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During 1 h two healthy volunteers, not earlier exposed occupationally to lead,
inhaled about 100 mg of lead as a mixture of lead oxides and lead sulfate. Maximum
blood lead (PbB) concentrations of about 0.5 mg/l and minimum blood cell o-amino­
levulinic acid dehydratase activities (ALAD) (6 Ofo of the preexposure values) were
observed within 38 h after exposure. PbB and ALAD returned to preexposure levels
after about 300 and 150 days. A highly significant correlation between ALAD and
PbB was seen even at lead levels in the range 0.1-0.2 mg/l. Delta-aminolevulinic
acid, coproporphyrin and lead in the urine (ALAU, CPU, and PbU, respectively)
increased. The peak levels occurred after about 15 h for ALAU and CPU and after
about 24 h for PbU. There was a very good correlation between log PbU and lin
PbB. ALAU increased already at PbB levels of about 0.3 mg/l.

Key words: lead, experimental exposure, excretion, blood, urine, o-aminolevulinic
aCid, o-aminolevulinic acid dehydratase, coproporphyrin, half-time.

Workers under surveillance because of lead
(Pb) exposure sometimes show unex­
pected, temporary rises in their blood lead
(PbB) levels. A possible explanation could
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be the occurrence of a short, but intensive,
exposure in addition to continuous occu­
pational exposure and "background" non­
occupational exposure. In blood samples
obtained from workers before and after
8-h workdays in workroom levels of 0.2
mg Pb/ma or less, we found no significant
PbB rise. Thus we conducted an experiment
in which persons formerly exposed only to
nonoccupational "background" lead were
subjected to lead levels higher than 0.2 mg
Pb/ma• Such an experiment also provided
the opportunity to study lead metabolism,



information on which is scanty in several
aspects (7, 9, 31, 36). It should also supply
intraindividual data from humans on the
relationship between lead levels in blood
and urine on one hand and different bio­
chemical parameters on the other. This
relationship has usually been studied only
in exposed groups, and interindividual
variation has affected the results.

MATERIAL AND METHODS

Subjects

Two male volunteers 33 and 37 years of
age participated in the investigation. They
had no earlier occupational exposure to
lead. Subject 1 was a smoker (about 10
cigarettes/day) and subject 2 a nonsmoker.
Their weights were 78 and 80 kg. Both
were healthy. They had normal hemo­
globin levels in blood, normal creati­
nine levels in serum, no glucosuria or
albuminuria, a normal ability to concen­
trate urine, and normal liver function as
indicated by serum activities of amino­
transferases (S-ALAT and S-ASAT).

Exposure and sampling

The volunteers were exposed for 60 min to
lead dust (a mixture of lead oxides and
lead sulfate) in a closed section of a de­
struction facility for lead storage batteries.
Samples for the determination of lead in
air were obtained during exposure, those
for the determination of PbB (whole blood)
and J-aminolevulinic acid dehydratase
activity (ALAD; EC 4.2. 1. 24) in red blood
cells (RBC) were obtained on several
occasions before exposure and during a
period of 500 days after it, and those for
the determination of lead, o-aminolevulinic
acid, and coproporphyrins in urine (PbU,
ALAU, and CPU, respectively) were
collected during the postexposure period.

Lead in air. We determined individual
exposure from dust samples collected on
cellulose acetate membrane filters (Milli­
pore; pore diameter 0.8 ,urn) with a port­
able pump (MSA model G; 2 l/min) in the
breathing zones of the subjects. The filters
were treated with concentrated nitric acid.
After dilution of the samples with de­
~.;
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ionized water, the lead content was de­
termined by atomic absorption spectro­
photometry (AAS). The detection limit
was 2.5 ,ug, which corresponds to an air
level of 25 p.g/m3• The combined method
error, including the determination of air
sample volume and lead content, was
calculated to be 7 %. The average lead
concentration in the breathing zones of the
two subjects (data on subject 1 will always
be presented first) was 51 and 54 mg/m3•

Lung ventilation, as estimated under the
same conditions on a later occasion with
the use of Douglas bags, was about 30
l/min. The inhaled amount of lead was
thus calculated to be 90-100 mg for the
two subjects.

Particle size of lead dust. Dust for the
determination of particle size was sampled
on cellulose acetate membrane filters
(Millipore; pore size 0.22 jim) and on
Nuclepore membrane filters (General Elec­
tric; pore size 0.4 ,urn). The acetate mem­
brane filters were made transparent by
treatment with acetone vapor, and the
particle size was estimated by bright field
microscopy at a magnification of 400 times.
The particle size distribution on the Nucle­
pore filters was determined in photographs
taken at a magnification of 1,200 times in
a scanning electron microscope. Of the
particles 93 % were in the range 0.5-5
pm (table 1).

Dust samples were also collected with
a gravimetric size-selecting personal dust
sampler (C. F. Casella & Co., LTD) (1).
During two 30-min sampling periods 9 and
11 % (w/w) of the lead passed the cyclone
size-selector.

Lead in blood. Venous blood samples
were obtained in heparinized acidwashed
tubes. On each occasion two to four 5-ml
samples of blood were wet-ashed with
nitric acid, perchloric acid, and sulfuric
acid. The lead was extracted as a dithi­
zone complex in methyl isobutyl ketone
and determined by AAS. A satisfactory
accuracy was ascertained by repeated
interlaboratory checks with independent
methods (AAS and spectrography). The
limit of detection was 0.01 mg/l, and the
method error, as calculated from 20 dupli­
cate determinations in the concentration
interval 0.04-0.12 mg/l, was 4 % of the
mean.
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TaMe 1. Particle size distribution for the
aerosol of lead oxides and lead sulfate inhaled
by the volunteers.

Percentage distribution

Particle size Bright field
Scanning

(,um) microscope a electron
microscope b

(x 400) (x 1,200)

< 0.5 _C _C

0.5- 1 57 25
1- 5 35 68
5-10 6 6

10-15 1 1
> 15 «1 <1

Total 99 + 100 +

a A total of 1,090 particles were counted.
b A total of 206 particles were counted.
C Neither method permitted the counting of

particles smaller than 0.5 Ilm. With scanning
electron microscopy using a magnification of
x 6,000, only a few particles smaller than 0.5
,um were detected.

Lead in urine. During the first 3 days
after exposure all urine was taken from
each voiding. Later 24-h urine samples
were collected during at least three con­
secutive days. PbU, ALAU, CPU, and
creatinine levels were all determined from
these samples.

PbU was determined spectrophoto­
metrically after the lead was precipitated
(coprecipitation with calcium from 40 ml
of urine added to ammonia), the precipi­
tate was dissolved in diluted hydrochloric
acid, and the lead dithizonate was ex­
tracted in chloroform after the addition of
a citric acid ammonia cyanide buffer (pH
11-12). The method is a modification of
the procedure described by Amdur (2). The
main modification involves adding copper
sulfate and nitric acid to the sample and
heating it to 900 C for 1 h before the pre­
cipitation reaction; in this manner lead
recovery is increased in different samples
from 30-90 010 to 100010. Each sample was
analyzed twice. The results obtained with
this procedure agreed well with those
determined with independent AAS (after
wet-ashing) and colorimetric methods. The
detection limit was about 0.003 mg/I. The
method error, as calculated from 20 dupli­
cate analyses in each interval of 0.005-
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0.020, 0.02-0.05, 0.05-0.10, and 0.1-0.2
mg/l was 14, 6, 4 and 3 010, respectively.

ALAD activity in blood. Determinations
of ALAD activity in blood were performed
within 1 h after sampling according to the
method of Bonsignore et aI. (5) with some
modifications (28). The method error, as
determined by analyses of duplicate
samples within the interval 60-200 ,umol
porphobilinogen (PBG) • h-1 • 1 RBC-l, was
5 010 at the low end of the interval and 3 6/0

at the high end. Methylmercury (28) and
ethanol (19) causes a decrease in ALAD
activity. Both subjects had "normal"
mercury levels in their blood cells (below
10 ,ug/kg). No intake of alcohol occurred
during 24 h before the sampling.

ALA in urine. Determinations of ALAU
were made according to Grabecki et aI.
(10). They were corrected with regard to
the variation in the recovery of ALA in
urine samples with different creatinine
concentrations with the use of the function
y = 133 - 21 x (0.5 < x < 2.5; n = 10;
r = -0.96), where y denotes recovery in
per cent and x the creatinine level in
grams per liter. The detection limit was
about 1 mg/I. The method error, as
calculated from 20 duplicate analyses in
the range 5-10 mg/l, was 7 010.

Coproporphyrin in urine. The CPU was
determined according to Askevold (3).
Coproporphyrinogen was oxidized by the
method of Schwartz et aI. (27). The cal­
culation'S were made -according to Rim­
ington and Sveinsson (24) and With (38).
The detection limit was about 0.01 mg/l,
and the method error, as calculated from
20 duplicate samples in the range 0.10­
0.20 mg/l, was 3 010.

Creatinine in urine. Creatinine was
determined in all samples according to the
method of Teger-Nilsson (32). The method
error of 10 consecutive analyses of one
sample was 2 6/0.

Calculations of PbB half-times

Data on PbB versus time was fitted to the
sum of two exponential functions with the
weighted least squares method. The ana­
lytical error was assumed to be propor­
tional to the measured values.



DAYS AFTER EXPOSURE

After an additional 24 h the levels had
decreased to 0.37 and 0.43 mg/l, and after
about 250 and 300 days they had returned
to levels practically identical with the pre­
exposure ones.

The decrease in PbB was initially very
rapid, but slower later on (fig. 2). When
the decay curves were fitted to the sum of
two exponential functions, the fast ones
had half-times of 1.3 and 0.5 (95 Ofo con­
fidence limits 0.7-5 and 0.2-00) days, and
the slow ones half-times of 46 and 49
(confidence limits 41-52 and 45-54) days.

PbU rapidly increased to peak levels
that were about 50 times higher than
the "background" levels (17 and 19 l.lg/h;
240 and 210 f.lg/g creatinine) in samples
voided about 24 h after exposure, and a
slow decrease followed, the "backround"
level being reached approximately 150
days later.

The total amount of lead in the urine in
excess of the "background excretion" was

Lead in urine
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Fig. 1. Levels of lead in whole blood and in
urine, <5-aminolevulinic acid dehydratase
(ALAD) activity in blood cells, levels of 0­
aminolevulinic acid (ALA) and coproporphyrin
(CP) in urine before and after a short, heavy
inhalation exposure of subject 2 to lead. The
dotted lines indicate "background" levels pres­
ent before exposure and a·fter the end of decay.

RESULTS

The pattern of PbB, PbU, ALAD, ALAU,
and CPU was similar in both subjects. One
set of data is presented in fig. 1.
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Fig. 2. Levels of lead in red blood cells (RBC)
after a short, heavy inhalation exposure of
subjects 1 (circles) and 2 (dots) to lead. "Back­
ground" levels have been subtracted and
logarithms of the differences plotted.
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DAYS AFTER EXPOSURE

Lead in blood

Before exposure the PbB of both subjects
was about 0.08 mg/l (fig. 1). In blood
samples obtained about 10 min after the
end of exposure PbB was 0.16 and 0.21
mg/I. The next morning, 14 h after ex­
posure, the highest levels, 0.44 and 0.48
mg/I, were measured; they were about six
times higher than the "background" level.
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ALAD activity

Fig. 3. Relation between levels of lead in
whole blood (PbB) and the excretion of lead in
urine (PbU) at different time,s after a short,
heavy inhalation exposure of subjects 1 (circles)
and 2 (dots) to lead. Both linear and exponen­
tial regression lines are indicated together with
the corresponding coefficients of correlation.

calculated to be about 5 mg from the areas
under the decay curves (fig. 1).

There was an obvious correlation be­
tween PbU and PbB (fig. 3). The data for
each subject fitted a single exponential
function (rl = r2 = 0.99) better than a
rectilinear one (r1 = 0.95 and r2 = 0.92).

relation (rl = -0.86, P < 0.02 and r2 =
-0.92, p < 0.01) existed already at the
PbB interval of 0.1-0.2 mg/I.

ALA in urine

Coproporphyrin in urine

The pattern of coproporphyrin excretion
was similar to that of ALA - the maxi­
mum excretion occurred about 15 h after
exposure and was about three times higher
than the "background."

ALAU was increased above the "back­
ground" level (0.3 and 0.2 mg/h; 4 and 3
mg/g creatinine) in subject 1 for about
1 week and in subject 2 for about 2 weeks
after exposure. A maximum excretion of
three times higher than the "background"
(0.7 and 0.7 mg/h; 11 and 9 mg/g creatinine)
occurred in samples voided about 15 h
after exposure, - i.e., simultaneously with
the highest PbB level observed but nearly
10 h earlier than the maximum excretion
of PbU.

A clear increase in ALAU was seen
above a PbB level of 0.3 mg/l (fig. 5). A
statistically significant correlation was
obtained for one of the subjects (r2 = 0.95,
p < 0.01) at PbB levels above 0.3 mg/I.
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Fig 4. Relation between lead and c5-amino­
levulinic acid dehydratase (ALAD) activity in
red blood cells (RBC) at different times after a
short, heavy inhalation exposure of subjects 1
(circles) and 2 (dots) to lead. Logarithms of
ALAD activity have been plotted.

The impact of the absorbed lead on ALAD
activity was very rapid. The minimum
activities - in both subjects 6 Ofo of the
preexposure values - were measured in
the first samples taken after exposure for
ALAD activity analysis, Le., 14 h after the
end of exposure.

ALAD activity recovered as PbB de­
creased, and after 200 to 300 days it even
exceeded the preexposure levels in both
subjects. In samples analyzed 500 days
after exposure the activities had returned
to preexposure values.

Excellent intraindividual correlations
were found between ALAD activity and
lead in the RBC (fig. 4). The data fitted
single exponential curves somewhat better
than rectilinear ones (rl = r2 = -0.97 for
log ALAD; rl = -0.95 and r2 = -0.97 for
lin ALAD). A statistically significant cor-
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DISCUSSION

Fig. 5. Relation between levels of lead in
whole blood (PbB) and the 24-h excretion of
,s-aminolevulinic acid in urine (ALAU) at
different times after a short, heavy inhalation
exposure of subjects 1 (circles) and 2 (dots)
to lead.

The metabolism of lead is complicated.
Models containing from two (30) to four
(20) compartments have been proposed.
Rabinowitz et al. (22) fitted data on one
human, subject only to "background" ex­
posure, with a three-compartment model.
The first two pools (blood and other soft
tissues?) had half-times of about 20 days.
The authors also found one compartment
(bone?) which had a half-time of 20 years.
A very slow decay of the body burden may
also be anticipated from PbB data on "non­
exposed" former lead workers (13, 21).

One may assume that the decay in PbB
(fig. 2) in the present investigation reflects
the excretion kinetics of two compartments
with different half-times (blood and soft
tissues?). Thus we fitted the curves with
the sum of two exponential functions.
However, the following three objections
may be raised to this assumption: (a) The
shape of the initial part of the curve may
have been affected by blood absorbing lead
from the lungs and the gastrointestinal
tract simultaneously as lead was cleared
from the blood into other tissues and urine.
The rising PbB levels indicated that an

° •
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°0 •
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°• • • 0 00•• ••

absorption of lead occurred already during
the I-h exposure period. The PbB started
to decline already within 24 h after the end
of exposure; therefore the major part of
the absorption was probably completed
within that short period. This result agrees
with earlier findings (17). (b) Only for
subject 1 could the presence of two differ­
ent functions be firmly established. For
subject 2 the range of the 95 0/0 confidence
limits of the half-times of the two func­
tions overlapped. (c) The curvilinear rela­
tion obtained between PbU and PbB indi­
cates that the urinary clearance of lead
from whole blood may not follow first­
order kinetics at high PbB levels, at least
in recently exposed subjects. At levels of
0.3 mg Pb/l RBC (PbB 0.14 mgll, "back­
ground" level subtracted) and lower, the
decay curves fit well with single exponen­
tial functions and the decay rates are
remarkably similar for the two subjects. At
th\::se levels the relation between PbU and
PbB is reasonably rectilinear (fig. 3). It
may be assumed that this part of the curve
mainly reflects clearance from a fairly
rapid compartment (soft tissues?).

The estimated total amount of lead
inhaled by the volunteers was 90-100 mg.
It is impossible to make a reliable estimate
of the fraction deposited in and absorbed
from the lungs. The rest was cleared from
the respiratory tract, and most of it was
swallowed and partly absorbed from the
gastrointestinal tract. An assumption of
5-10 % absorption in the lung (as judged
from the fl'adion passing the particle size­
selector) and 5-10 Ofo of the rest in the
intestine (23) would indicate an absorbed
dose ranging from 10 to 20 mg. About
5 mg of the dose appeared in the urine
during the study. Published data on the
elimination of lead in feces is not consist­
ent (8), but probably a similar amount or
less (23) was excreted through that route.
Thus it may be assumed that the dose was
not completely eliminated during the
study. The rest must have been retained
in the body in a slow compartment, mainly
in the bone. The lead content of the
skeleton is - even in occupationally non­
exposed subjects - relatively high (4, 26,
37) when it is compared to the amount that
could possibly have been retained in this
study. Thus, when the analytical method

o •
•

0.4

o

0.2 0.3

PbB (mgjl)

0.1

14

12

>;" 10
OJ
"t:l--.... 8Ol

E

::l 6
«
...J
« 4

2

0
0

181



errors are considered, no significant per­
sistent elevation of PbB as a result of a
small increase of lead in the skeleton
should be expected after the lead contents
of the rapid compartments have decayed.

The curvilinear relation between PbU
and PbB has not been reported earner, but
our findings agree with the observations
that poisoned subjects may daily excrete
considerable amounts of lead in their urine
(18). The shape of the curve may be due to
(a) absorption of lead from the lungs and
the gut and a subsequent relatively higher
rise in plasma lead level than in RBC lead
level (23) and/or (b) an increasing ratio
between lead levels in plasma and blood
cells (because of binding conditions) as
whole blood levels rise (6); in both cases
the renal glomerular filtration rate would
be affected. Lead in urine and plasma
may very well be linearly related. Also,
theoretically, (c) a limited capacity of
tubular reabsorption of lead could give a
curvilinear relation. However, the limited
data on hand (39) indicate a tubular re­
absorption at high PbB levels only.

We found a dramatic decrease in ALAD
activity in the RBC already within 14 h
after the short heavy exposure, Le., earlier
by days than the decrease reported in
workers at the onset of lead exposure (16,
35). It is reasonable to assume that ALAD
activity decreased already during the ex­
posure as PbB rose. The activity increased
as soon as PbB decreased, Le., within 24 h
after the end of exposure. A recovery of
activity has previously been observed in
workers examined 4 months after the end
of exposure (13, 33).

It is also noteworthy that, in accordance
with observations on the relationship be­
tween ALAD and PbB in lead workers
during and after exp::>sure (13, 33), ALAD
activity even exceeded the preexposure
level during one period in our experiment.
This result might have been due to a
compensatory increase in ALAD (or any
other biochemical function which opti­
mizes ALAD activity) in the erythropoetic
system and a subsequent enhanced activity
in young RBC. Another possibility is the
formation of a lead-inactivating compound.

There was an excellent intraindividual
correlation between ALAD activity and
PbB in our study, far better than has been
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reported for groups of individuals (11, 12,
13, 16, 25, 34) for whom interindividual
variations influenced the results. There
has been some discussion on whether a
threshold PbB exists with regard to impact
on ALAD activity. Some authors have
claimed an effect already at PbB levels of
0.1-0.2 mg/l (14, 15, 34), while others (11,
12, 13, 25) could demonstrate effects only at
higher PbB levels. The present data
clearly show an effect at 0.1-0.2 mg/l, Le.,
close to levels usually found in "nonex­
posed" Swedes (12).

A clear increase in ALAU was noted at
PbB levels of 0.3 mg/l, which is lower than
the 0.4 (29, 35) - 0.5 (12, 25, 34) mg/l re­
ported in studies of groups of workers.

CPU seems to be as sensitive as ALAU
in the determination of lead exposure.
However, we did not measure the level in
all urine specimens, and thus the threshold
PbB resulting in elevated CPU cannot be
given.

It is remarkable that the peaks of ALAU
and CPU occurred about 10 h before the
peak PbU. As the time of the peak PbB is
not exactly known, the discrepancy cannot
be elucidated. If the peaks of PbB, ALAU,
and CPU occurred simultaneously, the
PbU delay may be due to diurnal variation
(18). If, however, the peak PbB occurred
simultaneously with the peak PbU, a
partial compensatory restitution of heme
synthesis (as mentioned previously) might
already have occurred.

The short heavy exposure of the volun­
teers caused a rapid and considerable in­
crease in PbB. Although it must be kept
in mind that the present data were ob­
tained from two formerly "occupationally
unexposed" subjects after inhalation of a
very heavy single dose, it is reasonable
to assume that occupationally exposed
workers with elevated PbBs would show
a further rise in PbB after a heavy addi­
tional dose. It is, however, not possible to
predict the increase since the rise in PbB
might depend upon the lead already pres­
ent in different body compartments. Be­
cause of the apparent curvilinear relation

"between PbU and PbB, a rapid elimina-
tion of additional lead may be expected
and thus a more rapid decrease in PbB to
the level present before the additional ex­
posure may occur.
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