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Summary

Water lead concentrations were measured in 970 house-
holds throughout Scotland. Blood lead concentrations
were measured in 283 people living in houses with water
lead levels of over 0-48 ,tmol/l (100 ,ug/l). A highly sig-
nificant correlation was found between lead concentra-
tions in water and blood. Raised blood lead concentra-
tions were associated with renal insufficiency, reflected
in raised serum urea concentrations, and with hyperuric-
aemia, although there was no evidence of clinical disease
in any of the affected people. This is further evidence that
excessive lead in domestic water supplies has a harmful
effect on the community's health.

Introduction

There is increasing evidence that health may be harmed by
chronic exposure to lead present in the environment at levels
insufficient to produce classical symptoms of lead poisoning.

In the general population the principal sources of direct
exposure to lead are food and drinking water. The World Health
Organisation' has recommended that the maximum daily intake
of lead from food and drink should not exceed 5 ,ug/kg body
weight. Since this figure can be greatly exceeded from water
alone, especially in areas where soft water is conveyed in lead
pipes or stored in lead-lined tanks, perhaps not surprisingly
symptomatic lead poisoning has arisen from this source.2 3 Even
in the absence of symptoms of lead poisoning, raised blood lead
concentrations are associated with raised lead levels in the water
supply of Glasgow households.4 Wilsons suggested that the
higher-than-expected incidence of miscarriage in Scottish
border counties might be due to the high levels of lead found in
domestic water. More recently an association has been suggested
between chronic exposure to environmental lead and mental
retardation in children8 and systemic hypertension.7 Nine cases
of lead poi-oning among families who had lived for several years
in rural parts of Scotland were caused by excessive lead content
in the domestic water supply.3 Raised serum urea was found in
five of these people and raised serum urate levels in seven.
Because of these findings we investigated the possible harmful
effects, especially on renal function, of long-term exposure to
lead in the domestic water supply of relatively stable populations
in mainly rural districts.

Subjects and methods

The study was in two phases. In phase I samples of drinking water
were collected from houses known or believed to have lead plumbing
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systems. In phase 2 members of households in which high water lead
levels had been found were clinically and biochemically screened.
Under the auspices of the Scottish Council of the Royal College of
General Practitioners, doctors in practice throughout Scotland, but
especially in rural areas, were invited to take part in the study by
undertaking these collections and examinations.

Phase 1-Sixty-two general practitioners took part. Homes were
selected which were thought to have lead pipes or storage tanks. In
each case 100 ml of water from the cold water tap was collected into
lead-free plastic containers in the morning after the tap had been
unused overnight. This is our standard method of collection.4 6 The
lead content of the 970 samples collected was measured by atomic
absorption spectrophotometry. Those who made the initial collections
were notified of the results and those families whose water lead level
exceeded the WHO recommended upper limit of 0-48 smol/l
(100 ,ug/l) were further investigated. Fifty practitioners discovered
households with excessive lead, but 13 of them could not continue the
study, and so 37 proceeded with phase 2.

Phase 2-The general practitioners obtained a brief clinical history
(concentrating particularly on symptoms associated with lead poison-
ing) and measured the blood pressure of each member of the affected
households who was willing to take part. A sample of venous blood
was also obtained for measuring blood lead, haemoglobin, urea, and
urate values, and a sample of urine for estimating 8-aminolaevulinic
acid (ALA) levels. These samples were usually sent straight to the
laboratory, but when this was not possible they were stored in a
refrigerator. Blood lead was measured by atomic absorption spectro-
photometry, using a Perkin Elmer 306 with HGA72. Haemoglobin,
urea, and urate were estimated by standard techniques. Urinary
ALA was measured by the method of Mauzerall and Granick.8

Results

Of the 970 households from which water samples were obtained,
219 had lead levels greater than 0-48 ,umol/l (100 ,Lg/). Many samples
exceeded this limit by a large margin, the highest value being 4106
,umol/l (8500 ,ug/l) (table I). Clinical history, blood pressure, and
blood and urine samples were obtained from 283 subjects from 136
of the households.
A highly significant positive correlation was found between con-

centrations of lead in water and blood (r= 0 54; P < 0 001). This agrees
with previous findings from this department.49

TABLE I-Lead content of water samples collected in phase I

Lead in pugl <100 -500 -1000 -2000 -4000 -8000 >8000
(,umol/l) (<0 48) (-2 42) (-483) (-9-66) 1(-19 32) (-38 64) (>38 64)

Noo s 155 22 5 0 2samples 751 15 35 22 5

BLOOD LEAD AND SERUM UREA

In 57 subjects, all of whom had normal blood pressure, serum urea
concentrations were greater than 6 6 mmol/l (40 mg/100 ml), the
generally accepted upper limit of normal. These subjects had occupied
their present houses for a mean of 21 5 years. From the remaining
subjects, whose serum urea was normal, an age- and sex-matched
control group of 54 was obtained. Matching for sex was exact.

Matching for age was within one year, except for two elderly subjects
in the test group aged 86 and 88 years, whose controls were aged 92
and 85 years respectively. The results from three uraemic subjects for
whom adequate controls could not be found were disregarded. The
ranges of blood lead levels in the group with raised serum urea and
the control group are illustrated in the figure.
When these results were examined several points were apparent.

Firstly, 13 people in the uraemic group but only five controls had
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Distribution of blood lead levels in people with raised serum
urea concentrations (>6-6 mmol/l (39-8 mg/100 ml)) and
age- and sex-matched controls.

Conversion: SI to traditional units-Urea: 1 mmol/l4
6 mg/100 ml. Lead:1(,mol/1=20l7)ugIlOO ml.

blood lead concentrations greater than 20 u8mol/l (41 mlg/100 ml) (the
upper limit of normal). In addition, six subjects in the uraemic group
but none in the control group had a blood lead greater than 3 0 jimol/l
(62 iug/100 ml). Secondly, no subject in the uraemic group had a lead
level less than 0 5 ,tmol/l (10 ,ug/100 ml). Thirdly, blood lead levels,
as might be expected of a toxicological rather than biological value,
did not follow a normal distribution. Because of these features, para-
metric statistical techniques were not appropriate for assessing
significance and tests such as the non-parametric sign test or Wilcoxon
signed ranks test applied to differences of matched blood lead levels
would probably not have detected a genuine effect. Instead, tables II
and III formed the basis for detecting the significance of the findings.

TABLE iI-Comparison of three blood lead ranges in pairs of subjects with raised
and normal serum urea values. Numbers are numbers of pairs, not subjects*

Blood lead (,trmol/l) Blood lead (,umol/l) in subjects with raised serum urea
in subjects with

normal serum urea Normal Borderline Increased Total
(<1 5) (1-5-1-9) ( 2)

Normal (<1 5) .. 21 9 6 36
Borderline (1 5-1 9) .. 5 2 6 13
Increased ( -- 2) .. 4 0 1 5

Total 30 11 13 54
1~~~~~

*Each pair consists of subject with raised serum urea and subject with a normal
serum urea. Figures in italics represent pairs in whom each subject had a blood lead
level in the same range. Others represent pairs whose blood lead levels fell into
different ranges. For example, there were 21 pairs in which the blood lead level of
both subjects fell within the normal range and four pairs in whom the subjects with
rasied serum urea had blood lead levels in the normal range, but their pair, who had
normal serum urea levels, had a clear increase in blood lead.

Conversion: SI to traditional uniiits-Lead: 1 ,umol/l 20-7 ig/l100 ml.

TABLE IuI-Comparison of two blood lead ranges in pairs of suibjects with raised
and normal serum turea values

Blood lead (,tmol/l)
in subjects with

normal serum urea

Blood lead (,tmol/l) in subjects with raised serum urea

Normal Raised Total
(-2)

(<1 5) (1-5-1-9)

Noml~ (<15) .. 21 9 6 36Normalf (1 5-1 9) 21!5 2 6 13
Raised( -2) 4 0 1 5

Total 30 11 13 54

See footnote to table II for explanation of figures in italics.

Of the 54 age- and sex-matched pairs of subjects shown in table II
24 pairs had blood lead levels in the same range. These included 21
pairs in which both subjects had a normal blood lead level (< 1-5
,umol/l (31 .ug/100 ml), two pairs with a borderline increase 1 5-1 9
,umol/l (31-39 .tg/100 ml), and one pair with a clear increase (> 2-0
,umol/l (41 ,ug/100 ml). This left 30 pairs in whom the two subjects
had blood lead levels in different ranges. If there had been no asso-
ciation between blood lead and serum urea, we would have expected
that in about half the 30 remaining pairs the subject with normal serum
urea would have had a higher blood lead concentration than the
uraemic subject. In the event, this occurred in only nine pairs. When
borderline and clear increases were considered together reference to
the binomial distribution gave a one-tailed significance level of
P = 0021.

Extending the normal range to embrace borderline increases
(table III) meant that of the 54 pairs 38 pairs (24+5+9) had blood
lead levels within the same range. If there had been no association
between blood lead and serum urea about half the remaining 16 pairs
would have had a raised blood lead concentration in the subject with
normal serum urea. In the event, this happened in only four pairs.
Reference to the binomial distribution gave a one-tailed significance
of P =0 038. Thus, the apparent association between blood lead and
serum urea was statistically significant.

Considering men and women separately, a similar trend was
apparent, but the numbers (36 pairs of men and 18 pairs of women)
were too small for conventional levels of statistical significance to be
reached. Application of the same test to tables IV and V yielded a
one-tailed significance of P = 0 069 for men, and P = 0 144 for women.

TABLE iv-Comparison of blood lead ranges in pairs of men with raised and
normal serum urea values

See footnote to table II for explanation of figures in italics.

TABLE v-Comparison of blood lead ranges in pairs of women with raised and
normal seruim urea values

Blood lead (,umol/l) in women with raised serum urea

See footnote to table II for explanation of figures in italics.

BLOOD LEAD AND SERUM URATE

Twenty of the subjects investigated had serum urate values greate
than 0 42 umol/l (7 1 tg/100 ml)-the upper limit of normal for this
laboratory. From the subjects with normal serum urate values, an

age- and sex-matched control group was obtained.
Again, the blood lead values were not normally distributed. The

same statistical considerations apply, and table VI formed the basis
for assessing statistical significance. Nine of the 20 pairs of subjects
had blood lead levels in the same range. If there had been no associa-
tion between blood lead and serum urate levels we would have ex-

pected that in about half the remaining 11 pairs the subject with
normal urate values would have had a higher range of blood lead than
the matched subject with a high urate level. In the event this happened
in only one pair. Reference to the binomial distribution gave a one-

tailed significance of P = 0-006. The apparent association between
blood lead and serum urate values was statistically significant. Further-
more, there was no significant difference in serum urea levels between
those with raised urate and the controls, the mean serum urea level
of the test group being 6 65 mmol/l (40 1 mg/100 ml) and of the
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TABLE VI-Comparison of blood lead ranges in pairs of subjects with hyper-
uricaemia and normal urate values

See footnote to table II for explanation of figures in italics.

control group 6 39 mmol 1 (38-5 mg/100 ml). Therefore, blood lead
concentrations may be associated independently with serum urate
values on the one hand and serum urea concentrations on the other.

It is reasonable to consider one-tailed significance levels because
we initially rejected the hypothesis that lead could have a role in pro-
tecting against the development of renal dysfunction or hyper-
uricaemia.

OTHER FINDINGS

Only 31 hypertensive subjects were discovered. Hypertensive
individuals were defined as those with diastolic blood pressure
greater than 90 mm Hg or who were receiving treatment for hyper-
tension at the time of the survey. Of this group, only six were in the
age range studied by Beevers et al (45-64 years).7 Blood level con-

centrations in the 31 subjects did not differ significantly from those of
an age- and sex-matched control group.

There was no correlation between blood lead and urinary ALA
concentrations. No correlation could be established between symptoms
that might have been attributable to lead exposure (fatigue, joint pains,
and abdominal pains) and either blood lead or urinary ALA levels.
Anaemia was defined as haemoglobin concentrations less than

12 0 gldl for men and less than 11 5 g/dl for women. Only two men
and seven women were anaemic by these criteria. Clearly these num-
bers were too small to permit statistical analysis, but three of the
subjects had blood lead levels of 1 5 rmol/l (31 'tg/100 ml) or more.

Discussion

Almost a quarter of the domestic water supplies sampled had
a lead content greater than the WHO limit of 100 ug/l. We made
no attempt to draw conclusions from these figures about the
prevalence of excessive lead pollution of drinking water, since
these samples were obtained with a view to discovering high lead
levels. Nevertheless, it is obviously a common problem and
causes concern, since some of the levels found were greater than
those shown to be associated with clinical lead poisoning.4
Moore'° has shown that softness and acidity are important
factors governing the plumbosolvency of water, and these are

characteristic of the water supply in many parts of Scotland.
Once again, a highly significant positive correlation was found

between lead concentrations in water and blood, and there now
seems no doubt that, at least in soft water areas, lead in drinking
water is an important source, often the principal source, of
environmental lead exposure.
A causal association between frank lead poisoning and the

development of renal failure has long been recognised." -"3 In
acute lead poisoning the greatest histological changes in the
kidney are found in the proximal convoluted tubules :' intra-
nuclear inclusion bodies, increased intertubular connective
tissue, and mitochondrial degeneration. In the chronic nephro-
pathy associated with previous lead poisoning, however, the
renal cortices are atrophied with loss of glomeruli and inter-
stitial fibrosis.1
We have established an association between raised blood lead

concentrations and renal insufficiency as reflected by raised
serum urea values. No subject had a history or clinical evidence
of frank lead poisoning. We chose a high serum urea concentra-
tion as a criterion of renal function, because this study grew out
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of the observation by Beattie et al3 of an apparently high inci-
dence of raised serum urea levels in people chronically exposed
to lead from drinking water. It seemed likely that serum urea
values would adequately reflect renal function in a relatively
large population of generally healthy subjects.
Two main hypotheses may be advanced to explain the asso-

ciation between raised blood lead and serum urea concentrations.
Firstly, chronic exposure to excessive environmental lead may
be a factor in the development of renal damage. Renal insuffici-
ency may therefore be a manifestation of subclinical lead poison-
ing, a loss of glomeruli leading to a reduction in the glomerular
filtration rate and a consequent rise in the serum urea level.
Secondly, renal insufficiency may have arisen from other causes,
resulting in diminution of renal excretion of lead with a conse-
quent rise in blood lead concentrations. The measurement of
urinary lead excretion over a long period would be necessary to
clarify this point, but the first hypothesis would be more in
keeping with experience in frank lead poisoning. In recording
their finding of an association between blood lead and hyper-
tension, Beevers et al7 conceded that pre-existing hypertension,
perhaps through producing nephrosclerosis, could produce
raised blood levels by reducing urinary lead excretion. None of
the people in the uraemic group had a diastolic blood pressure
greater than 90 mm Hg. The association between blood lead
and serum urea levels might be fortuitous, because both con-
centrations rise with age. The age matching of the control group
makes this unlikely, however. Clearly it will be essential to
follow up those people found to have evidence of excessive lead
exposure or renal insufficiency.
An association has also been established between raised blood

lead levels and hyperuricaemia. In our subjects hyperuricaemia
probably developed because of raised blood lead concentrations
rather than the converse. Hyperuicaemia can cause renal
damage, but generally only at higher levels than those encoun-
tered in this study. Furthermore, there was no difference in
serum urea concentrations between the test and control groups.
A common factor might cause a reduction in both lead and
urate secretion. But urinary urate derives mainly from distal
tubular secretion, whereas lead is excreted mainly by glomerular
filtration.'6 Frank lead poisoning can cause hyperiurcaemia with
joint pains in saturnine gout. Hyperuricaemia in that condition is
probably caused by renal tubular dysfunction,'7 but an increase
in nucleoprotein turnover is a possibility.'
We could not confirm that there is a relation between blood

lead levels and hypertension. Only six hypertensive subjects fell
into the age group of 45-64 years that was studied by Beevers
et al, and this was too few to permit statistical analysis. The
mean blood lead of these six subjects was 1-7 Iimol/l (35 ,g/
100 ml), and of age- and sex-matched controls 1 3 pmol/l
(27 ,ug/l00 ml). The failure to discover a correlation between
blood lead concentration, an index of lead exposure, and
urinary ALA concentration, an index of intoxication, is
probably explained by the fact that the urine samples tested
were not aliquots of 24-hour collections but random voidings.

It is always difficult to compare objective laboratory data with
clinical symptoms. We tried to do this by allocating a "symptom
score"' of one point per symptom possibly attributable to lead
poisoning to each subject, but no correlation of clinical symp-
toms, either to blood lead or urinary ALA levels, was found.
Lead in drinking water has now been established as an im-

portant part of total environmental lead exposure. It has already
been associated with systemic hypertension,6 and Beattie et al
have suggested that it may be associated with mental retardation.7
We have shown here that raised water lead concentrations are
associated with renal insufficiency, as reflected by raised serum
urea concentrations, and hyperuricaemia. These results give
further evidence that excessive lead in domestic water supplies
may harm health.

We thank general practitioners throughout Scotland who co-
operated in this study. We acknowledge also the help of Mr D A
McLaren, Department of Statistics, University of Glasgow.
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Concentration of thyroxine-binding globulin: value
of direct assay
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Summary

The concentration of thyroxine-binding globulin (TBG)
in the serum can now be measured by direct assays that
are simple and inexpensive. Comparison of a direct
measurement of TBG concentration with a widely used
indirect method (Thyopac-3) showed that the indirect
method was inaccurate when TBG concentrations were
high. This will result in an increase in the derived free
thyroxine index (FTI), so that euthyroid patients with a
raised TBG concentration may be at risk ofbeing labelled
thyrotoxic. Correction of serum total thyroxine (T4)
concentration according to the actual TBG concentration
(T4:TBG ratio) provided a better correlation with thyroid
state than FTI.

Introduction

Thyroxine-binding globulin (TBG) binds about 70%/ of the
total serum thyroxine (T4),' and serum TBG concentrations may
vary widely under the influence of hormones, drugs, disease, and
genetic factors.2 Some estimate of TBG concentration is
therefore necessary for the correct interpretation of serum T4
values. Measurement of TBG from the maximum T4-binding
capacity3 is unsuitable for routine use, and this has led to the
development of indirect assays of TBG such as the triiodothyro-
nine (T3) uptake tests. These tests assess the number of un-
occupied T4-binding sites in a sample by partitioning radio-
labelled T3 between the serum sample and red cells, ion-exchange
resin, or Sephadex.' T3 uptake tests have proved clinically useful
and have been combined with measurement of protein-bound
iodine) or total T46 to yield a free thyroxine index (FTI;
calculated as T4/T3 uptake), which has been found to correlate
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with both the clinical state of patients and the free T4 concen-
tration as measured direct.
T3 uptake tests are highly reproducible8 but their sensitivity

to changes in TBG concentration has not been critically evalua-
ted. The possibility that T3 uptake may not be an accurate
measure of high concentrations of TBG was suggested by the
finding of a raised FTI in pregnancy9 and during oral contracep-
tion.1I
We recently described a rapid and simple immunoelectro-

phoretic assay of TBG." Several radioimmunoassays of TBG
have been described,12 15 and a commercial kit assay is available
in the USA. * In this study we examine the relation between the
results of a T3 uptake test (Thyopac-316) and TBG concen-
trations in healthy euthyroid people with widely differing
concentrations of TBG, and compare the ability of the FTI and
T4:TBG lvtio to distinguish between thyrotoxic, myxoedema-
tous, and euthyroid states.

Subjects and methods

The following groups were studied: 42 healthy euthyroid volunteers
aged 18-50 years (29 men, 13 women); 10 pregnant women in the
second and third trimesters; nine women taking oral contraceptives
(the "pill"); 16 patients with inherited high levels of serum TBG (12
female, 4 male); and five male patients with inherited absence of TBG.
The patients with inherited abnormalities of TBG concentration

were identified over 12 months by means of the TBG assay.'7 Serum
was also obtained from 21 patients with clinically and biochemically
proved thyrotoxicosis and 10 patients with myxoedema. These patients
were selected retrospectively from a group of patients attending a
thyroid clinic and seen by one of us (WAB).
Serum TBG was measured by rocket immunoelectrophoresis'8

with the use of monospecific antiserum to human TBG." Serum T4
was measured by a radioimmunoassay method based on that of
Ratcliffe et al'9 but modified to use a 20--LI sample with 900 Lg 8-
anilinonaphthalene-l-sulphonic acid per tube and a Dowex 1 x 8400
resin (Sigma Chemical Co, London) to separate antibody bound from
unbound T4. T3 uptake was measured by a commercial kit method
(Thyopac-3, Radiochemical Centre, Amersham), and FTI and
T4:TBG ratio were calculated for each sample.

Results

TBG CONCENTRATION

Fig 1 shows the serum TBG concentrations of the various groups
studied. The mean concentration in normal men (± SE of mean) was

*Nuclear Medical Systems Inc, Newport Beach, California.
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