90-1 4 4 (100-0 4 (100-0 4 (100-0) 3 (750 4 (100-0

Total 234 130 71 93 45 135

*Reading from = *.

Korea and the former the critical limit of mild lead
poisoning.2°

CPU (semi-quantitative)—A positive response
(*) was considered as the response level.

INTERRELATION AMONG BIOCHEMICAL DATA
Figures 1 and 2 show the changes in the mean value
of PbU and ALAU with an increase in PbB. Table 6
shows the correlation coefficients and the regression
equations for various biochemical tests by work-
place and work duration.

Since a visual inspection of the scatter diagrams of
some of the pairings in table 6 suggested that their
regression lines were likely to be curvilinear or seg-
mental, the workers were divided into two groups by
PbB concentration of under 40 and over 40 ug/dl;
two regression lines were obtained from each group
and their slopes compared to assess their equality
(table 7).

Discussion

There is little precise information about the relation
between the concentration of lead in air and the
blood lead concentration in subjects who are occu-
pationally exposed.® Not surprisingly, only a weak
correlation or no correlation would be derived from
comparing these two parameters if the complicated
mode of absorption of lead, individual variability,
physical characteristics of the dust itself, and differ-

ences in physical activity are taken into account.?' In
this study there was no statistically significant differ-
ence between the mean blood lead concentrations
by job, although the air concentrations of lead var-
ied at each workplace; there was a significant differ-
ence in the proportion of workers with PbB of over
60 wng/dl by job. Baker et al'' reported that 60-80%
of the workers at three plants in the United States in
which the air concentration of lead was over 200
ng/m® showed a PbB above 60 ug/dl and in 30-70%
of workers the PbB was above 80 wg/dl. The present
study, which seemed to have the same working con-
ditions as Baker’s showed a relatively small propor-
tion of men with a PbB above 60 ug/dl.

The dose-response relationship of lead on ALAU
has been well presented in the WHO criteria docu-
ment for lead® based on calculations made by
Zielhuis.” These calculations dealt only with male
workers. The present study showed results similar to
those of Zielhuis® except for a slightly low PbB
threshold level for an ALAU of 5 mg/l. If an ALAU
of over 10 mg/l is considered as an unacceptable
limit for lead workers the present study suggested
that a PbB of 50-60 ug/dl would be the proper prac-
tical limit for biological monitoring so far as
response of ALAU is concerned.

Although determination of coproporphyrin in
urine is less sensitive to the effects of lead exposure
than determination of ALAU, semi-quantitative
testing of coproporphyrin still plays an important
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Fig 1 Relation of PbU to PbB in groups divided by PbB
concentration.

part when screening lead workers in some countries
because of its simplicity.

The response level of CPU by increase of PbB was
proportionally increased showing a similar pattern
to that of ALAU. At a PbB of 60 ug/dl and above,
96% of workers responded positively. If a PbB of 60
umg/dl is considered as the critical point of unaccept-
able lead absorption from a practical point of view
the semi-quantitative CPU test can detect nearly all
workers with a PbB of over 60 ug/dl with high sen-
sitivity (97-8%).
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Fig 2 Relation of ALAU to PbB in groups divided by PbB
concentration.

Anaemia is a characteristic toxic effect of lead in
man, but the PbB threshold level for this effect is
still not certain. Williams?? reported that anaemia
did not occur in industrial workers with a PbB below
110 pg/dl. On the other hand, Tola e a/** and Baker
et al'' reported that the effect of lead on Hb was
observed from a PbB concentration of about 50
png/dl. Anaemia is a late sign in lead poisoning and is
seldom severe unless there is concomitant iron defi-
ciency.” It is difficult to interpret the anaemia of
workers in the lead industry only on the basis of

Table 6 Regression analysis of various pairings by workplace and work duration

PbB v PbU*

PbBv ALAU*

PbB v Hb*

r Regression equation

r

Regression equation Regression equation

Work place

1 065 y=315x — 409 062 y=023%x- 41 -022 y=-0017x + 14-1
11 0-65 y =243x - 183 062 y=020x—- 33 -0-33 y=-0021x + 14-6
111 060 y=246x— 176 073 y=028—- 69 -031 y=-0027x + 14-3
v 078 y=1200x— 18 070 y=024x - 3.7 -046 y = —0-044x + 14-6
\ 079 y=244x — 382 075 y=028x- 60 -0-61 y= —0-047x + 14-8
Work duration (years)
<2 055 y=218+ 16 056 y=010x + 04 -035 y=-0029% + 14-7
2-4 067 y=273x- 341 070 y=019%x - 22 -0-18 y= —0-014x + 14-5
4-6 072y = 4-15x — 100-5 069 y=03lx- 79 -0-34 y=-0-027x + 14-5
6> 045 y=225x+ 16 062 y=038— 13 -0-21 y= —0-023x + 144
Total 065 y=285 — 342 065 y=024x- 45 -028 y= —-0-022x + 14-3
;ly axis.

S: Statistically non-significant.
I Assembly, II Casting, IIT Pasting, IV Refining, V  Lead powder.
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their lead exposure, unless other causes can be dis-
counted.

There were no significant differences of response
of Hb below 13 mg/dl between workers of PbB
30-70 wg/dl, but there was an increasing number of
workers with Hb below 12 mg/dl as the PbB
increased. Bearing in mind that lead can shorten red
cell life and affect haem synthesis, this study sug-
gested that the effect of lead on Hb could be
identified from a PbB of 70-80 ug/dl or even of a
somewhat lower concentration.

Zielhuis'* made an intensive review of publica-
tions concerning the inter-relationship of biochemi-
cal response to the absorption of inorganic lead.
According to his review, different observers found a
wide variation in the relationships between various
of the parameters relevant to lead poisoning.

Most studies agreed that a significant positive cor-
relation between PbB and PbU or ALAU could be
found in occupationally exposed lead workers, but
they did not show agreement on the linearity of the
regression line.'

ALA excretion in urine has long been used as a
measure of a biological effect of lead, and correlates
with an increase in PbB.®* Many studies show a
straight single regression trend between PbB and
ALAU, but a few recent studies of this relationship
in industrially exposed subjects indicate a curvilinear
relationship.'* Selander and Cramer?* achieved a
satisfactory result with log-transformation of
ALAU, showing a high correlation coefficient
(r=0-74) between this relationship. Haeger-
Aronsen? also agreed with the curvilinear function
of Selander and Cramer, showing a very similar
result. On the other hand, King et al?¢ suggested a
second-degree regression model instead of a prim-
ary regression model.
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To obtain the model that best fitted various pair-
ings, a stepwise statistical approach was undertaken.
Visual inspection of scatter diagrams and figs 1 and
2 suggested a curvilinear function or two segmental
straight lines divided at a PbB of around 40 ug/dl.
Statistical tests of the slopes between the regression
line of the groups with PbB below and above 40
pg/dl (table 7) showed significant differences only
between PbB and PbU and PbB and ALAU.
Assuming that these two pairings are not well-
explained in a single straight model, second-degree
regression and segmental model functions (figs 3, 4)
were calculated and compared by analysis of vari-
ance to determine which best fitted the scatter dia-
gram. In both the pairing of PbB and PbU and PbB
and ALAU a segmental model appeared to fit the
results better than the quadratic model. These
results do not support King’s study?® that a second-
degree regression function is better fitted for the
relation between PbB and PbU.

Selander and Cramer also expressed a segmental
model of relationship between PbB and ALAU
divided at a PbB of 40 ug/dl, which was the upper
limit of normal in an unexposed population, but they
concluded a curvilinear function from this segmental
data.>

ALAU is a good indicator of lead intoxication and
usually responds from a PbB of 3040 wg/dl; some
studies show no relationship between PbB and
ALAU in subjects whose PbB was under 40 ug/d1.2°
Inclusion of data from workers with a PbB under 40
pg/dl would tend to make the relationship between
PbB and ALAU appear curvilinear.

To test the straight trend of PbB with ALAU in
workers whose PbB were above 40 ug/dl, an F test
was carried out between a simple straight line and a
second-degree regression line; this showed a smaller

PbU v ALAU* PbU v Hb* ALAU v Hb*

r Regression equation r Regression equation r Regression equation
0-58 y = 0-045x + 2-8 -0-23 y = —0-0035x + 13-6 -0-35 y = —=0-071x + 137
0-48 y = 0-042x + 2-5 NS -0-47 y = —0-071x + 142
0-59 y = 0-055x + 1-8 -0-33 y = —0-0069x + 13-7 -0-57 y = —0-130x + 13-9
0-72 y = 0-095x — 1-3 -0-53 y = —0-0196x + 14-4 -0-76 y = —0-213x + 14-2
0-81 y = 0:097x — 14 -0-63 y = —0-0159x + 14-7 -0-63 y = —0-135x + 14-4
0-65 y = 0-029x + 2-1 -0-46 y = —0-0095x + 14-3 -0-59 y = —0-270x + 14-7
0-65 y = 0-042x + 2-6 -0-20 y = —0-0036x + 13-6 -0-48 y = —0-138x + 14
0-69 y = 0-053x + 2-3 -0-32 y = —0-0044x + 13-6 —-0-48 y = —0-085x + 13-8
0-34 y = 0-043x + 4-8 NS -0-40 y = —0-069x + 13-7
0-58 y = 0-048x + 2-5 -0-25 y = —0-0044x + 136 -0-45 y = —0-095x + 13-9
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Table 7 Regression analysis of various pairings in groups with PbB below and above 40 ugldl

Correlation coefficient (r)

Regression equation Difference between slopes*

40 = 022

0-63x + 35-7

PbB v PbU 102 0% Y= 341x-713 p <005
PbB v ALAU p0z SN A TORTe: P <005
PbB v Hb il S AU Y 003 + 159 NS

PbU v ALAU 20z o VI Soim s 38 NS

PBU v Hb 0z 5o 2 0004 + 134 NS
ALAU v Hb q0z o AR € OB P NS
Z=_ _b-b

.

JSE (b) + SE (b))

NS = Not significant.

sum of squares of the residual in the straight line
than in the quadratic line. This suggests that a cur-
vilinear trend does not exist between PbB concen-
trations in the range 40-100 ug/dl. In a previous
study?® the interrelation between PbB and ALAU
was highly correlated (r = 0-91) and gave a straight
trend rather than a curved trend. Because this study
covered a wide range of PbB from below 40 ug/dl to
above 200 ug/dl, the lower portion of PbB (below
40 wng/dl) did not have an important influence on the
regression line. The study of Selander and Hallberg,
which showed a straight line between these para-
meters in workers with blood leads in the range
40-130 ug/dl, supports this concept.?” Figures 3 and

3 -
01 y=2.85x ~34:2
...... %y=0.82x +3.45x+311
..... y=091x+ 0.018x2411.84
250 y=100:011%+1:40
2004
250
100
7 %1 PbB under 40;x=PbB
x2=0
50 4 If PbB over 40,' X1=40
s xp=PbB-40
T T Ll L] 1] Ll L] T T 1
0 20 30 40 50 60 70 80 90 100

PbB (ug/dl)

Fig 3 Regression equation of PbB with PbU in various
functions.

4 show the differences of lines of various
approaches. Curvilinear data seem to be underesti-
mated in PbB below 60 ug/dl and overestimated
from that level compared with the straight line.

ALAU response is determined not only by the
blood lead but also by the duration of exposure.?* At
a given blood lead concentration, the ALAU of
workers tended to increase by duration of exposure
(table 3). This tendency was confirmed by compar-
ing the slope of regression line of PbB with ALAU
(table 6). The slope of the regression was steeper as
work duration of workers increased. This could be
explained by the chronic effect of lead on haem
precursors.

25—
........... y=024x-455 B
———— ¥y =0.017x1+0-31x2+316 /,
..... y=-0:103x+0.003x2. 3.52 %
20- y=100-012x+015 ;
= 15
£
3 104
5 %1t PbB under 40,x;=PbB
X9=0
2
It PbB over 40;x1=40
xp=PbB-40
L] l" L] L] L] L) T 1 T 1
10 20 30 40 S0 60 70 8 90 100

PbB (ug/dl)

Fig 4 Regression equation of PbB with ALAU in various
functions.
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Waldron'* reported no correlation between
ALAU and Hb with 137 lead workers. On the other
hand, Gibson et al?® reported a strong correlation
(r = 0-57) between these parameters. In the present
study Hb concentration was fairly correlated with
ALAU (r = — 0-45). Relative steepness of slope of
regression between ALAU and Hb was shown in
workers whose work duration was under two years
compared with other workers with a period of long
service. This could be partly explained by the acute
effect of lead on haem synthesis in newly introduced
workers.?

I am extremely grateful to Dr H A Waldron of
London School of Hygiene and Tropical Medicine
for his guidance and help in preparing this paper. I
am also grateful to Dr D Oakes of the same school
for his valuable statistical advice and to Mrs M
Whittingham for her excellent computing help.
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