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The Relationship Between Blood Lead
Levels and Neurobehavioral Test
Performance in NHANES Ill and

Related Occupational Studies

EpwaArD F. KRIEG, JR., PHD? SYNOPSIS

Davip W. CHRISLIP?

CarLOS ]. CrESPO, MS, DRPH® Objectives. The goals of this study were two-fold: (1) to assess the relationship

W. STEPHEN BRIGHTWILLY between blood lead levels and neurobehavioral test performance in a nationally

RIGHARD L. EHRENBERG. MDP representative sample of adults from the third National Health and Nutrition

DaviD A. OTTO, PHD? ’ Evaluation Survey and (2) to analyze the results from previously published studies of
occupational lead exposure that used the same neurobehavioral tests as those
included in the survey.

Methods. Regression models were used to test and estimate the relationships
between measurements of blood lead and performance on a simple reaction time,
a symbol-digit substitution, and a serial digit learning test in adults aged 20-59
years who participated the survey. Mixed models were used to analyze the data
from the occupational studies.

Results. The blood lead levels of those participating in the survey ranged from
0.7 to 41.8 pg/dl. The estimated geometric mean was 2.51 pg/dl, and the esti-
mated arithmetic mean was 3.30 pg/dl. In the survey, no statistically significant
relationships were found between blood lead concentration and performance on
the three neurobehavioral tests when adjusted for covariates. In the occupational
studies, the groups exposed to lead consistently performed worse than control
groups on the simple reaction time and digit-symbol substitution tests.

Conclusions. The results from the survey and the occupational studies do not
provide evidence for impairment of neurobehavioral test performance at levels
below 25 pg/dl, the concentration that the Centers for Disease Control and
Prevention define as elevated in adults. The average blood lead level of the
exposed groups in the occupational studies was 41.07 pg/d|, less than 50 pg/dl,
the minimum concentration that the Occupational Safety and Health Administration
requires for medical removal from the workplace. Given the evidence of impaired
neurobehavioral performance in these groups, the 50 pg/dl limit should be
reevaluated.
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Data from the third National Health and Nutrition Exami-
nation Survey (NHANES III) have been used to demon-
strate that blood lead levels in the population of the United
States have declined from 1976 to 1991.! The average de-
cline was from 12.8 to 2.8 pg/dl in individuals aged 1-74
years. For children aged 1-5 years, the average decline was
from 13.7 to 3.2 pg/dl in non-Hispanic white children and
from 20.2 to 5.6 pg/dl in non-Hispanic black children. Steps
that have been taken over the past three decades to elimi-
nate common environmental sources of lead contamina-
tion, including lead in gasoline, house paint, solder, pottery
glaze, and pipes, have dramatically reduced lead levels in
the general population.?

Data from NHANES III also have been used to determine
the relationship between blood lead concentration and the
cognitive performance of children aged 6-16 years.” De-
creases in average performance were found for arithmetic
scores (0.7 points per pg/dl), reading scores (1.0 points per
pg/dl), nonverbal reasoning (0.1 points per pg/dl), and
short-term memory (0.5 points per pg/dl) as the blood lead
concentration increased. Decreases in performance were
found on all the tests at levels less than 10 pg/dl, and for the
arithmetic and reading tests, decreases were found at levels
less than 5 pg/dl.

In the present study, NHANES III data were used to
assess the relationship between blood lead levels in adults
and performance on the three computerized neurobe-
havioral tests included in the survey: simple reaction time,
symbol-digit substitution, and serial digit learning. These
tests also were used as components of larger test batteries in
studies of individuals occupationally exposed to lead (e.g.,
workers in battery manufacturing plants and secondary lead
smelters). The results of previously published occupational
studies using these three tests also were analyzed and com-
pared with the survey results.

METHODS

Subjects

The subjects in NHANES III were civilian, non-institutional-
ized individuals in the United States who were aged 2 months
or older. The survey was conducted from 1988 through 1994.
Approximately 40,000 individuals were selected to partici-
pate in the survey. Of these, 5,662 adults aged 20-59 years
were selected to take the neurobehavioral tests, of which
4,937 (87.2%) completed all three tests.

Sampling

The sample design was a stratified, multistage probability
design. In the first stage of sampling, 81 primary sampling
units (PSUs) were selected. The PSUs were individual coun-
ties or adjacent counties. Thirteen of the largest PSUs were
divided into 21 survey locations and the remaining 68 PSUs
had one survey location. The 89 survey locations or stands
were randomly divided into two phases. Phase I consisted of
44 locations visited from 1988 through early 1991. Phase II
consisted of 45 locations visited from late 1991 through
1994. Later stages of sampling included selecting area seg-
ments within PSUs, households within area segments, and
sample individuals within households. The subjects selected
for neurobehavioral testing were individuals aged 20-59 years

who had an exam at their stand’s mobile examination cen-
ter and had an odd-numbered survey identification number.

Blood lead

Venous blood samples were taken at mobile examination
centers or during home examinations given to individuals
who could not go to mobile examination centers. Blood
lead was measured by atomic absorption spectrometry. The
limit of detection for the blood lead measurements was
1 pg/dl. Values below the limit of detection were assigned a
value of 1 pg/dl divided by the square root of two. More
information about the blood samples, blood lead measure-
ments, and the rest of the survey can be found in the
NHANES III documentation and data.**

Neurobehavioral tests

The three tests that were administered are components of
the Neurobehavioral Evaluation System 2.” The methods
used for collecting the neurobehavioral data have been de-
scribed in more detail previously.®

Simple reaction time. For this test, subjects pressed a button
whenever a solid square was displayed in the center of the
computer screen. A total of 50 trials were administered to
each subject. The mean reaction time of trials 11 through 50
was calculated in milliseconds (ms). Values less than or equal
to 50 ms or greater than or equal to 750 ms were considered
outliers and were not included in the calculation. Subjects
were usually administered 50 trials using their preferred
hand; however, some subjects were administered 30 trials
with their preferred hand and 20 trails with their non-pre-
ferred hand. The simple reaction time data for these sub-
jects was not included in the statistical analyses.

Symbol-digit substitution. During this test, subjects were pre-
sented with a grid that paired one of nine different symbols
with one of the digits from one to nine. This grid appeared
on the upper half of the computer screen. A similar grid was
displayed on the bottom half of the screen; however, the
same symbols were presented in a scrambled order and the
spaces for the corresponding digits were left blank. Subjects
entered the matching digit for each symbol. Five trials were
conducted with a different pairing of digits and symbols for
each trial. The first trial was a practice trial. The mean total
latency of the four test trials was calculated in seconds (s).
The total latency for each trial did not include the time it
took to respond to the first item. The number of errors that
occurred during the four test trials on items two through
nine was also calculated.

Serial digit learning. For this final test, subjects were pre-
sented with a series of digits that were displayed one at a
time on the computer screen. After all the digits were dis-
played, subjects entered the sequence of numbers in the
order in which they were presented using the numeric keys
on the keyboard. The first trial was a practice trial consisting
of four digits. All subsequent trials contained the same eight-
digit sequence. Testing continued until the subject responded
correctly on two consecutive trials or until the subject at-
tempted eight trials. The number of trials to reach the crite-
rion was recorded. If the subject did not reach the criterion
by trial eight, the number of trials was scored as an eight.
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The total score was also calculated. This score represented
the sum of the error scores for each trial. When a subject’s
response had fewer than six of the eight digits in the correct
position, two points were added to the score. One point was
added when either six or seven digits were in the correct
position, and zero points were added when all eight digits
were reported correctly.

Occupational studies

Many studies have investigated the effects of occupational
exposure to lead using the three neurobehavioral tests in-
cluded in NHANES III. The data from NHANES III are
from a large, nationally representative sample. The occupa-
tional studies summarized in Table 5 were smaller, cross-
sectional, and usually had control and exposed groups. Age,
sex, and education were usually accounted for by adjust-
ment, matching, or similarity. The subjects in these studies
tended to be working age, working class, male, with a high
school education or less. The occupational studies were con-
ducted in various countries, including Australia, Canada,
China, Finland, Italy, Japan, the United States, the Republic
of Korea, Singapore, Sweden, and Venezuela. In these occu-
pational studies, a whole battery of tests, such as the World
Health Organization Neurobehavioral Core Test Battery, was
usually given.® Due to time constraints, only three tests were
administered in NHANES III. The methods of many of the
occupational studies made reference to here have been re-
viewed previously.'*!!

Statistical analysis

The computer programs SAS and SUDAAN were used to
analyze the survey data.'*"* The appropriate sample weights
were used to take into account the probability of selection,
non-coverage, and non-response. Design effects (DEFF) are
included in the Tables because of the complex sample de-
sign. A design effect is the ratio of the variance of an estimate
from a complex sample to the variance from a simple ran-
dom sample.

Descriptive statistics were calculated, and regression analy-
ses were performed between measures of neurobehavioral
test performance and the log of the blood lead concentra-
tions both unadjusted and adjusted for sex, age, education,
family income, race/ethnicity, computer or video game fa-
miliarity, alcohol use, test language, and survey phase. All
the covariates were classification variables except age, which
was continuous.

Mixed linear models were used to analyze data from the
occupational studies. Study was a random variable. The log
of the blood lead level or a classification variable for expo-
sure status also was included as a fixed effect.

S-PLUS was used to make the graphs. Simple linear least
squares regression was used to smooth the data.'

RESULTS
NHANES III

The blood lead concentrations of the individuals taking the
neurobehavioral tests in NHANES III ranged from 0.7 to
41.8 pg/dl. The estimated geometric mean of the concen-
trations was 2.51 pg/dl, and the estimated arithmetic mean
was 3.30 pg/dl.

Average test performance as a function of blood lead
intervals is shown in Table 1. Scatter plots of the mean
reaction time from the simple reaction time test and the

Table 1. Blood lead and unadjusted test performance
from NHANES Il by blood lead intervals, N=5,662

Blood
Test lead interval
Variable (ug/dl) nb M SE  DEFF
Blood lead (pg/dl)  0.7° 568 070 0.00 9.52
[1,5) 3,688 2,57 004 54
[5, 10) 979 6.75 005 1.34
[10, 15) 148 11.79  0.15 2.49
[15, 25) 49 18.76 1.07 4.88
[25, 42) 11 31.77 202 1.34
Simple reaction time
Mean reaction
time (ms) 0.7° 528 23830 334 230
[1,5) 3,249 23276 1.30 2.78
[5, 10) 793  233.41 3.74 3.56
[10, 15) 121 220.06 4.14 151
[15, 25) 39 249.71 8.17 0.63
[25, 42) 11 243.17 23.61  1.00
Symbol-digit substitution
Mean total
latency (s) 0.72 538 2055 042 232
[1,5) 3,355 22.41 0.19 277
[5, 10) 851 25.49 042 227
[10, 15) 130 2595 0.96 1.92
[15, 25) 40 31.60 239 0.90
[25, 42) 11 24.13 1.67 0.84
Number of errors  0.7° 538 1.09 0.17 3.10
[1,5) 3,355 1.13 0.06 267
[5, 10) 851 1.43 011 1.63
[10, 15) 130 1.35 025 1.70
[15, 25) 40 244 040 0.65
[25, 42) 11 0.88 0.65 1.42
Serial digit learning
Trials to criterion 0.72 529 4.44 0.14  2.40
[1,5) 3,281 459 007 3.72
[5, 10) 815 497 013 2.86
[10, 15) 126 514 040 3.67
[15, 25) 39 596 034 1.14
[25, 42) 10 494 084 1.26
Total score 0.72 529 3.97 0.33 3.20
[1,5) 3,281 432 015 4.7
[5, 10) 815 528 027 267
[10, 15) 126 555 068 254
[15, 25) 39 7.89 062 0.71
[25, 42) 10 5.74 205 1.7

NOTE: For blood lead intervals, brackets indicate a closed bound,
parentheses indicate an open bound.

20.7 is the limit of detection divided by the square root of two.

°Due to missing data, the total number of individuals for each test
may be less than 5,662.

M = mean
SE = standard error
DEFF = design effect
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mean total latency from the symbol-digit substitution test,
both as a function of blood lead concentration, are shown in
Figures 1 and 2.

Unadjusted slopes for the relationship between test per-
formance and blood lead concentration are shown in Table
2. Adjusted slopes are shown in Table 3. The slopes were
adjusted for sex, age, education, family income, race/
ethnicity, computer or video game familiarity, alcohol use,
test language, and survey phase. No statistically significant
relationships between blood lead concentration and neuro-
behavioral test performance were found when the adjust-
ments were made.

Adjustments were made for demographic and other fac-
tors based on a previous analysis of the data.® Including the
covariates affected the slopes of the relationships between
performance and blood lead. For simple reaction time, the
slope became more negative. For the other two tests, posi-
tive slopes became smaller or negative. To determine which
covariates affected the slopes the most, covariates were re-
moved from the regression equations one at a time. When
sex was removed from the model, the slope between simple
reaction time and blood lead became more negative and
statistically significant (slope=—13.69; p=0.007). For mean
total latency, removing sex (slope=1.31; p=0.0001), age
(slope=2.55; $=0.0000), or education (slope=0.93; p=

0.0288) made the slope larger and statistically significant.
For number of errors, removing sex made the slope more
negative (slope=—0.27; p=0.0542) and removing age made
the slope positive (slope=0.27; p=0.0683). For trials to crite-
rion, removing age made the slope positive (slope=0.17;
$=0.2551) and removing education made the slope less
negative (slope=—0.01; p=0.9417). For total score, remov-
ing age made the slope positive (slope=0.27; p=0.4381) and
removing education made the slope less negative (slope=
—0.09; p=0.8217). As seen in Table 4, these covariates were
also related to blood lead level. Males had a higher average
blood lead concentration than females. The average blood
lead concentration increased as age increased, and decreased
as education level increased.

Occupational studies

The 26 occupational studies examined for this study are
summarized in Table 5. The average blood lead levels of
the control groups in the studies ranged from 3.67 to
20.40 pg/dl, with the average blood lead level of the control
groups being 11.42 pg/dl. The average blood lead levels of
the exposed groups ranged from 24.00 to 72.00 pg/dl, with
the average blood lead level of the exposed groups being
41.07 pg/dl.

Figure 1. Mean reaction time from the simple reaction time test from
NHANES Il as a function of blood lead concentration, N=4,741

700
© o O
o o
“o o s} o
600 o o ©° R
o © g
4 <G R
~ o o RS @
:’ I Y o .
o o o 0 . 6 o %0 -
) 500 - © h . o
2 :
8]
1 3
5 g
3 I\;‘ O
2 400 g
k] o o
o o
- 4 A o) °
5 H o o]
] B Lo [
)
2 300 - o, ©
3 o © >
g .© o o
80 (y(%)‘ (e}
1 [») ©
/@O@o [} S °
fo: o
GCER o <
200 B o o °
5 "(\ o © [e]
100 T T T T T T i T " T T T T
-0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75

Log,, blood lead (pg/dl)

PusLic HEALTH REPORTS / MAY—JuNE 2005 / VorLumE 120



244 < RESEARCH ARTICLES

Table 2. Unadjusted slopes for test performance and log,, blood lead (pg/dl) from NHANES lII

Test

Variable n Slope SE DEFF df t P
Simple reaction time 4,741

Mean reaction time (ms) —-3.71 3.62 2.86 49 -1.02 0.3106
Symbol-digit substitution 4,925

Mean total latency (s) 5.58 0.39 1.61 49 14.25 0.0000

Number of errors 0.36 0.13 1.98 49 2.73 0.0087
Serial digit learning 4,800

Trials to criterion 0.68 0.16 3.00 49 4.19 0.0001

Total score 1.63 0.38 3.58 49 4.35 0.0001

SE = standard error
DEFF = design effect

In the studies that used a simple reaction time test, the
average reaction time of the exposed group was greater than
the average reaction time of the control group in 12 stud-
ies 16:17:20212.27:20.50.32575940 Ty one study, the average reaction
time of the exposed group was less than that of the control
group.” Twelve of the studies compared the exposed and
control groups with an inferential statistic.!%1720:25.27.29-52.57.50.40

Six studies reported a statistically significant (p<<0.05)

increase in the average reaction time of the exposed
not statistically significant.!2*#%4 One study reported a
decrease that was not statistically significant.”!

Six of the studies using a simple reaction time test used
correlation or regression analysis.!®27231343 Four studies re-
ported a direct relationship between mean reaction time
and blood lead level.'*##* One study reported an inverse

Figure 2. Mean total latency from the symbol-digit substitution test from
NHANES Il as a function of blood lead concentration, N=4,935
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Table 3. Adjusted slopes® for test performance and log,, blood lead (pg/dl) from NHANES lII

Test

Variable n Slope SE DEFF df t p
Simple reaction time 4,341

Mean reaction time (ms) —4.65 3.95 2.46 49 -1.18 0.2440
Symbol-digit substitution 4,509

Mean total latency (s) 0.40 0.36 1.61 49 1.1 0.2745

Number of errors -0.04 0.16 2.05 49 -0.23 0.8172
Serial digit learning 4,399

Trials to criterion -0.18 0.16 2.45 49 —-1.15 0.2567

Total score —0.45 0.38 3.34 49 -1.20 0.2361

The slopes were adjusted for sex, age, education, family income, race-ethnicity, computer or video game familiarity, alcohol use, test language,

and survey phase.
SE = standard error
DEFF = design effect

relationship.** One of the direct relationships and the in-
verse relationship were statistically significant.*** One study
reported a relationship of unspecified direction that was not
statistically significant.”

The group means from 11 of the studies using a simple
reaction time test were used in a mixed model to estimate
and test for a relationship between the log of the blood lead

17,20,21,29-32,34,37,39,40 The means

16,25,27

level and mean reaction time.
from three studies were not included in the analysis.
The slope was significantly greater than zero (B=32.21; stan-
dard error [SE]=11.31; p=0.0293). A scatter plot is shown
in Figure 3. A second mixed model was done using a classi-
fication variable for exposure status. The mean of the ex-
posed groups (306.29; SE=15.75) was significantly greater

Figure 3. Average mean reaction time from the occupational studies

as a function of average blood lead concentration, N=
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Table 4. Blood lead concentrations by levels of the
covariates included in the regression models for
individuals (N=5662) taking the neurobehavioral
tests in NHANES IlI

Blood lead (ug/dl)

Variable n? M SE DEFF
Sex
Male 2,505 4.22 0.13 4.05
Female 2,938 240 010 6.02
Age (years)
20-29 1,703 269 012 4.92
30-39 1,548 3.14 014 3.12
40-49 1,282 3.51 0.13 2.90
50-59 910 4.38 0.20 3.03
Last grade attended
0-8 887 4.27 0.29 532
9-11 937 4.10 0.18 3.29
12 1,802 3.29 011 254
13+ 1,786 2.91 0.13 5.03
Family income
<$10,000 817 4.07 0.32 451
$10,000-%$29,999 2,206 3.46 011 2.88
$30,000-%$49,999 1,182 3.16 013 3.20
$50,000+ 843 286 017 4.43
Race/ethnicity
Non-Hispanic white 1,886 3.18 0.12 3.64
Non-Hispanic black 1,681 3.85 0.13 2.83
Mexican American 1,645 3.60 0.12 2.65
Other 231 3.38 0.22 1.50
Computer or video game
familiarity
None 2,085 3.98 013 3.60
Some 2,203 3.10 0.12 4.42
A lot 685 2.72 0.15 2.58
Drinks with alcohol
in last 3 hours
0 4,911 3.28 010 6.36
1 45 6.02 0.56 0.78
2+ 17 4.15 0.61 0.54
Test language
English 4,319 3.26 011 5.96
Spanish 655 3.99 031 5.83

Survey phase
I 2,620 374 012 3587
1 2,823 288 013 820

*Due to missing blood lead measurements or missing values for
covariates, the total number of individuals for each variable may be
less than 5,662.

M = mean
SE = standard error
DEFF = design effect

than the mean of the control groups (283.32; SE=15.88),
$=0.0092.

In the studies using a digit-symbol substitution test, which
differs from the digit-symbol test in that it requires subjects
to draw symbols on paper versus keying digits on a com-
puter, the average number of symbols drawn by the exposed
group was less than the average number in the control group
in 14 studies.!?1820:21:23-25,28,20.32.35,57.3940 Iy two studies, the aver-
age number of symbols drawn by the exposed group was
greater.”®”! Eleven studies reported a statistically significant
decrease in the average number of symbols drawn by the
exposed group.!>182023.25.2820.32.557.3 Three studies reported a
decrease that was not statistically significant.?*** No study
reported a statistically significant increase. One study re-
ported a statistically significant decrease in the average num-
ber of digits entered by the exposed group.” One study did
not report the measure used for the test, but indicated that
the exposed and control groups were not statistically signifi-
cantly different. One study reported a statistically signifi-
cant increase in the average response latency of the exposed
group.™

Thirteen of the studies using a digit-symbol substitution
test used correlation or regression analysis, '!%19:22-21,20.29.51.55,35,36,39
One study reported a direct relationship between the num-
ber of symbols drawn and the blood lead level.* Seven stud-
ies reported an inverse relationship.'®!%19232635% The direct
relationship was not statistically significant. Two of the in-
verse relationships were statistically significant.'>* Four stud-
ies reported a relationship of unspecified direction that was
not statistically significant.?***#* One study reported a rela-
tionship of unspecified direction between an unspecified
measure of test performance and blood lead level that was
not statistically significant.®®

The group means from 15 of the studies that used a digit-
symbol substitution test were used in a mixed model to
estimate and test for a relationship between the log of the
blood lead level and the number of symbols drawn.!%182021.25-
:295152.55.35,373940 The means from seven studies were not in-
cluded in the analysis.'?#220.283036.38 The slope was significantly
less than zero (B=—10.04; SE=2.20; p=0.0008). The scatter
plot is shown in Figure 4. A second mixed model was done
using a classification variable for exposure status. One addi-
tional study was included in this analysis.* The mean of the
exposed groups (41.52; SE=1.72) was significantly less than
the mean of the control groups (48.70; SE=1.76), p<<0.0001.

One study reported results from a serial digit learning
test.” The average number of correct responses was less in
the exposed group as compared with the control group. The
difference was not statistically significant.

DISCUSSION

The Centers for Disease Control and Prevention’s (CDC)
Adult Blood Lead Epidemiology and Surveillance program
defines an elevated blood lead in an adult as 25 pg/dl or
greater, and the Occupational Safety and Health Adminis-
tration’s (OSHA) level for medical removal from the workplace
is 50 pg/dl or greater.*** Eleven individuals in the survey
that took the neurobehavioral tests had a blood lead concen-
tration 25 pg/dl or greater. None were greater than 50 pg/dl.
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Figure 4. Average number of symbols drawn from the occupational studies

as a function of average blood lead concentration, N=27
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When adjusted for covariates, no statistically significant
relationships between blood lead concentration and neuro-
behavioral test performance were found. All but one adjusted
slope was negative. Negative slopes indicate an improve-
ment in performance. The results of the analysis of the
NHANES III data do not provide evidence for impairment
of neurobehavioral test performance in adults at levels be-
low 25 pg/dl, or at lead concentrations currently found in
the general adult population of the United States. The lack
of relationship found here may be due to a lack of toxicity of
lead in adults at the levels investigated, a sample size or
study design that did not allow enough precision to detect a
relationship, or neurobehavioral tests that are not sensitive
to the toxicity of lead at the levels investigated.

Children in the NHANES III sample showed decreases in
cognitive performance at blood lead levels less than 5 pg/dl.?
The adults in NHANES III did not show lead-related de-
creases in performance. The geometric mean of the blood
lead concentration of the children, 1.9 pg/dl, was less than
the geometric mean for adults taking the neurobehavioral
tests, 2.51 pg/dl. Children are considered to be more sus-
ceptible than adults to the toxic effects of lead exposure due
to the immature state of their nervous systems, the increased
tendency to ingest inappropriate products, and a higher
absorption rate of lead relative to adults.* It is also possible

that the tests used for the children (i.e., the arithmetic and
reading subtests of the Wide Range Achievement Test and
the block design and digit span subtests of the Wechsler
Intelligence Scale for Children) are more sensitive to lead
toxicity than the neurobehavioral tests used for adults.*>*

The analysis of the occupational studies shows that the
exposed groups consistently performed worse on the simple
reaction time and digit-symbol substitution tests. The aver-
age blood lead level of the control groups was 11.42 pg/dl,
greater than the arithmetic mean from the NHANES III
data (3.30 pg/dl) and less than the CDC limit (25 pg/dl).
The average blood lead level of the exposed groups was
41.07 pg/dl, greater than 25 pg/dl and less than 50 pg/dl,
the minimum concentration OSHA requires for medical
removal from the workplace. The results of the analysis of
the occupational studies indicate that the OSHA limit should
be reevaluated.

A digit-symbol test was usually administered in the occu-
pational studies. A symbol-digit test was used in three of the
occupational studies and in the NHANES II1.***%% The digit-
symbol test is a paper and pencil test in which the subject
responds by drawing symbols. The number of correct sym-
bols is used as a measure of performance: the more correct
symbols drawn, the better the performance. The symbol-
digit test is an adaptation of the paper and pencil test and is
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administered on computers. The subject responds by enter-
ing numbers on a keypad. The number of correct digits
entered or the time it takes to enter the digits, called the
latency, are used as measures of performance: the greater
the number of correct digits or the smaller the latency, the
better the performance. Two of the occupational studies
using a symbol-digit test reported statistically significant dec-
rements in performance, a decrease in the number of digits
entered and an increase in latency.’**® The third study re-
ported no statistically significant difference in an unspeci-
fied measure.”

Previous reviews of studies have indicated that neuro-
physiological measurements such as nerve conduction ve-
locity can be affected by blood lead levels of 30 pg/dl and
that neurobehavioral function can be affected at 40 pg/dL.4"4
A meta-analysis of studies comparing the nerve conduction
velocities of lead-exposed and control groups found a statis-
tically significant decrease in velocity (effect size=—0.369)
for the combined median and ulnar, sensory and motor
nerves of the exposed groups.” The average blood lead
levels of the exposed and control groups were not calculated
in this analysis. Previous meta-analyses of neurobehavioral
data also indicate an effect of lead.”®' In one of these,
statistically significant decreases in performance were found
for block design (effect size=—0.31; blood lead=41 pg/dl),
logical memory (effect size=—0.39; blood lead=38 pg/dl),
Santa Ana with preferred hand (effect size=—0.20; blood
lead=44 pg/dl), and digitsymbol substitution (for two groups
effect size=—1.04; blood lead=44 pg/dl and effect
size=—0.25; blood lead=45 pg/dl), but not for simple reac-
tion time (effect size=0.50).”" Thus, previous summaries of
neurophysiological and neurobehavioral data also indicate
that the OSHA limit should be reevaluated.

REFERENCES

1. Pirkle JL, Brody DJ, Gunter EW, Kramer RA, Paschal DC, Flegal
KM, Matte TD. The decline in blood lead levels in the United
States: the National Health and Nutrition Examination Surveys
(NHANES). JAMA 1994;272:284-91.

2. Shannon MW. Etiology of childhood lead poisoning. In: Pueschel
SM, Linakis JG, Anderson AC, editors. Lead poisoning in child-
hood. Baltimore (MD): Paul H. Brookes Publishing Company;
1996. p. 37-57.

3. Lanphear BP, Dietrich K, Auinger P, Cox C. Cognitive deficits
associated with blood lead concentrations <10 pg/dL in US chil-
dren and adolescents. Public Health Rep 2000;115:521-9.

4. NHANES III reference manuals and reports [CD-ROM]. National
Center for Health Statistics. Hyattsville (MD): NCHS; 1996.

5. National Health and Nutrition Examination Survey III, 1988-94
[CD-ROM Series 11, No. 1A]. National Center for Health Statistics.
Hyattsville (MD): NCHS; 1997.

6. National Health and Nutrition Examination Survey III, 1988-94
[CD-ROM Series 11, No. 2A]. National Center for Health Statistics.
Hyattsville (MD): NCHS; 1998.

7. Letz R, Baker EL. NES2 User’s Manual: version 4.2. Winchester
(MA): Neurobehavioral Systems, Inc.; 1988.

8. Krieg EF Jr, Chrislip DW, Letz RE, Otto DA, Crespo CJ, Brightwell
WS, Ehrenberg RL. Neurobehavioral test performance in the third
National Health and Nutrition Examination Survey. Neurotoxicol
Teratol 2001;23:569-89.

9. Cassitto MG, Camerino D, Hinninen H, Anger WK. International
collaboration to evaluate the WHO Neurobehavioral Core Test
Battery. In: Johnson BL, editor. Advances in neurobehavioral toxi-
cology: applications in environmental and occupational health.
Chelsea (MI): Lewis Publishers; 1990. p. 203-23.

10.

11.

12.
13.

14.

15.

16.

18.

19.

20.

21.

23.

24.

25.

Ehle AL, McKee DC. Neuropsychological effect of lead in occupa-
tionally exposed workers: a critical review. Crit Rev in Toxicol
1990;20:237-55.

Balbus-Kornfeld JM, Stewart W, Bolla KI, Schwartz BS. Cumulative
exposure of inorganic lead and neurobehavioural test perform-
ance in adults: an epidemiologic review. Occup Environ Med
1995;52:2-12.

SAS Institute. SAS 8.02. Cary (NC): SAS Institute; 1999.

Research Triangle Institute. SUDAAN 8.0.0. Research Triangle Park
(NC): Research Triangle Institute; 2001.

Insightful Corporation. S-=PLUS 6.2 for Windows. Professional Edi-
tion. Seattle: Insightful Corporation; 2003.

Grandjean P, Arnvig E, Beckmann J. Psychological dysfunctions in
lead-exposed workers: relation to biological parameters of expo-
sure. Scand ] Work Environ Health 1978;4:295-303.

Haenninen H, Hernberg S, Mantere P, Vesanto R, Jalkanen M.
Psychological performance of subjects with low exposure to lead.
J Occup Med 1978;20:683-9.

Repko JD, Corum CR, Jones PD, Garcia LS Jr. The effects of
inorganic lead on behavioral and neurologic function. Cincinnati:
National Institute for Occupational Safety and Health; 1978. DHEW
(NIOSH) Publication No.: 78-128.

Valciukas JA, Lilis R, Eisinger J, Blumberg WE, Fischbein A, Selikoff
IJ. Behavioral indicators of lead neurotoxicity: results of a clinical
field survey. Int Arch Occup Environ Health 1978;41:217-36.
Valciukas JA, Lilis R, Singer R, Fischbein A, Anderson HA, Glick-
man L. Lead exposure and behavioral changes: comparisons of
four occupational groups with different levels of lead absorption.
Am J Ind Med 1980;1:421-6.

Bleecker ML, Agnew J, Keogh JP, Stetson DS. Neurobehavioral
evaluation in workers following a brief exposure to lead. In: Gilioli R,
Cassitto MG, Foa V, editors. Neurobehavioral methods in occupa-
tional health. Ist ed. vol. 46. New York: Pergamon Press; 1983. p.
255-62.

Hogstedt C, Hane M, Agrell A, Bodin L. Neuropsychological test
results and symptoms among workers with well-defined long-term
exposure to lead. Br ] Ind Med 1983;40:99-105.

Baker EL, Feldman RG, White RA, Harley JP, Niles CA, Dinse GE,
Berkey CS. Occupational lead neurotoxicity: a behavioural and
electrophysiological evaluation: study design and year one results.
Br ] Ind Med 1984;41:352-61.

Campara P, D’Andrea F, Micciolo R, Savonitto C, Tansella M,
Zimmermann-Tansella C. Psychological performance of workers
with blood-lead concentration below the current threshold limit
value. Int Arch Occup Environ Health 1984;53:233-46.

Araki S, Yokoyama K, Aono H, Murata K. Psychological perform-
ance in relation to central and peripheral nerve conduction in
workers exposed to lead, zinc, and copper. Am ] Ind Med 1986;9:535-
42.

Jeyaratnam J, Boey KW, Ong CN, Chia CB, Phoon WO. Neuropsy-
chological studies on lead workers in Singapore. Br J Ind Med
1986;43:626-9.

Parkinson DK, Ryan C, Bromet EJ, Connell MM. A psychiatric
epidemiologic study of occupational lead exposure. Am J Epidemiol
1986;123:261-9.

Williamson AM, Teo RK. Neurobehavioural effects of occupational
exposure to lead. Br ] Ind Med 1986;43:374-80.

Zhang XQ. Observations of neurobehavior in lead exposed work-
ers. Zhonghua Yu Fang Yi Xue Za Zhi [Chinese Journal of Preven-
tive Medicine] 1991;25(5):272-4.

Hu C, Li Y, Zhou X, Jiao X. Neurobehavioral studies on lead
workers. Journal of Hygiene Research 1994;23:177-9.

Bolla KI, Schwartz BS, Stewart W, Rignani J, Agnew ], Ford DP.
Comparison of neurobehavioral function in workers exposed to a
mixture of organic and inorganic lead and in workers exposed to
solvents. Am | Ind Med 1995;27:231-46.

Maizlish NA, Parra G, Feo O. Neurobehavioural evaluation of Ven-
ezuelan workers exposed to inorganic lead. Occup Environ Med
1995;52:408-14.

Tang HW, Liang YX, Hu XH, Yang HG. Alterations of monoamine
metabolites and neurobehavioral function in lead-exposed work-
ers. Biomed Environ Sci 1995;8:23-9.

Bleecker ML, Lindgren KN, Tiburzi MJ, Ford DP. Curvilinear rela-
tionship between blood lead level and reaction time: differential

PusLic HEALTH REPORTS / May—JuNE 2005 / VoLumE 120



ReELATIONSHIP BETWEEN BLOOD LEAD LEVELS AND NEUROBEHAVIORAL TEST PERFORMANCE

& 261

35.

36.

37.

38.

40.

41.

42.

association with blood lead fractions derived from exogenous and
endogenous sources. ] Occup Environ Med 1997;39:426-31.
Bleecker ML, Lindgren KN, Ford DP. Differential contribution of
current and cumulative indices of lead dose to neuropsychological
performance by age. Neurology 1997;48:639-45.

Chia SE, Chia HP, Ong CN, Jeyaratnam J. Cumulative blood lead
levels and neurobehavioral test performance. NeuroToxicology
1997;18:793-804.

Lucchini R, Albini E, Cortesi I, Placidi D, Bergamaschi E, Traversa F,
Alessio L. Assessment of neurobehavioral performance as a func-
tion of current and cumulative occupational lead exposure. Neuro-
Toxicology 2000;21:805-12.

Niu Q, He SC, Li HY, Wang JY, Dai FY, Chen YL. A comprehensive
neurobehavioral and neurophysiological study for low level lead-
exposed workers. G Ital Med Lav Ergon 2000;22:299-304.

Proctor SP, Letz R, White RF. Validity of a computer-assisted
neurobehavioral test battery in toxicant encephalopathy. Neuro-
Toxicology 2000;21:703-14.

Schwartz BS, Lee BK, Lee GS, Stewart WF, Lee SS, Hwang KY, et al.
Associations of blood lead, dimercaptosuccinic acid-chelatable lead,
and tibia lead with neurobehavioral test scores in South Korean
lead workers. Am J Epidemiol 2001;153:453-64.

Barth A, Schaffer AW, Osterode W, Winker R, Konnaris C, Valic E,
et al. Reduced cognitive abilities in lead-exposed men. Int Arch
Occup Environ Health 2002;75:394-8.

Ryan CM, Morrow L, Parkinson D, Bromet E. Low level lead expo-
sure and neuropsychological functioning in blue collar males. Int
J Neuroscience 1987;36:29-39.

Centers for Disease Control and Prevention. Adult blood lead
epidemiology and surveillance—United States, second and third
quarters, 1998, and annual 1994-1997. MMWR Morb Mortal Weekly
Rep 1999;48:213-6, 23.

43.

44,

45.

46.

47.

48.

49.

50.

51.

PusLic HEALTH REPORTS / MAY—JuNE 2005 / VorLumE 120

Department of Labor (US), Occupational Safety and Health Ad-
ministration. Final standard for occupational exposure to lead.
Federal Register 1999;43:52952-3014 (29 C.F.R. 1910.1025).
Anderson AC, Pueschel SM, Linakis JG. Pathophysiology of lead
poisoning. In: Pueschel SM, Linakis JG, Anderson AC, editors.
Lead poisoning in childhood. Baltimore (MD): Paul H. Brookes
Publishing Company; 1996. p. 75-96.

Jastak S, Wilkinson GS. The Wide Range Achievement Test-revised:
administration manual. Wilmington (DE): Jastack Associates; 1984.
Wechsler D. Wechsler Intelligence Scale for Children, revised. San
Antonio (TX): Psychological Corporation; 1974.

Araki S, Sato H, Yokoyama K, Murata K. Subclinical neurophysi-
ological effects of lead: a review on peripheral, central, and auto-
nomic nervous system effects in lead workers. Am J Ind Med 2000;
37:193-204.

World Health Organization Task Group on Environmental Health
Criteria for Inorganic Lead. Inorganic lead (Environmental Health
Criteria 165). Geneva (Switzerland): World Health Organization;
1995.

Davis JM, Svendsgaard DJ. Nerve conduction velocity and lead: a
critical review and meta-analysis. In: Johnson BL, editor. Advances
in neurobehavioral toxicology: applications in environmental and
occupational health. Chelsea (MI): Lewis Publishers; 1990. p. 353-
76.

Meyer-Baron M, Seeber A. A meta-analysis for neurobehavioural
results due to occupational lead exposure with blood lead concen-
trations <70 pg/100ml. Arch Toxicol 2000;73:510-8.

Zheng YX, Liang YX. Meta-analysis in neurobehavioral toxicologi-
cal studies. Zhonghua Yu Fang Yi Xue Za Zhi [Chinese Journal of
Preventive Medicine] 1994;28:281-3.



