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High accuracy (stable isotope dilution) measurements
of lead in serum and cerebrospinal fluid
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ABSTRACr The concentration of lead in blood, serum, cerebrospinal fluid, and urine was meas-
ured in patients with neurological disease and in control subjects including cases of plumbism. A
plot of blood lead versus serum lead resembles the familiar curves of blood lead versus either free
erythrocyte porphyrin or urinary 8-aminolaevulinic acid in that serum lead is constant up to a

blood lead concentration of 40 ,ug/dl (2 umolI1) and rises steeply thereafter. The serum lead
concentrations yield renal clearances in the range 5-22 m/min in agreement with values obtained
with radiolead on man and predicted from animal studies. The lead content of cerebrospinal fluid
is consistently less than that of serum, averaging 50% of the serum concentration for blood leads
of less than 20 ,ug/dl (1 jumoWl) but rising to 80-90% in cases of plumbism. Patients with motor
neurone disease could not be distinguished from those with other neurological diseases on the
basis of the lead content of their serum or cerebrospinal fluid.

In 1925 Aub et al reported that 80% of the lead in
blood resided in the plasma.' Their method of assay,
titration, was elaborate, used many potentially con-
taminating. reagents, and was soon replaced by the
colorimetric agent dithizone, which showed that
most of the lead in blood was in fact bound to the
red cells. Disagreement persisted into the 1940s,
however, about the precise value for the partition-
ing, and not until the late 1950s was it firmly estab-
lished that at least 90% of the lead in blood was red
cell bound. The exact concentration of lead.in the
plasma was below the detection limit of careful
workers using dithizone. Both Willoughby and Wil-
kins2 and Robinson et a13 stated that it was undetect-
able, below 10 ,tg/dl (0-5 umoVI/). The modern
instrumental technique of atomic absorption spec-
trophotometry has the required sensitivity, and sev-
eral workers have reported plasma lead concentra-
tions.4- There is general agreement that for the
normal range of blood lead concentrations, 10-25
,ug/dl (0-5-1-2 ,umoll1) plasma lead ranges from 0-3
to 1 ,udl (15-50 nmoil).
The concentration of lead in the plasma has gen-

erally been cautiously reported, because a careful
worker knew that the figure could not exceed the
difference between that in whole blood and packed
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red cells. Without any such constraint, though it
would seem reasonable that lead in cerebrospinal
fluid should approximate that in plasma, incredibly
high values of cerebrospinal fluid lead are found in
earlier reports. In 1937 Schmitt and Basse reported
15-38 ,ug/dl (0-7-1.8 umol/1) for normal subjects
and up to 500 ,ug/dl (24 ,umoVl) in cases of lead
intoxication.8 Their contemporaries, Cantarow and
Trumper, reported much the same values.9 In 1952,
in a careful study using dithizone, Butler was unable
to reproduce the excessively high values reported in
lead intoxication, but in patients with neurological
disease he found 1-32 ,ug/dl (0.05-1-5 ,umol/l).'°
This range appears to be confirmed by the modern
worker using atomic absorption spectrophotometry,
Conradi et all' reporting 0-9-5 ,ug/dl (0.05-0.25
,umolI1) and House et al'2 reporting less than 1 to
nearly 30,ug/dl (0-05-1-5 umolI1). Recently, how-
ever, Conradi et al have revised their figures down-
wards by a factor of 3 to 4.13
The absolute concentrations of lead in the plasma

and cerebrospinal fluid are of interest with regard to
the general problem of subclinical lead poisoning.
Ever since it was appreciated that lead was a
neurotoxin, exposure to the metal has, from time to
time, been advanced as an explanation of various
idiopathic neurological diseases. The longest lasting
of such ideas is that lead in some manner precipi-
tates motor neurone disease. Wilson developed the

313

 on M
ay 26, 2023 by guest. P

rotected by copyright.
http://oem

.bm
j.com

/
B

r J Ind M
ed: first published as 10.1136/oem

.41.3.313 on 1 A
ugust 1984. D

ow
nloaded from

 

http://oem.bmj.com/


314

hypothesis in 1907 after observing that several cases
of the disease followed lead poisoning.'4 Recent
reports of raised concentrations of lead in the
plasma6 and cerebrospinal fluid" 13 and in the
anterior horns of the spinal cords of patients with
motor neurone disease'5 have focused new attention
on the hypothesis and have given it some credibility.
We believed that these claims of raised lead in
motor neurone disease needed to be verified,
because most modern instrumental techniques,
though sensitive, have the common failing that the
signal from an unknown sample is compared with
that from a known external standard. If the sample
and standard are not virtually identical, interfer-
ences may occur that will cause either over- or
underestimation of the amount of element in the
sample. The method that we have used, mass spec-
trometric stable isotope dilution, is unique because
it uses an internal standard in the form of an
enriched stable isotope of the element to be deter-
mined. A precisely known amount of this isotope, or
tracer, is added to the tissue. The tissue is decom-
posed and the element, now a mixture of atoms from
both the tracer and the natural element, is chemi-
cally purified and is then isotopically analysed on a
mass spectrometer. From the change brought about
in the isotope ratio of the tracer, the amount of ele-
ment in the tissue may be calculated. In trace
analysis stable isotope dilution comes closest to an
absolute method.

Methods

EXPERIMENTAL DESIGN
We found that heparinised plasma was often pink
from haemolysis and contained about 10% more
lead than serum. To avoid this problem and the
problem of how to apportion the heparin blank (our
heparin contained 41 ng Pb/ml (0-2 nmoil)) we
have worked only with serum.

Sufficient work had been carried out with
radiolead to enable us to devise two straightforward
checks of our measurements. The simpler is that our
absolute concentration of lead in the serum should
yield the same fraction with respect to whole blood
as obtained with radiolead. We therefore also meas-
ured whole blood concentrations of lead from our
patients by stable isotope dilution. Rather more
subtle is the measurement of the renal clearance of
lead from the serum. Vander et al and Victery et al
have shown that lead is handled in the kidney of the
dog by a combination of filtration, tubular secretion,
and reabsorption.'6-'8 They found ultrafilterability
in the range 20-30% and reabsorption in the range
60-90%. Secretion is insignificant insofar as most
secreted lead is reabsorbed. Accordingly, if our
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serum concentrations are correct our clearances
should imply the same processes and be much less
than the glomerular filtration rate. As it has been
shown that tin may influence the renal clearance of
lead,'9 we measured urinary tin also. To extend the
range of our measurements we have included meas-
urements on lead workers and on two cases of
plumbism investigated in this laboratory.

Samples were obtained at the convenience of the
attending physician, and the question arose regard-
ing the effect of diurnal or longer term fluctuations
on the scatter of the results. To answer this, we
measured the serum lead at intervals from several
control subjects. One of these undertook a series of
36 hour fasts, enabling us to investigate the effect of
prandial lead on the concentration of lead in the
plasma. A similar question arose regarding the
equilibration of lead between cerebrospinal fluid
and plasma and its effect on the ratio of cerebrospi-
nal fluid lead to plasma lead. Two patients undergo-
ing chelation therapy provided a partial answer.

PATIENTS
The 36 patients taking part in this study were either
followed up at the Dallas Veterans' Medical Center
or the University of Texas Health Science Center at
Dallas. Twenty five patients had other neurological
disease or symptoms not involving heavy metal in-
toxication or motor neurone disease. The history,
physical examination, and laboratory studies of the
11 patients diagnosed with motor neurone disease
all meet the criteria outlined by Rowland20 for the
diagnosis of motor neurone disease. Two cases were
confirmed at necropsy. Informed consent was
obtained from all subjects used in this study.

ANALYTICAL METHODS
Thirty millilitres of blood were drawn using an 18
gauge needle and a polypropylene syringe. Five ml
were expelled into a 100 ml Teflon FEP bottle and
the remainder into a Pyrex centrifuge tube. After
retraction of the clot the blood was centrifuged and
the serum transferred with a clean polypropylene
pipette to a similar Teflon bottle. Approximately
10 ml of cerebrospinal fluid was allowed to drip
from the needle hub into a Teflon bottle. Twenty
four hour urines were collected in acid washed
polyethylene jugs and a 10% aliquot was transferred
to a 500 ml Teflon bottle. The tracer, 99-98% pure
206Pb, was added to each sample before being
decomposed by boiling in 70% nitric acid. Lead was
separated from blood and urine by coprecipitation
with barium nitrate followed by electrodeposition,
and from serum and cerebrospinal fluid by ion
exchange. These techniques and those for tin are
described elsewhere.'9 Isotope ratios were measured
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High accuracy (stable isotope dilution) measurements of lead in serum and cerebrospinal fluid

on a 30 cm radius, 600 sector field, single focusing
mass spectrometer fitted with a Faraday cup collec-
tor.

Blanks were measured with each batch of five
samples. Those associated with blood and urine
measurements ranged from 1 to 2 ng Pb (0.05-0.1
nmol) and were negligible. To minimise the blank
associated with serum and cerebrospinal fluid meas-
urements, we gave the Teflon bottles, which we
found had a memory, an additional cleaning by boil-
ing double distilled nitric acid in them twice. The
blank associated with the decomposition ranged
from 0-5 to 0-8 ng (24-38 pmol) and that associated
with the ion exchange column was reproducible at
0-3 ng (14 pmol).
A special problem was how to assess the blank

associated with the collection of serum. In vitro, red
cells rapidly bind radiolead suggesting that they
might also scavenge any contaminating lead. We
checked this by drawing two 30 ml blood samples
from a subject and adding to one Pyrex tube 10 ng
(0-5 nmol) of the weak x ray emmitter 205Pb. We
identified by mass spectrometry only a trace of 205Pb
in the serum and, what is more, obtained identical
concentrations of lead in the two samples even
though we had "contaminated" the one with about
the same quantity of lead that it originally con-
tained. This result led us to believe that in assays for
lead in serum no extraordinary precautions have to
be taken with regard to needles and syringes or the
vessels used for clotting.
We found that cerebrospinal dripped through a

metal stopcock (brass, with soldered luer connec-
tions) contained 100 times more lead than cerebro-
spinal dripped through the needle alone. Our cere-
brospinal fluid samples were taken after those taken
for routine clinical tests in the belief that any con-
tamination would have already been flushed out of
the needle.

Taking all sources of error into account we
believe that the figures for the concentrations of lead
in serum and cerebrospinal fluid have not more than
20% uncertainty associated with them. For blood
and urine the uncertainty is less, 1-2%.

Results

It is seen from fig 1 that, for an individual eating ad
libitum, the ratio of serum lead to blood lead may
vary by a factor of 2 and that between individuals a
factor of 5 or more may exist. For subject 3, how-
ever, the fraction of lead in serum was considerably
reduced and a smaller range was observed when he
was fasting.

Renal clearances (table 1) were measured on sub-
jects with serum lead concentrations varying from
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Fig 1 Relation between concentration oflead in blood and
percentage oflead in serum. Light stippling: Field of
diseased controls and healthy subjects. Larger area contains
15 diseased and 10 healthy subjects. Smaller area contains
two healthy subjects. Heavy stippling: Field ofpatients with
motor neurone disease. Larger area contains 10 patients, the
smaller area one. Symbols with bars designate healthy
subjects sampled repetitively. Symbol indicates mean, bar
range ofserum values. Range ofblood concentrations
within horizontal dimension ofsymbols. Solid triangle:
subject 7, three measurements; solid square: subject 3,
eating freely, five measurements; open square: subject 3,
fasting, six measurements; solid circle: subject 10, two
measurements; half circle: subject 11, three measurements;
other symbols: half circle: lead workers, open circle:
subject 12. Lines drawn through points refer to episodes of
lead poisoning and subsequent treatment. Open triangle:
subject 13.

0-03 to 3-3 ,g/dl (1-5-150 nmol/1). The values
obtained ranged from 5 to 22 ml/min. No depen-
dence on serum lead concentration was noted and
clearances measured on subject 3 were similar
whether he was fasting or not.

With the exception of subject 8, urinary tin excre-
tions ranged from 2*0 to 7-5 ug (17-64 nmol)/24
hours with subject 3 having an excretion approxi-
mately double that of the other subjects. On the
basis of his urinary tin, subject 8 is believed to have
been exposed to organic tin. A, second sample
obtained 14 months after the first shows him to be
excreting 13 ,ug (0.1 ,tmol)/24 hours. No effect on
his renal handling of lead is apparent.

In fig 2 absolute concentrations of lead in serum
are plotted against concentrations of lead in blood.
At a blood lead concentration of 10 /ig/dl (0-5
,umol/l) serum lead is 0-25 gg/dl (12 nmol/l) and
then rises as a steep function of blood lead concent-
ration. Several subjects with blood lead concentra-
tions below 20 ,ug/dl (1 ,umol/l) had serum lead con-
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Table 1 Renal clearances oflead from serum

Subject Disease Serum Pb (,ugldl) Urine Pb (,ug/24 h) Urine Sn (,ug/24 h) CPbs ml/min

1 Normal 0-032 5-1 2-4 11
2 Sensory neuropathy 0-045 8-4 2-0 13
3 Normal: eating freely 0-039 12 4-8 21

0-042 13 6-5 22
0-054 14 6-3 18

fasting 0-034 8-3 14 17
0-027 7*9 5 9 20
0-020 6-3 5*6 22
0-029 6-8 7-5 16
0-025 58 - 16

4 Normal 0-051 8-1 3-9 11
5 Normal 0 052 6-5 3-2 8-7
6 Motor neurone disease 0-052 10 1-9 14
7 Normal 0 056 4-1 2-0 5-1
8 Motor neuropathy 0-070 16 112 16

0-054 8-0 13 10
9 Motor neurone disease 0-076 14 - 14

10 Normal 0-120 14 3-7 8-2
11 Lead worker 0-237 47 3-0 14
12 Plumbism 1-86 235 -8-8
13 Plumbism 3-33 405 - 8-4

0 15 r (a)

0. 1o
0

2-0-FF F.E

1.0

0 50 100 150
Blood lead (jug/dl)

Fig 2 Plot ofblood lead concentration versus serum lead
concentration. Hatched area contains 23 points. Open
squares represent mean values and standard deviations
reported by de Silva7 with the abscissa being midpoint of
each ofher ranges. Values obtained from subject 3 while
fasting are not shown.

centrations in the range of those who had between
50 and 70 ,ug Pb/dl (2.4-3-4 ,umol/l) in their blood.
For the subject who fasted, a serum lead concentra-
tion of 0*021 Ag/dl (1.0 nmol/l) was measured for an
average blood lead of concentration of 13-5 ,g/dl
(0I65 umonln).

In fig 3 concentrations of lead in serum are plotted
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Fig 3 Plot ofserum lead concentration versus

cerebrospinal fluid lead concentration. (a) Serum lead less
than 0-2 ugldl. Open circles: patients with motor neurone
disease; closed circles: patients with other neurological
disease; and square: patient with motor neurone disease
having chronic penicillamine treatment. (b) Serum lead
0-2-3-3 ugldl. Square: patient had had EDTA challenge
within previous 12 hours. Dashed lines indicate equal
concentrations oflead in serum and cerebrospinal fluid.
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High accuracy (stable isotope dilution) measurements of lead in serum and cerebrospinal fluid

against those in cerebrospinal fluid. The lead con-
tent of cerebrospinal fluid is consistently less than
that of serum. Only patients who had undergone
chelation therapy within 24 hours of measurement
show a lead concentration in the cerebrospinal fluid
greater to or equal to that in serum.

Discussion

ACCURACY OF SERUM LEAD DETERMINATION
Our result that the serum lead concentration is
about 1 % of the whole blood concentration agrees
well with the figures of 0-5-1-5% obtained by
Hursch et a1' from experiments with 2'2Pb in vitro
and with the estimate of 1% of Chamberlain et a122
which was based on a series of experiments with
203Pb in vivo.
Our renal clearances of 5-22 mlmin were

obtained from individuals with body weights ranging
from 50 to 100 kg and excreting 1-4 to 2-3 g of
creatinine a day. They are uncorrected as we found
that our serum creatinine assay was unreliable. This
range is in general agreement with the measurement
of Chamberlain et a122 of renal clearance of
radiolead in man. For a single individual, they
obtained 30 ml/min five to 46 hours after injection
with 203Pb. For six individuals, they calculated a
mean clearance of 14 ml/min over the period 3-14
days after injection. Of the various protocols used
by Vander et al'6 and Victery et al'' that corres-
ponded closest to man with typical blood lead con-
centrations was one in which dogs were adminis-
tered 203Pb in an infusion of 2 5 ,tg (0-12 ,mol) car-
rier lead per kg/min.'7 After one hour the animals
showed an increment in blood lead concentration of
1-25 ,mg/dl (60 nmol/1) above their endogenous
blood lead concentration (which was not measured).
In these animals 30% of the lead was ultrafilterable
and 62% of the filtered lead was reabsorbed.
Applied to the nominal human glomerular filtration
rate of 125 ml/min these figures give a renal clear-
ance of 14 mlmin, in the middle of our range of
uncorrected values. Vander et al have also shown
that the ultrafilterability and thus the renal clearance
of lead decreases with the total amount of lead
infused.'6 Accordingly, our findings that the cases of
lead intoxication had among the lowest clearances is
consistent with their results.
The good agreement between our clearances and

those obtained with radiolead testify to the accuracy
of our measurement of lead in serum. If we had
obtained values similar to those reported by atomic
absorption our clearances would have been on aver-
age five times smaller or around 3 ml a minute. A
value similar to the 0-002 ,ugldl (0-1 nmol/l)

reported by Everson and Patterson23 for a normal
subject would have produced a clearance approx-
imating the glomerular filtration rate.

FRACTION OF BLOOD LEAD IN SERUM
A plot of the percentage of lead in serum versus lead
in whole blood is shown in fig 1 which includes data
from lead workers and two cases of lead intoxication
studied in this laboratory. The subjects with low
blood lead concentrations show a large range in the
fraction of lead in serum, but this range may be for
the most part put down to natural time dependent
variations, as those individuals who were sampled
repetitively show almost as large a range. The
explanation probably lies in lead being absorbed
into plasma after eating. This effect was observed by
de Silva7 and is supported by our observations that
during fasting serum lead concentration and urinary
lead excretion are almost halved. Another factor
could be the return of lead to plasma from the
extracellular fluid as noted by Chamberlain et al.24 It
follows that at low blood lead concentrations the
true value for the partitioning can be obtained only
from a fasting subject. At higher concentrations
resulting from abnormal exposure the effect of
prandial lead is reduced and the observed partition-
ing is probably close to the equilibrium value.
Although our data are limited and there are large
variations between individuals, we infer that at a
blood lead concentration of 10 ,ug/dl (0-5 ,umol/1),
about 0-2% of the lead resides in plasma at equilib-
rium. At 50 ,tg Pb/dl (2.5 ,umol/l) this figure is about
0-4% and rises to between 1-5% and 2% at a blood
lead concentration of 100 ,ug/dl (5 ,umolll). This var-
iation cannot be explained by a change in haemato-
crit and indicates that the partitioning of lead bet-
ween plasma and red cells is not constant, as de
Silva7 assumed, but increases as a function of blood
lead concentration.

LEAD CONTENT OF SERUM
The relation between lead in serum and whole blood
is similar to the curves reported for free erythrocyte
porphyrin (FEP) in blood25 and 8-aminolaevulinic
acid (8-ALA) in urine26 insofar as all show little
change between blood lead concentrations of 10 and
40 ,ug Pb/dl (0-5-2 ,umol/l) but rise steeply there-
after. This result is not unexpected if the toxicity of
lead is exerted by the moiety present in plasma.
Hitherto the flat portions of the blood FEP and uri-
nary 8-ALA curves have been attributed to instru-
mental insensitivity or to the presence of a constant
background of these substances in blood. On the
basis of our measurements we suggest that both are,
in fact, accurately measuring the quantity of lead in
the plasma of individuals eating ad libitum.
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Table 2 Comparison oflead content ofblood, serum, and cerebrospinal fluid between patients with motor neurone disease
and controls

Tissue MND patients Controls
No X Co No X ao

Blood (/Lg/dl) 11 11-7 + 3-8 25 13-3 ± 5-1
Serum (,g/dl) 11 0-092 t 0-047 15 0-11 t 0-05
Cerebrospinal fluid (Ag/dl) 10 0-037 t 0021 15 0-054 t 0-038
Serum/blood (%) 11 0-85 t 0-51 15 0-91 t 0-29
Cerebrospinal fluid/serum 9 0-48 t 0-14 7 0-46 - 0-20

LEAD CONTENT OF CEREBROSPINAL FLUID
The concentration of lead in serum is plotted against
that in cerebrospinal fluid in fig 3 and the means and
ranges for patients with blood lead concentrations
less than 20,ug/dl (1 umoVl) are summarised in
table 2. It is seen that the lead content of the cere-

brospinal fluid is consistently less than that of the
serum, averaging half its concentration for blood
lead concentrations less than 20,ug/dl (1 /imol/l)
and rising to 80-90% of the serum value in plumb-
ism.
We take our observation that the highest fractions

of lead in cerebrospinal fluid with respect to serum

were found in patients who had just undergone or

were undergoing chelation therapy to imply that the
equilibration between plasma and cerebrospinal
fluid is slow, of the order of hours. Such slow
equilibration would also account for the variability
observed in the cerebrospinal fluid lead to serum
lead fraction among the patients we had studied.

O'Tuama et al have shown that the choroid
plexus, meninges, and paraventricular tissue of
guinea pigs avidly accumulate injected radiolead
and argue that the role of these tissues is to protect
the brain from lead.27 In this light the lead content of
the cerebrospinal fluid at 46 + 20% that of the
serum is surprisingly high. In fact, this figure approx-
imates the fraction of ultrafilterable lead in the
serum as measured by Vander et al in dogs.'6

LEAD AND MOTOR NEURONE DISEASE
We have found nothing to substantiate the claims of
Conradi et a!6 1' 12 that the concentrations of lead in
the serum and cerebrospinal fluid of patients with
motor neurone disease are raised. In table 2 the
standard deviation of each of the parameters meas-

ured overlaps; in figs 1 and 3 (a) the principal field
of the patients with motor neurone disease lies
within the field of the control subjects. What is
more, the concentrations that we have measured are

much lower than those reported by atomic absorp-
tion spectrophotometry. In the case of serum our

figures are five times less; in the case of cerebro-
spinal fluid our concentrations are one hundred
times less than those of House et al'2 and ten times
less than the revised figures of Conradi et al.'3

It is difficult to compare our results with those of
de Silva who reported plasma lead versus erythro-
cyte lead rather than plasma lead versus blood lead
concentrations. In her table 3, however, she gives
mean plasma lead concentrations for ranges of
whole blood concentrations. These are plotted in fig
2 with the abscissa being the midpoint of each range.
It is clear that her plasma lead concentrations are
about twice ours. When so plotted her data imply a
plasma lead concentration of 0 1 ,ug Pb/dl (5 nmol/l)
at a blood lead of zero, which is suggestive of sys-
tematic laboratory contamination. Indeed, in assays
for lead the one probable source of systematic error
is contamination, but none of the various workers
has described his procedures sufficiently well
enough for us to evaluate this possibility. For exam-,
ple, could the high concentrations of lead reported
for the cerebrospinal fluid be due to the use of metal
stopcocks during collection? The analysis of
heparinised plasma rather than serum, with the pos-
sibility of leakage of lead from lysed red cells, or
spurious lead signals from the complex matrix of
plasma or cerebrospinal fluid may also be factors
contributing to the high values reported by other
workers.
The only workers who have reported values lower

than ours are Everson and Patterson, who also used
stable isotope dilution.23 Clearly, however, the dis-
crepancy lies in where the heparin blank is to be
subtracted. They chose to subtract theirs from the
lead in plasma, whereas we believe the lead in the
heparin would have been scavenged by the erythro-
cytes. If the blank correction is not made their
results agree with ours.

This work was supported by a grant from the Muscu-
lar Dystrophy Association Inc.
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