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Abstract
Objectives-Assessment of neurophysi-
ological functions in workers with low
level exposure to lead and evaluation of
the efficacy ofbone lead measurements in
the prediction of effects of lead.
Methods-Exposure to lead of 60 workers
from a lead battery factory was estimated
from historical blood lead measurements
and analysis oflead in the tibial and calca-
neal bones with x ray fluorescence. Pe-
ripheral and central nervous system
functions were assessed by measuring
conduction velocities, sensory distal la-
tencies, sensory amplitudes, and vibration
thresholds as well as by quantitative
measurement of the absolute and relative
powers and mean frequencies of different
electroencephalograph (EEG) channels.
Results-Sensory amplitudes, and to a
smaller degree sensory or motor conduc-
tion velocities, showed a negative correla-
tion with long term exposure to lead,
most clearly with integrated blood lead
concentration and exposure time. Vibra-
tion thresholds measured in the arm were
related to recent exposure to lead, those
measured in the leg to long term expo-
sure. The alpha and beta activities of the
EEG were more abundant in subjects
with higher long term exposure to lead.
Calcaneal lead content reflected short
term exposure, tibial lead content re-
flected long term exposure. Blood lead
history showed a closer relation with
effects of lead than the tibial or calcaneal
lead concentrations.
Conclusions-Vibratory thresholds, quan-
titative EEG, and to a smaller extent the
sensory amplitude, provide sensitive
measures of effects of lead in occupation-
ally exposed adults. Most accurate esti-
mates of health risks induced by lead can
be obtained from a good history of blood
lead measurements. If such a history of
blood lead concentrations is not available,
analysis of bone lead may be used for the
assessment ofhealth risks.

(Occup Environ Med 1997;54:487-493)
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The nervous system is the major target of lead
toxicity. In the Nordic countries, overt lead
intoxications are rare. In Finland, there have
been no clinical intoxications for many years.
However, blood lead (B-Pb) concentrations
above the limit value (2.4 ,umol/l) still occur in
Finland.
During the past 20 years, there have been

many reports showing that abnormalities in the
function of the peripheral nervous system may
also occur with low B-Pb concentrations, in
symptom free workers.' 2 In a two year
prospective follow up study, the motor and
sensory conduction velocity of the median
nerve was found to be less in car battery work-
ers, with a B-Pb concentration >30 gg/100 ml
(1.5 jmol/l) than in similar workers with a
B-Pb concentration <30 gg/100 ml.' There are,
however, also studies, in which no alterations in
conduction velocities could be found with
B-Pb concentrations <70 gg/100 ml (3.4
nMolll).4
In vivo x ray fluorescence has recently been

added to the methods of assessment of body
burden of lead (body-Pb); at present these
methods are capable of accurately assessing the
bone lead contents in occupationally non-
exposed people, even children."8
The objective of this study was to evaluate

the effects on neurophysiological functions of
the current, low levels of exposure to lead, and
the effects of past higher exposure (also
comparatively low), the potential of the bone
analysis with x ray fluorescence in the assess-
ment of body-Pb, and its relation with the
functions of the nervous system. We have also
analysed the effects of lead on neuropsycho-
logical functions in these workers (unpublished
data).

Subjects and methods
SUBJECTS
Altogether 48 men and 12 women working in
two acid battery factories were studied. Their
mean (SD, range) age was 43 (9, 22-60) years,
the duration of exposure 16 (8, 1-42) years,
and the actual B-Pb concentration, 1.3 (0.4,
0.7-2.5) jimol/l.

BODY BURDEN OF LEAD
The body-Pb was estimated by measuring the
concentration of both tibial lead and calcaneal
lead by x ray fluorescence."8 Exposure to lead
was also measured from B-Pb concentrations
covering the whole duration of the exposure.
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Table 1 Characteristics of the studied population

Unit n Median Mean SD Range

Tibial lead mg/kg 59 23 26 17 -4 to 65
Calcaneal lead mg/kg 59 78 88 54 -4 to 234
Body-Pb mg 58 94 103 54 6 to 210
B-Pbjt gmol/l x y 56 23 26 19 0.7 to 104
B-Pb., Pmol/l 58 1.5 1.6 0.4 0.7 to 2.5
B-Pbm.x pmol/l 59 2.4 2.5 0.9 0.9 to 4.9
B-Pbi.,, ,umoll x y 57 4.2 4.1 1.4 0.7 to 6.6
B-Pba,, gmol/l 57 1.4 1.4 0.4 0.6 to 2.2
B-Pb.ax3 pmoI/l 57 1.7 1.7 0.5 0.7 to 2.8
B-Pb Rmol/l 58 1.3 1.3 0.4 0.5 to 2.2
Duration of exposure y 60 17 16 8 1 to 42
Age y 60 43 43 9 22to 60

B-Pbj,,t = integrated blood lead concentration; B-Pb,, = time weighted average blood concentra-
tion; B-Pb. = maximal blood lead concentration ever recorded; B-Pb,,, = integrated blood lead
concentration during the past three years; B-Pbve,, = time weighted average blood lead concentra-
tion over the past three years; B-,,,, = maximal blood lead concentration during the past three
years; B-PB = actual blood lead concentration.

The mean (SD) number of lead measurements
per person was 32 (30) and the interval
between successive measurements 109 (70)
days. All B-Pb measurements were performed
in one laboratory, which has a good record in
external quality assurance schemes.
The exposure was described by the following

variables: calcaneal lead, tibial lead, body-Pb as
calculated from the weighted sum of calcaneal
and tibial lead (2.2 x tibial lead + 0.5 x calca-
neal lead), actual B-Pb concentration, B-Pb
concentration integrated over the time of expo-
sure, time weighted average B-Pb concentra-
tion, and the highest measured B-Pb
concentration.8 To describe the more recent
exposure, the mean, maximal, and time inte-
grated cumulative B-Pb concentrations for the
past three years, were also calculated.

CONDUCTION STUDIES
The following conduction variables were re-
corded from each participant: motor conduc-
tion velocity, motor distal latency of the right
median and deep peroneal nerves, and sensory
conduction velocity, sensory distal latency, and
sensory amplitude of the right median, radial,
and sural nerves. H reflex latencies were meas-
ured from the posterior tibial nerves. The
median nerve sensory studies were performed
orthodromically, the others antidromically.
Surface electrodes were used for recording, for
stimulation a Disa felt pad electrode was used.
The temperatures of the limbs were measured,
and if below 31'C, the limbs were warmed.
The distance between the stimulation and
recording electrodes was constant for all
recordings. A supramaximal 0.2 ms square
wave stimulation was applied on the nerve,
except in H reflex studies, where the duration
of the stimulation was 0.5 ms. The sensory
amplitudes were measured from the base line
to the peak.

VIBRATORY THRESHOLDS
The vibratory thresholds were measured with a
VIBRA MKII device. The thresholds were
measured with both the method of limits and
the forced choice method.9 The sites used in
the measurements were the dorsal side of the
distal phalanx of the left forefinger, the second
metacarpophalangeal joint, and the medial
malleolus in the ankle. The vibrator rested on
the limb with a weight of 100 g. Three

measurements were performed with the meth-
ods of limits, and the mean was used as the
vibratory threshold.

QUANTITATIVE EEG
The EEG was recorded on 21 channels with a
70 Hz low pass filter and a 50 Hz notch filter.
The sampling frequency of the A/D transfor-
mation was 205 Hz. The signals were stored on
an optical disc, and the analyses were per-
formed later off line. In each recording, 60 s
artefact free waking activity (24 epochs lasting
2.5 s each) was selected visually for spectral
analysis. Eight recordings had to be abandoned
because 24 epochs fulfilling the criteria could
not be found. The absolute and relative powers
as well as the mean frequencies of the delta
(1.5-3.5 Hz), theta (3.5-7.5 Hz), alpha (7.5-
12.5 Hz) and beta (12.5-20.0 Hz) bands, and
the mean frequencies within the whole 1.5-
20 Hz frequency band were computed from all
channels. The number ofvariables was reduced
by calculating regional means from the original
variables: frontal region (Fpl, Fp2, F3, F4, Fz,
and Fpz), temporal region (T3, T4, T5, and
T6), centroparietal region (C3, C4, Cz, P3, P4,
and Pz), and occipital region (O1, 02, and Oz).
After these calculations there remained 52
EEG variables (16 for the absolute power, 16
for the relative power, and 20 for mean
frequencies).

STATISTICAL ANALYSES
The SAS statistical software was used in the
data analysis. The coefficients of correlation
were calculated with the Spearman rank corre-
lation analysis. The results of peripheral nerve
function were treated by partial correlation and
regression analyses, taking age into account.
Differences between groups were tested by
Wilcoxon rank sum test.

Results
BODY BURDEN OF LEAD
Mean concentrations were 26 mg/kg for tibial
lead and 88 mg/kg for calcaneal lead (table 1).
The calculated mean body-Pb was 103 mg.
Mean long term B-Pb content was 1.6 iimol/l,
mean maximal B-Pb 2.5 [tmol/l, and highest
recorded B-Pb, 4.9 jmol/l. During the past
three years, the corresponding figures were 1.4,
1.7, and 2.8 jimol/l.
Variables reflecting long term exposure:

tibial lead, body-Pb, mean B-Pb, and inte-
grated B-Pb were strongly correlated with each
other (table 2). Maximal B-Pb measured was
also strongly correlated with all these variables.
Tibial lead, body-Pb, integrated B-Pb, mean
B-Pb, and maximal B-Pb were strongly corre-
lated with duration of exposure, but less
obviously with age. Tibial lead was not related
to variables reflecting exposure over the past
three years.

Calcaneal lead correlated with both long and
short term exposure variables. Variables re-
flecting short term exposure, including the
actual B-Pb concentration, were strongly cor-
related with each other and with the long term
mean and maximal B-Pb concentrations, but
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Table 2 Correlations between different variables reflecting exposure and body-Pb

Calcaneal Duration of
lead Body-Pb B-Pbin, B-Pbat B-Pbm,,_ B-Pbinz B-Pbz,,3 B-Pbmax3 B-Pb exposure Age

Tibial lead 0.45*** 0.89*** 0.64*** 0.45*** 0.57*** 0.14 0.15 0.14 0.25* 0.59*** 0.37**
Calcaneal lead 0.79*** 0.35** 0.55*** 0.50*** 0.47*** 0.51*** 0.56*** 0.48*** 0.20 -0.19
Body-Pb 0.61*** 0.60*** 0.64*** 0.36** 0.38** 0.39** 0.42** 0.49*** 0.21t
B-Pbi, 0.66*** 0.82*** 0.39** 0.31** 0.24t 0.26* 0.91*** 0.57***
B-Pb,, 0.82*** 0.80*** 0.79*** 0.71*** 0.73*** 0.43*** 0.14
B-Pb,,,, 0.50*** 0.51*** 0.48*** 0.48*** 0.64*** 0.39**
B-Pbim, 0.95*** 0.88*** 0.85*** 0.08 -0.10
B-Pb,,,3 0.96*** 0.93*** -0.03 -0.19
B-Pb,,,., 0.88*** -0.09 -0.25t
B-Pb -0.05 -0.21t
Duration of exposure 0.64***

* P < 0.05; ** P < 0.01; P < 0.001; t-P < 0.1.
Abbreviations as for table 1.

not with time of exposure or long term
integrated B-Pb.

NEUROPHYSIOLOGICAL STUDIES
Compared with the reference values used in the
laboratory for clinical diagnostic studies, ab-
normal conduction variables were found in six
cases. In two subjects, the results suggested a

chronic lumbar radicular disorder (H reflex).
In two others, there was a local slowing of the
conduction velocity of the median nerve, prob-
ably caused by an entrapment neuropathy. In
the remaining two, the findings suggested a

slight polyneuropathy. The mean values of the
conduction velocity variables of the whole
group were within normal limits.
A slight decrease in vibratory sensibility in

the leg was found in 12 people. In one case the
decrease was considerable, in the others it was
marginal. There were no clinical abnormalities
in the vibratory perception in the arms. The
means of the vibratory threshold were within
the normal limits of our laboratory.

AMPLITUDES AND CONDUCTION VELOCITIES

There were weak negative correlations between
indicators of exposure to lead and the conduc-
tion velocities and sensory amplitudes of the
median, radial, peroneal, and sural nerves, but
most of them did not reach significance. Table
3 shows the measurements for which signifi-
cant correlations were found.
The conduction velocity of the median nerve

correlated weakly (negatively) with tibial lead
(P<0.1), body-Pb (P<0.1), and more strongly
(P<0.05) with age (table 3). After controlling
for the effect of age, the effect of tibial lead
concentration was non-significant.
There was a significant negative correlation

between the sensory amplitude of the sural
nerve and the integrated B-Pb concentration,
duration of exposure, tibial lead content, and
calculated body-Pb; no such correlation was

found for the radial nerve; the correlation
between maximal B-Pb concentration and
sural amplitude was of borderline significance.
The sural nerve sensory amplitude was lower
(17.0, SD 8.2 gV) in workers with at least one
B-Pb measurement >2.4 gmol/l than in the
group in which the B-Pb never exceeded this
value (23.3, SD 11.9 ,uV, P<0.05). The sensory

amplitude of the median nerve showed a nega-
tive correlation with integrated B-Pb content,
and duration of exposure, and was not signifi-
cantly related to variables reflecting exposure
over the past three years, or age.

VIBRATORY THRESHOLDS
The vibration thresholds correlated with age

(0.21 < r < 0.53); therefore, partial Spearman
correlation coefficients were calculated after
controlling for the effect of age (table 4).
The finger threshold, measured with the

method of limits, correlated significantly with
all variables of recent exposure, including the
calcaneal lead content. With the forced choice
method these correlations were weaker and
remained statistically not significant. The
correlations between the finger threshold and
variables reflecting long term exposure were

weaker, and reached significance (P<0.05)
only for body-Pb. The vibratory threshold of
the metacarpophalangeal joint weakly related
to exposure during the past three years, but
only approached significance (P<0. 1) for
calcaneal lead, and mean and maximal three
year B-Pb concentration. However, the vibra-
tory threshold of the metacarpophalangeal
joint was significantly higher in the group with
the maximal B-Pb >2.4 jumol/l than in the
group with the lower maximal B-Pb (0.70 (SD
0.52) v 0.47 (SD 0.20), P<0.05). Similarly, the
threshold was also higher in the ankle (3.8 (SD
5.1) v 2.2 (SD 2.5)), but the difference was not
significant. Those workers with three year time
integrated B-Pb B4.0 had higher vibratory

Table 3 Spearman rank correlation coefficients between the peripheral nervous system measurements and the exposure
variables

Tibial Calcaneal Duration of
lead lead Body-Pb B-Pbi", B-Pb,,, B-Pb,,,_ exposure Age

MCV, median nerve -0.23t -0.16 -0.23t -0.17 0.03 -0.11 -0.18 -0.30*
SCV, sural nerve -0.08 -0.18 -0.12 -0.21 -0.01 -0.19 -0.26* -0.01
Amplitude, median nerve -0.10 0.03 -0.09 -0.34* -0.04 -0.08 -0.29* -0.16
Amplitude, sural nerve -0.31* -0.12 -0.32* -0.40** -0.10 -0.25t -0.36** -0.21

* P> 0.05; ** P < 0.01; 1tP < 0.1.
MCV = motor conduction velocity; SCV = sensory conduction velocity.
Other abbreviations as for table 1.
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Table 4 Partial Spearman rank correlation coefficients between the vibratory thresholds and the exposure variables after removing the effect of age

Anatomical Tibial Calcaneal Duration of
Method site lead lead B-Pb,., B-Pb, B-Pb.. Body-Pb B-Pbin,, B-Pb., B-Pbm,,3 B-Pb exposure

Limits: Knuckle +0.09 0.26t +0.01 +0.09 +0.10 +0.23 +0.23 +0.24t +0.26t +0.19 -0.12
Finger +0.16 +0.38** +0.18 +0.23 +0.15 +0.30* +0.40** +0.39** +0.37 +0.36* +0.05
Ankle +0.38** +0.14 0.36* +0.26t +0.15 +0.34* +0.20 +0.18 +0.17 +0.24 +0.43**

Forced choice: Knuckle +0.17 +0.14 -0.01 +0.09 +0.12 +0.20 +0.16 +0.18 +0.20 +0.23 -0.13
Finger 0.27t +0.22 +0.18 +0.10 -0.01 +0.30* +0.19 +0.19 +0.18 +0.23 +0.16
Ankle +0.33* +0.07 +0.20 +0.09 +0.02 +0.27t +0.14 +0.13 +0.16 +0.17 +0.28t

*P<0.05;**P<0.01;tP<0.1.
Knuckle = 2nd metacarpophalangeal joint; finger = index finger; ankle: medial malleolus.
Other abbreviations as for table 1.

thresholds in the fingers than those with three
year time integrated B-Pb <4.0 (0.9 (SD 0.5),
v 0.7 (SD 0.5), P<0.05).
The malleolar threshold correlated with

variables that reflected long term exposure,
including the tibial lead content as well as
exposure duration; this effect was also most
pronounced when the limit method was used;
it did not completely disappear when the
forced choice method was used.

QUANTITATIVE EEG
The large amount of data from the quantitative
EEG were reduced by combining individual
data points to means representing larger brain
areas-namely, the frontal, temporal, centropa-
rietal, and occipital regions. Qualitatively simi-
lar results were obtained for all regions, but the
correlations were most significant in the
frontal, central, and temporal regions of the
head. Table 5 shows the data for the frontal
region for those exposure variables for which
significant relations were found.
The absolute power of the beta band

correlated significantly with the descriptors of
long term exposure, the correlation reached
significance for integrated, mean, and maximal
long term B-Pb concentration, but not for
tibial lead content or body-Pb. The relative
beta power was weakly (P<O. 1) related to inte-
grated B-Pb concentration, but not to other
variables that reflected long or short term
exposure.
The absolute and relative power of the alpha

band were related to mean long term B-Pb, but
only weakly to other variables of long term
exposure. Conversely, it was also related to cal-
caneal lead content. The mean frequency of
the alpha band showed a negative correlation
with all descriptors of exposure to lead, most

Table 5 Spearman rank correlation between power values and mean frequencies in the
frontal region with measures oflead exposure and body-Pb

Quantitative EEG Cakaneal
variable Tibial lead lead Body-Pb B-Pb,., B-Pb,,, B-Pb,,,,
Absolute power:

Delta band 0.04 0.17 0.07 -0.06 0.10 -0.02
Theta band 0.06 -0.03 -0.01 -0.09 0.004 -0.01
Alpha band 0.11 0.33* 0.23 0.09 0.36* 0.15
Beta band 0.22 0.08 0.16 0.37** 0.28* 0.31*

Relative power:
Delta band -0.17 -0.31* -0.26t -0.20 -0.40** -0.22
Theta band -0.11 -0.35* -0.26t -0.26t -0.32* -0.17
Alpha band 0.09 0.29* 0.21 0.07 0.31* 0.11
Beta band 0.05 -0.09 -0.04 0.28t -0.03 0.17

Mean frequency:
Total (1.5-20 Hz) 0.18 0.10 0.14 0.42** 0.23 0.26t
Alpha band -0.42** -0.33* -0.51** -0.10 -0.27t -0.29*

*P> 0.05; ** P <0.01; t P <0.1.
Abbreviations as for table 1.

50 100 150
Body-Pb

200 250

Figure I Relation between body-Pb and the mean
frequency in the a band of the EEG. The line of the best
linearfit, as well as the 95% CIs of the mean have been
indicated.

clearly with body-Pb (fig 1) and its compo-
nents, tibial and calcaneal lead concentrations.
The absolute power of delta and theta bands

was not related to exposure to lead, but the
relative power in these bands was negatively
correlated with descriptors of long term expo-
sure, as well as with calcaneal lead. The corre-
lations reached significance for calcaneal lead
and mean long term B-Pb concentration.
The total mean frequency of the EEG was

correlated with long term integrated B-Pb
concentration (P<0.01), and less strongly with
mean and maximal B-Pb concentrations.

RELATIONS BETWEEN PSYCHOLOGICAL AND
VIBRATORY VARIABLES
The effects of exposure to lead on six broad
function areas: reaction speed (visual and
auditory simple reaction times), speed of
visuomotor function (Santa Ana dexterity test,
digit symbol test), visual and visuospatial abili-
ties (block design, embedded figures), visual
memory (memory for design, digit symbol
retention), verbal comprehension (synonyms,
similarities), and verbal memory (digit span,
associative learning), were studied (unpub-
lished data). In the present paper, we assess the
relations between the psychological test results
and neurophysiological findings. Among the
people studied, there were seven with six or
seven low psychological test scores, and five
with four or five low scores. Those with a poor
performance in the psychological tests tended
also to have higher vibratory thresholds (fig 2).
The difference in the metacarpophalangeal
joint vibratory thresholds approached
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Figure 2 Vibration thresholds of workers with <4, 4-5,
and 6-7 low psychological test scores.

significance (P<0. 1) between the groups (0.52
v 0.80 with the method of limits and 0.28 v

0.38 with the force choice method). At the
same significance level (10%) there was also a

difference in the median nerve motor conduc-
tion velocity, motor distal latency, and sensory
conduction velocity. In relation to the other
variables, there were no significant differences.

Discussion
The effects of occupational exposure to lead on
the nervous system have been described in sev-
eral papers.5 10-21 No unanimity has, however,
been reached, on the lowest exposures at which
such effects are found.22 24

PERIPHERAL NERVOUS SYSTEM
Abnormalities in the peripheral nervous system
have been described even in neurologically
asymptomatic workers whose B-Pb concentra-
tion never exceeded 3.4 gmol/l,2 lo The most
common finding was slowing ofthe conduction
velocity of the median and ulnar nerve,
although considerably fewer abnormalities
were found in the nerves of the legs. A correla-
tion of several conduction velocities ofthe arms
with time weighted mean lead concentration
was found." Seppalainen and Hernberg have
also shown that the median nerve motor
conduction velocity may slow down during fol-
low up among workers with B-Pb concentra-
tions >1.5 Jumol/l.' Contrasting findings have
also been presented; Nielsen and coworkers4
and Triebig and coworkers5 could not show any
significant functional changes in the peripheral
nervous system with B-Pb concentrations <3.4
imol/l.
In the present work, the measurements of the

function of the peripheral nervous system were

correlated with measurements of bone lead
concentration, and with integrated short and
long time exposure variables, based on long
term information of the B-Pb concentrations.
A cross sectional evaluation of the B-Pb
concentration reflects the present exposure,
but does not give information of the past expo-
sure, which has been shown to be important for
adverse effects. The people working in the car

battery factories studied have a long working
history. They may have rotated jobs involving

different exposures, as indicated by their B-Pb
concentrations and symptoms. Further, as the
limit for B-Pb has changed, the actual exposure
to lead has likely diminished.

Effects of exposure to lead on vibratory per-
ception have been studied little. Nielsen and
coworkers4 measured vibratory perception of
the hand and foot with a biothesiometer. They
did not find any effect of lead on the vibratory
perception, even though the average B-Pb con-
centration of the subjects studied was 2.5
jimol/l (range 0.6-4.4 gmol/l).

Nielsen et al also could not show effects on
nerve conduction velocities.4 In the study of
Rosen and coworkers,'2 no correlation between
vibratory perception and B-Pb concentration
was found, whereas there was a slight correla-
tion between the B-Pb concentration and
peroneal nerve motor conduction velocity, as
well as the median and sural nerve sensory
conduction velocity and amplitude. In this
study, mean B-Pb measurements over one year
were used in calculations.
The present results are considerably differ-

ent from those previously published. This is
explained by the differences in the study
design. The body-Pb was more reliably esti-
mated than in the previous studies. The current
B-Pb concentration did not correlate with con-
duction velocity results but showed a correla-
tion with the vibration thresholds; the highest
correlation was found with that of the finger,
with the limits method. With integrative B-Pb
concentrations, an association with past expo-
sure and vibratory perception could be shown.
Another explanation may be that the differ-
ences in the design of the measuring device-
for example, the stability of the vibrating head,
the weight of the head, and its inclination on
the limb-explain the sensitivity differences.

In the conduction velocity studies, a decrease
of the sensory amplitudes was associated with
the exposure to lead. The effect was weaker
than in the case of the vibratory thresholds, but
the trend was obvious. The decrease of the
sensory amplitudes has been described
previously.25-27 The decrease in sensory ampli-
tude is usually thought to be caused by axonal
degeneration, even though a partial conduction
block can also lower the amplitude of the
response. Denervation changes and increase in
distal motor latency of the median nerve have
been described in a group of lead workers with
variable exposure.28 In experimental work,
exposure to lead results in damage to the
myelin sheath in most animal species, leading
primarily to slowing of the conduction velocity.
There are, however, significant differences
between species-for example, rabbits have an
axonal degeneration as the most prominent
effect. In cases of clinical lead poisoning, both
damage of the myelin sheath and axonal
degeneration have been described.29
The parallel changes of psychological per-

formance and peripheral nerve function are
interesting. A suggestive connection was found
between the poorest performance in
psychological tests and increased vibratory
thresholds. When considering the link, it may
be noted that the vibratory perception is not
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purely a peripheral sensation. A significant part
of its perception occurs in the central nervous
system, even though its changes are usually
most obvious in diseases of the peripheral
nervous system.30 The parallelism in the effects
suggests a substantial association with expo-
sure to lead.

QUANTITATIVE EEG

Conventional, visually interpreted paper EEGs
are usually normal in occupationally exposed
workers, if people with symptomatic intoxica-
tions are excluded.3' Burchfield and
co-workers32 found that children with high
concentrations of lead in their teeth had
increased amounts of low frequency delta
activity over central, parietal, and occipital cor-
tices, and decreased amounts of alpha activity
over parietal and occipital regions. An increase
of coherence in all frequency bands of the
quantitative EEG has been found even in chil-
dren with B-Pb concentrations <15 gg/dl
(0.7 gmoHl)." These results cannot, however,
be compared with ours, because the brains of
children may react to noxious factors differ-
ently from the brains of adults.
The changes in quantitative EEG found in

the present study differ from those caused by
cerebral diseases. Damage to the cerebral tissue
typically causes an increase in the slow and a
decrease in the fast activity of the EEG. Tran-
quillisers and hypnotic drugs cause an increase
in the amount of beta activity, but alpha activ-
ity usually either decreases or remains un-

changed. Short episodes of very shallow drow-
siness occur during the state of wakefulness.'4
During this transitional state between wakeful-
ness and drowsiness, activity in the alpha band
increases in the frontal and central areas, this
alpha activity being slower than the alpha
activity present in wakefulness. This phenom-
enon can be the first sign of emerging
drowsiness."4 3 Thus the positive correlation
between slow alpha activity and measures of
body-Pb could indicate increased episodes of
"microdrowsiness" in subjects with higher
exposure to lead. If this is true, it would mean
that the possibility of increased day time tired-
ness should be taken into account in long
standing lead workers.

Conclusions
After long term exposure (median 17 years) to
low concentrations of lead (medians of mean
and maximal B-Pb concentrations, 1.5 and 2.4
gmol/l), only minor effects were found on nerve
conduction velocities, whereas an effect was
found on the sensory amplitude of the sural
nerve. During the past three years, the
exposure was even lower (medians ofmean and
maximal B-Pb concentrations, 1.4 and 1.7
jumol/l); this exposure was not related to
decreased conduction velocities nor sensory

amplitudes. Vibratory thresholds of the upper
limb, especially of the finger, were clearly
related to these recent exposures to lead, and
those of the lower extremity (medial malleo-
lus), to the long term exposure. Quantitative
EEGs also proved to be a sensitive tool for the

assessment of subtle effects of lead. Changes in
the absolute and relative power as well as mean
frequency of different EEG channels were
found to be mainly related to long term expo-
sure to lead. Neurophysiological effects of lead
had the closest relations with a history of B-Pb,
but also to some extent with body-Pb, as
assessed from calcaneal and tibial lead concen-
trations.
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