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Objectives Higher than contemporary exposure levels and advanced age of study participants have limited the
interpretation of previous studies relating neurocognitive function to lead exposure. We reassessed this association in young American men prior to chronic occupational exposure at lead recycling plants, using baseline
measurements of the Study for Promotion of Health in Recycling Lead (NCT02243904).

Methods We administered the Stroop test (ST) and the digit-symbol test (DST) to 339 men (mean age, 28.6

years; participation rate 82.7%). Whole blood lead (BL) was determined by inductively coupled plasma mass
spectrometry and related ST and DST test results using multivariable-adjusted regression.

Results Average values were 4.26 μg/dL for BL, 1624 ms and 1474 ms for mean reaction time in incongruent

and congruent ST trials, and 109 sec for mean total latency in DST. The number of participants with fully correct answers amounted to 281 (82.9%) and 334 (98.5%) in incongruent and congruent ST trials, respectively,
and to 198 (58.4%) in the DST. In multivariable-adjusted analyses, there was no association between cognitive
performance and BL except for a weak but opposite association in DST; for a 10-fold BL increment, mean total
latency was 5.4% (95% confidence interval, -0.4‒11.5%; P=0.066) higher, whereas the error score was 42%
(-10‒69%; P=0.096) lower. To exclude an effect of the cumulative lead dose, sensitivity analyses restricted to
workers <40, 35 and 30 years were confirmatory.

Conclusions At the exposure levels in our current study, we failed to demonstrate a consistent inverse association
of BL with neurocognitive performance in young American men.

Key terms digit symbol test; environmental exposure; Stroop test.

There is abundant literature relating neurocognitive
function to lead exposure in studies of the general populations (1–7) or workers (8–11) with a cross-sectional
(1–3, 5, 6, 8), case–control (9, 11) or longitudinal (4, 7,
10) design. A review published in 2007 concluded there
is sufficient evidence to support an association in adults
between decline in cognitive function and the internal
lead dose assessed from the concentration in bone or
blood (12). Bone lead is an index of the cumulative

lifetime exposure and has a long half-life (20–25 years),
in particular when deposited in the cortex of the tibia.
Blood lead reflects recent exposure and recirculation
of lead from bone tissue and has a much shorter halflife (1–2 months) (13). Associations of neurocognitive
function with the cumulative lead dose (bone lead) in
workers with past occupational exposure were stronger
and more consistent than associations with blood lead
(12). Conversely, studies of currently exposed workers
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generally found associations that were more apparent
with blood lead levels (12).
Among adults, mean blood lead levels decreased
from 13.1 μg/dL in the National Health and Nutrition
Examination Survey II (NHANES II; 1976–1980) (14,
15) to 1.2 to 2.76 μg/dL in NHANES III (1988–1994)
(16) and to 1.64 μg/dL in NHANES IV (1999–2002)
(16). In previous publications, the blood lead concentration averaged from 30.8 (9) to 32.0 (8) μg/dL in workers
and from 2.5 (6) to 5.5 (1) μg/dL in studies of the general population. One factor limiting the interpretation of
previous studies is the advanced age of the participants.
Mean age in the worker studies ranged from 39.5 (9) to
41.4 (10) years and in the population studies from 59.4
(3) to 72.0 (6) years. Blood lead level is a measure of
the current biologically active lead burden, but – in older
people – the acute effects of a high recent lead exposure
may be masked by the chronic effects of the cumulative
exposure (12, 17). The cumulative lead body burden
increases with advancing age (13). We therefore reassessed the association of neurocognitive function with
blood lead, using the baseline measurements (2015–
2017) collected in the ongoing Study for Promotion of
Health in Recycling Lead (SPHERL; NCT02243904).
Study participants were young men (mean age, 28.6
years), examined prior to chronic occupational exposure
at lead recycling plants in the United States (18).

Methods
Participants
SPHERL is a longitudinal study of newly hired lead
workers at battery manufacturing and lead recycling
plants in the United States (18), which complies with the
Helsinki declaration for investigations in humans (19).
The Ethics Committee of the University Hospitals Leuven (Belgium) approved the study protocol. Of 556 men
invited from 1 May 2015 until 19 September 2017, 460
gave written informed consent (participation rate, 82.7%).
Of those, 386 underwent neurocognitive testing and had
their blood lead levels measured. We excluded 47 workers
from the current analysis due to previous occupational
exposure to lead (N=41) or because outcome measures
(N=3) or covariables (N=3) were >3 standard deviations
(SD) above the population mean. Thus, the number of
workers statistically analyzed totaled 339.
Data collection
Clinical measurements. Blood pressure was the average of
five consecutive auscultatory readings obtained with a
standard mercury sphygmomanometer after the workers

had rested for ≥5 minutes in the sitting position. Mean
arterial pressure was diastolic pressure plus one-third of
the difference between systolic and diastolic pressure.
Hypertension was a blood pressure of ≥140 mm Hg
systolic or ≥90 mm Hg diastolic or use of antihypertensive drugs. Body mass index (BMI) was body weight
(kg) divided by height squared (m2). The umbilicus and
greater trochanter were the landmarks for measuring
waist and hip circumference, respectively. Study nurses
administered validated (20, 21) questionnaires, inquiring about each worker’s medical history, occupations,
exposure to heavy metals, smoking and drinking habits,
intake of medications and lifestyle.
Biochemical measurements. Venous blood samples were
obtained after 8–12 hours of fasting. Blood lead levels
were determined on whole blood by inductively coupled
plasma mass spectrometry at an analytical laboratory certified for blood lead analysis in compliance with the provisions of the OSHA Lead Standard, 29CFR 1910.1025
(Occupational Safety and Health Administration [www.
osha.gov]). Prior to analysis, the specimens were digested
with nitric acid and spiked with an iridium internal standard. The detection limit was 0.5 µg/dL. The accuracy of
the lead tests was verified by use of proficiency samples
purchased from the College of American Pathologists
(CAP) and the Pennsylvania Department of Blood Lead
Programs (22). Proficiency testing was performed in six
separate trial runs, including in total 30 test samples annually. All survey materials were handled in the same manner as the study samples and processed with the normal
workflow utilizing the same repeat/dilution protocols and
calibration and quality control frequency (23). Compliance with Clinical Laboratory Improvement Amendments (CLIA), CAP and New York State accreditation
and regulatory requirements was verified routinely with
test level review of the laboratory services by external
auditors. Calibrators with certified accuracy (National
Institute of Standards and Technology [www.nist.gov])
were included in each batch of study samples and spanned
the range of the analytical measurement range. Accuracy
was evaluated on Westgard Rules (24) and defined within
the total allowable error established with review of the
CAP, Centers for Disease Control and Prevention, CLIA
88 (25), and OSHA guidelines. Accuracy, defined as the
deviation from known lead standards ran along with the
study samples, was within 10% (23). The bias determined
according to the Bland & Altman approach (26) in 30 spilt
blood samples with blood lead concentrations (average in
duplicate samples) ranging from 0.70–27.9 μg/dL, was
0.08 μg/dL [95% confidence interval (CI) -0.01–0.18,
P=0.078, figure 1]. The repeatability coefficient, defined
as twice the SD of the signed differences between duplicate measurements (26), was 0.52. Expressed as a percentage of the mean blood lead concentration or as a
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completed a few practice trials. The mean reaction time
is the average time that passed between the appearance
of the color name and touching the correct button in
congruent and incongruent trials. Interference effect
and score were respectively calculated as the absolute
difference between mean reaction time of congruent and
incongruent trials and as the difference of the proportion
of the correct answers in congruent trials minus the proportion of correct answers in incongruent trials.

Figure 1. Bland–Altman plot for duplicate blood lead measurements in 30
workers. The difference between both measurements was plotted against the
average of both measurements. The difference was calculated by subtracting the lead concentration in the split sample from the lead concentration
level used for the current analysis. The bias was 0.08 µg/dL (P = 0.078). The
reproducibility coefficient (RC) is twice the standard deviation (SD) of the
signed differences between duplicate measurements.

The digit-symbol test. The digit-symbol test (DST) measures the speed of visual scanning and processing of
visual information (27). A row of 9 symbols paired
vertically with 9 digits is displayed at the top of the
computer screen. The same symbols are also presented
at the bottom of the screen but in a different order. During the test, 27 digits appear one after one in the center
of the screen. The task is to touch as fast as possible the
symbol at the bottom of the screen that is paired with
a displayed digit. The subject has to make the correct
response before a new digit is presented.
Statistical analysis

percentage of near maximal variation in blood lead (four
times the SD of the logarithmically transformed distribution), the repeatability coefficient was 6.7% and 1.9%,
respectively. Lower values indicate better repeatability.
Serum total and high-density lipoprotein (HDL) cholesterol and blood glucose were measured by automated
enzymatic methods and serum insulin by ELISA. Over
three evaluations, the laboratory obtained a proficiency
score of 100% for blood lead, 100% for routine biochemistry, and 98% for serum insulin.
Neurocognitive function tests The neurocognitive examination took place in a quiet room. We administered a
computer version of the Stroop test (ST) (Xavier Educational Software Ltd, Bangor, Wales, UK) and digitsymbol test, using a laptop with touch screen.
Stroop test. In the ST (selective attention domain), workers saw the printed name of a color and four buttons
displayed in yellow, red, blue and green on a computer
screen. In congruent trials, the name of the color is
printed in the matching color (eg, “yellow” is printed
in yellow). In incongruent trials, the name of the color
is printed in a different color (eg, “yellow” is printed in
red). The task consists of touching the button with the
color matching the printed name of the color as fast
and accurately as possible, ignoring the color of the
printed color name. The ST consisted of 4 congruent
and 12 incongruent trials. Before the test, participants
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Database management and statistical analysis were done
using SAS 9.4 software (SAS Institute, Cary, NC, USA).
The flow and quality control of the data are described in
the published protocol (18). Departure from normality
was evaluated using Shapiro-Wilk’s statistic. Skewness
and kurtosis were computed as the third and fourth
moments of the mean divided by the cube of the SD. We
applied a logarithmic transformation (base 10) to normalize the distributions of mean reaction time and interference effect (ST), total correct time (DST), and blood
lead and serum insulin. The central tendency (spread)
of normally distributed variables was represented by
the arithmetic (SD) or geometric (interquartile range)
mean. To compare means and proportions, we applied a
t-statistic or ANOVA, as appropriate, and the chi-square
statistic or Fisher exact test, respectively. Significance
was a 2-tailed α-level of ≤0.05.
In exploratory analyses, we assessed ST and DST
measurements across thirds (tertiles) of the blood lead
distribution. P-values for trend were computed by the chisquare statistic for categorical variables or by regressing
continuously distributed variables on a design variable
identifying the thirds of the blood lead distribution with
as values 1, 2 or 3. Next, we computed the multivariableadjusted associations of the neurocognitive variables
with blood lead, using linear or logistic regression. We
identified potential covariables by stepwise regression
analysis with the P-value for variables to enter and stay
in the models set at 0.15. The covariables considered were
ethnicity, age, body mass index, waist-to-hip ratio, mean
arterial pressure, heart rate, current smoking and drinking,
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educational attainment, history of diabetes, drug treatment
for hypertension, serum insulin levels and the total-toHDL cholesterol ratio. For each outcome, we presented
two models, first adjusting for covariables consistently
associated with more than two outcome measures and
next additionally adjusting for covariables, which were
only associated with one or two outcomes. Association
sizes, given for a 10-fold increase in blood lead, were
presented as a percentage difference in logarithmically
transformed continuously distributed outcome measures
or as an odds ratio (OR) for categorical outcomes.

Results
Characteristics of participants
The 339 newly hired workers included 160 whites
(47.2%), 154 Hispanics (45.4%), 15 blacks (4.4%), 3
Asians (0.9%), and 7 workers of mixed ethnicity (2.1%).
Prevalence amounted to 100 (29.5%) for current smoking, 45 (13.3%) for past smoking, 141 (41.6%) for
alcohol consumption, 35 (10.3%) and 23 (6.8%) for
hypertension and treated hypertension, respectively, and
7 (2.1%) for diabetes mellitus. Educational attainment
was at the level of middle school or less in 12 (3.5%)
participants, high school in 271 (80.0%), and college or
university in 56 (16.5%). Among all workers, average
values were 28.6 (SD 10.2) years for age [interquartile
range (IR) 21.4–31.6 years], 120.6 (SD 10.0) mm Hg
and 80.6 (SD 8.6) mm Hg for systolic and diastolic
blood pressure, respectively, and 28.5 (SD 6.0) kg/m2
for BMI. The geometric mean blood lead concentration
at the pre-employment physical examination was 2.47
(IR 2.00–3.00) μg/dL. The first assessment of blood lead
for the current study, done simultaneously with the neurocognitive assessment, was performed 21 (IR 10–31)
days after workers had started employment. At that time
point, the geometric mean blood lead concentration was
4.26 (IR 2.50–8.30) μg/dL (figure 2).
Table 1 lists the characteristics of the workers by
thirds of the blood lead distribution. Across increasing
lead categories, BMI, the waist-to-hip ratio, total cholesterol, and the total-to HDL cholesterol ratio decreased (P
for trend ≤0.022), but HDL increased (P=0.038).
Neurocognitive test results
Among all participants, the mean ST reaction time was
1624 (IR 1278–1990) ms for incongruent trials and 1474
(IR 1162–1767) ms for congruent trials. The geometric
mean interference effect was 166 (IR 94–375) ms. The
number of participants with fully correct answers in
incongruent trials was 281 (82.9%) and 334 (98.5%) in

Figure 2. Distributions of logarithmically transformed blood lead. M, S and
K indicate the mean and the coefficients of skewness and kurtosis. The solid
and dotted lines represent the normal and kernel density distributions. The
P-value is for departure of the actually observed distribution from normality
according to Shapiro-Wilk’s statistic.

congruent trials. In the DST, the mean total latency averaged 109 (IR 96–121) seconds. Among all participants,
198 (58.4%) completed the DST completely error free,
and 91 (26.8%) and 50 (14.7%) with 1 or ≥2 errors,
respectively.
Table 2 lists the performance of the workers in
the neurocognitive tests by thirds of the blood lead
distribution. With the exception of a marginally worse
performance in congruent trials of the ST in the middle
third of the blood lead distribution (P=~0.07; table 2),
the unadjusted analyses did not reveal any significant
trend across increasing categories of blood lead (P for
trend ≥0.15).
Linear regression analysis
We performed linear regression analysis relating the
continuously distributed neurocognitive outcomes to
blood lead, first unadjusted, next adjusted for age, current smoking and drinking, and the total-to-HDL cholesterol ratio, and finally fully adjusted also accounting for
the ethnicity, waist-to-hip ratio, heart rate, educational
attainment and serum insulin. Irrespective of adjustment,
none of these associations reached statistical significance (P≥0.27), with the exception of a weak positive
association of the mean total latency in the DST in
adjusted and fully adjusted models (P≤0.097; figure 3).
To exclude a background effect of the cumulative
lead dose, in sensitivity analyses, we computed the fullyadjusted slope of the mean total latency on blood lead
in participants younger than 40 years (N=288), 35 years
Scand J Work Environ Health 2019, vol 45, no 3
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Table 1. Characteristics of workers by thirds of the blood lead distribution. Average values are arithmetic [standard deviation (SD)] or geometric
means [interquartile range (IR)]. Hypertension was a blood pressure of ≥140 mm Hg systolic, or ≥90 mm Hg diastolic, or use of antihypertensive
drugs. Mean arterial pressure was diastolic pressure plus one-third of the difference between systolic and diastolic pressure. [HDL=high-density
lipoprotein].
Characteristic
Smoking
Current
Past
Alcohol consumption
Education
Less than high school
High school or equal
College or university
Hypertension
Treated hypertension
Diabetes mellitus
Age (years)
Body mass index (kg/m2)
Waist-to-hip ratio
Systolic pressure (mm Hg)
Diastolic pressure (mm Hg)
Mean arterial pressure (mm Hg)
Heart rate (beats per minute)
Total cholesterol (mg/dL)
HDL cholesterol (mg/dL)
Total-to-HDL cholesterol ratio
Glucose (mg/dL)
Insulin (μIU/mL)
Blood lead (μg/dL)

<3.0 μg/dL (N=112)
N

%

30
13
47
4
85
23
10
8
1

Mean

3.0–6.5 μg/dL (N=112)
N

%

26.8
11.6
42.0

33
20
54

3.6
75.9
20.5
8.9
7.1
0.9

2
93
17
17
12
4

28.9
30.0
0.97
121.1
80.2
93.8
75.0
174.6
44.4
4.14
93.3
7.4
1.7

SD / IR

9.7
6.6
0.07
9.6
9.3
8.7
13.0
36.8
9.8
1.33
10.9
4.0–12.8
1.3–2.5

Mean

≥6.5 μg/dL (N=115)
N

%

29.5
17.8
48.2

37
12
40

32.2
10.4
34.8

1.8
83.0
15.2
15.2
10.7
3.6

6
93
16
8
3a
2

5.2
80.9
13.9
7.0
2.6
1.7

30.7
28.5
0.97
121.1
81.1
94.4
74.6
176.2
46.8
3.93
96.6
6.9
4.3 b

SD / IR

12.0
6.1
0.07
10.4
8.8
8.6
12.2
41.5
10.2
1.25
15.9
3.7–11.8
3.5–5.2

Mean

P for linear
trend

SD / IR

0.67
0.74
0.12
0.41

26.3 b
27.2
0.95
119.6
80.5
93.6
71.9
163.3 c
47.3
3.66
92.5 a
6.5
10.5 b

8.3
4.9
0.07
9.9
7.7
7.7
11.1
33.6
11.6
1.16
12.1
3.2–11.7
8.0–12.1

0.11
0.052
0.35
0.054
0.001
0.011
0.28
0.75
0.83
0.060
0.022
0.038
0.004
0.64
0.33
<0.001

Significance of the difference with the adjacent left column P≤0.05.
Significance of the difference with the adjacent left column P≤0.001
c Significance of the difference with the adjacent left column P≤0.01.
a

b

Table 2. Neurocognitive function by thirds of the blood lead distribution. Average values are arithmetic [standard deviation (±SD)] or geometric
means [interquartile range (IR)]. [MRT= mean reaction time].
Characteristic

<3.0 μg/dL (N=112)
Mean

Stroop test
MRT of incongruent trials (ms, log)
MRT of congruent trials (ms, log)
Correct ratio in incongruent trials (%)
100
90‒99
<90
Correct ratio in congruent trials (%)
100
<100
Interference effect (ms, log)
Interference score
<0
0
>0
Digit symbol test
Mean total latency (seconds, log)

IR

N

%

1614 1240–2030
1469 1162–1786

Mean

IR

112
0
152

100
0

84–369

183

93–102
60 53.6
35 31.2
17 15.2

b
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Mean

IR

N

%

1567 1209–1864
1357 b 1064–1583

P for linear
trend
0.48
0.067

94
11
7

83.9
9.8
6.3

92
17
6

80.0
14.8
5.2

0.57

108
4

96.4
3.6

114
1

99.1
0.9

0.069

166 c
4
93
15

112

Significance of the difference with the adjacent left column P≤0.05.
Significance of the difference with the adjacent left column P≤0.01.
c Significance of the difference with the adjacent left column P≤0.001.
a

%

98–380

0
0
95 84.8
17 15.2
107

N

≥6.5 μg/dL (N=115)

1697 1376–2085
1609 a 1249–2013
95 84.8
14 12.5
3 2.7

Number of errors
0
1
≥2
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3.0–6.5 μg/dL (N=112)

3.6
83.0
13.4

99–124
55.4
27.6
17.0

0.59
1
92
22

108
62
31
19

94–367
0.9
80.0
19.1

97–121

0.15

0.51
76
25
14

66.1
21.7
12.2

0.33

Yu et al

Figure 3. Correlations of mean total latency (seconds, log) with blood lead in the digit-symbol test. For each association the unadjusted, adjusted, and fully
adjusted regression line with 95% confidence interval is depicted. The adjusted model accounted for age, current smoking and drinking, and the total-to-HDL
cholesterol ratio and fully adjusted models additionally for ethnicity, the waist-to-hip ratio, heart rate, educational attainment and serum insulin.

Table 3. Association of neurocognitive function with blood lead. Association sizes, given for a 10-fold increase in blood lead, were presented as
a percentage difference (β) in logarithmically transformed continuously distributed outcome measures or as an odds ratio (OR) for categorical
outcomes. [MRT=mean reaction time; CI=confidence interval].
Unadjusted
β
Stroop test
MRT of incongruent trials (%)
MRT of congruent trials (%)
Interference effect (%)
Digit-symbol test
Mean total latency (%)
Stroop test
Error score in incongruent trials
Interference score
Digit-symbol test
Error score

OR

95% CI

Adjusted a
P-value

β

OR

95% CI

Fully adjusted b
P-value

β

OR

95% CI

P-value

0.82
-4.9
16.4

-8.4–11.0
-13.8–4.9
-19.2–67.6

0.87
0.31
0.41

4.0
–2.7
22.1

-5.4–14.3
-11.7–7.4
-15.6–76.7

0.42
0.59
0.29

5.1
–1.2
23.0

-4.5–15.6
-10.4–9.0
-15.4–78.9

0.30
0.81
0.28

3.3

–2.5–9.4

0.27

4.9

–0.9–10.9

0.097

5.4

-0.4–11.5

0.066

1.64 0.34–3.68
0.66 0.29–1.50

0.22
0.32

1.49
0.77

0.64–3.47
0.32–1.84

0.35
0.56

1.48
0.79

0.63–3.47
0.33–1.89

0.37
0.59

0.58 0.32–1.07

0.082

0.60

0.32–1.12

0.109

0.58

0.31–1.10

0.096

Adjusted models accounted for age, current smoking and drinking, and total-to-HDL cholesterol ratio.
b
Fully adjusted models additionally accounted for ethnicity, waist-to-hip ratio, heart rate, educational attainment and serum insulin.
a

(N=277) and 30 years (N=237); the values were 6.5%
(95% CI 0.3–13.0%; P=0.041), 6.5% (95% CI 0.2–13.2%;
P=0.044), and 7.8% (95% CI 1.0–15.0%; P=0.023),
respectively.
Logistic regression analysis
We ran logistic regression analyses of the categorical
test results unadjusted and adjusted as before for the
continuous outcomes (table 3). We did not consider the
ratio of correct versus incorrect answers in congruent
ST trials in view of the low frequency of incorrect tests
(N=5; table 2). Irrespective of the adjustment, there
was no association of the categorical ST outcomes with
blood lead. However, the DST error score (≥1 versus
0) was inversely albeit weakly associated with blood
lead. In fully adjusted models, the OR associated with

a 10-fold increase in blood lead was 0.58 (P=0.096).
In sensitivity analyses, we computed the fully adjusted
OR for the DST error score in participants <40 years
(N=288), <35 years (N=277) and <30 years (N=237);
the OR were 0.54 (95% CI 0.27–1.08; P=0.080), 0.56
(95% CI 0.28–1.14; P=0.112), and 0.67 (95% CI 0.32–
1.40; P=0.29), respectively.

Discussion
Among the newly hired workers enrolled in our current
study, the geometric mean blood lead concentration was
4.26 μg/dL. We administered two neurocognitive tests.
The ST provides a measure for executive functioning,
selective attention, cognitive flexibility, cognitive inhibiScand J Work Environ Health 2019, vol 45, no 3
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tion, and information processing speed. The DST measures visual processing speed, working memory, visuospatial processing and attention. This test appears to be
sensitive to changes among people whose cognition is
quite good and in whom other tests might fail to differentiate between persons with normal or just slightly
impaired cognition (28, 29). Using these instruments,
we failed to demonstrate any association between cognitive performance as measured by the ST and blood lead.
However, there was a weak positive association between
the mean total latency in the DST and blood lead (figure
3), suggesting worse performance with higher blood
lead, whereas the probability of an error decreased with
blood lead, suggesting better performance with higher
blood lead (table 3). One possible explanation for these
contradictory albeit non-significant results is that taking
more time to complete the test results in a lower error
rate. To exclude an effect of the cumulative lead dose,
we ran sensitivity analyses evaluating the DST results
among workers aged <40, <35 and <30 years, respectively. These sensitivity analyses produced confirmatory
estimates for the differences in mean total latency and
error score associated with a 10-fold higher blood lead.
In three studies based on NHANES that included
adults aged 20–59 years (30, 31) or ≥60 years (6),
blood lead averaged 2.46–2.88 μg/dL. In multivariableadjusted analyses accounting for the sampling frame
employed in NHANES, performance on the DST was
unrelated to the blood lead concentration. In five studies
in people not occupationally exposed to lead, investigators administered a comprehensive set of neurocognitive
tests (1, 3–5, 7), including the DST in the Baltimore
Memory Study (BMS) (3) and measured both blood
and bone lead as indexes of recent and lifetime exposure (13). Participants were community-dwelling adults
(mean age, 59 years) (3), older men (68 years) (1, 4) or
female nurses (61 years) (5, 7). The analyses followed
a cross-sectional (1, 3, 5) or longitudinal design (4,
7). Sample size ranged from 141 (1) to 5662 (30). The
blood lead concentration averaged 3.46 μg/dL in BMS
(3), approximately 5.0 μg/dL in the Veterans Administration Study (VAS) (1, 4) and 2.9 μg/dL in the Nurses’
Health Study (NHS) (5, 7). Analyses were adjusted for
a multitude of covariables and risk factors for cognitive
impairment except in the cross-sectional analysis of the
VAS, which only accounted for age and education (1).
In BMS, in multivariable adjusted analyses, cognitive
performance in seven cognitive domains was not associated with blood lead, while the associations with bone
lead lost significance with full adjustment applied (3).
In VAS (4), 1089 men were enrolled, of whom 761 also
had valid bone lead measurements and completed at
least one of a battery of cognitive tests. Approximately
3.5 years later, 69% of the men had at least one repeat
test. Cognitive testing was performed from 1993 through
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2001 (4). Challenging the first VAS article, including
141 men analyzed with minimal adjustment (1), the
later publication (4) concluded that on a cross-sectional
basis, there was little association between cognitive
function and blood or bone lead. Change in cognitive
performance over time worsened as bone lead increased
(4) with the most robust association on performance
and reaction time scores with bone lead on visuospatial
and visuomotor tests (4). The first NHS publication
included 584 women in whom the investigators did a
multivariable-adjusted cross-sectional analysis relating a
composite score of all cognitive tests combined with the
biomarkers of lead exposure (5). Results were statistically significant only for tibia lead. A 1-SD increase in
tibia lead corresponded to a 0.051-unit lower standardized summary cognitive score (95% CI -0.099– -0.003;
P=0.04), similar to the difference in cognitive scores
observed between women who were three years apart in
age (5). Association with patella or blood lead were not
significant (5). In the longitudinal NHS analysis (7), the
estimated excess annual decline in the overall cognitive
test z score per 1-SD increment in tibia bone lead concentration was suggestive, but the CI included 0 (0.024
standard units, 95% CI -0.053–0.004) an additional
decline in function equivalent to being 0.33 years older.
Neurocognitive function involves a large number
of brain areas, which have been investigated in functional neuro-imaging studies in humans performing neurobehavioral tests. Magnetic resonance imaging (MRI)
studies performed during the ST identified distinct
fronto-parietal networks of current trial conflict detection and conflict adaptation through cognitive control
(32). Conflict adaptation was associated with increased
activity in the left middle frontal gyrus and superior
frontal gyrus, consistent with increased cognitive control, and with decreased activity in bilateral prefrontal
and parietal cortices, consistent with reduced response
conflict (32). A similar study confirmed involvement of
the prefrontal brain regions in maintaining attentional
control over conflicting response systems during the ST
(33). With regard to the DST, a functional MRI study in
young healthy volunteers (mean age 22 years) showed
recruitment of the fronto-parietal cortical network during the execution of the test (34). This network included
the bilateral inferior frontal cortices, left frontal eye field
and left posterior parietal cortex (34). In older adults
(mean age 81 years), DST performance was associated
with peak functional MRI activation from executive
control function regions, including the left middle frontal gyrus and right posterior parietal cortex (35).
In spite of the abundant literature on the association
between neurocognitive performance and exposure to
lead in older adults, the underlying molecular mechanisms remain largely hypothetical. Pathways that might
be involved include neural apoptosis (36), inflammation
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and oxidative stress (37, 38), mitochondrial damage
(39) and disturbances of neurotransmitter storage and
release, such as dopamine (40). In animal studies, lead
distribution in brain was found in the frontal cortex
(consistent with the MRI studies in humans), thalamus,
hippocampus, cerebellum, olfactory bulb and other brain
regions. In most (41, 42), albeit not all (43) rat studies,
the hippocampus was the brain region with the highest
lead concentration. In one study of four brains of adult
men (age range 36–43 years) without occupational exposure to lead, the highest lead levels were also found in
the hippocampus and the amygdala (44).
Strengths and limitations
What our study adds to the literature is its focus on young
male workers recruited from 2015 onwards, partially
reflecting current environmental exposure in the US
prior to chronic occupational exposure. Furthermore,
we ran sensitivity analyses based on age stratification
to minimize bias related to the cumulative lead dose.
Nevertheless, our current findings must also be interpreted within the context of their limitations. First, our
sample size was of the same order of magnitude as in
many previous studies on neurocognitive function (12).
However, in post-hoc calculations, the power to detect
an association with blood lead was only 0.18 for the
mean reaction time in incongruent trials of the ST and
0.46 for mean total latency in the DST. Second, findings
in workers cannot be extrapolated to the general population because of the so-called healthy worker effect (45)
Third, the cross-sectional nature of our current analysis
is vulnerable to bias, for instance in measurements that
change over a person’s life course and does also not allow
to make any causal inference. Fourth, although our study
population was ethnically diverse, it included few Asians
and no women. Fifth, in contrast to other studies, in which
a comprehensive array of neurocognitive function tests
were administered (1, 3–5, 7), in view of the time workers could devote to being studied in an occupational setting, we only administered two tests. Finally, a potential
limitation of our study was that we did not measure bone
lead as exposure marker. Approximately 95% of the total
body burden of lead is present in the skeleton, and measurement of bone lead levels can provide a more accurate
measure of the internal dose (46). However, blood lead
reflects both recent exogenous exposure and endogenous
redistribution of the lead stored in bone (46). Moreover,
in the longitudinal NHS, there was little evidence among
68-year old women supporting an association between
cognitive decline and bone lead (7).
Concluding remarks
At the exposure levels in our current study, we failed

to demonstrate a significant association of blood lead
with neurocognitive performance in a cross-sectional
analysis of young American men. The workers enrolled
in SPHERL are being followed up for two years, during which time they will be chronically exposed to
lead and their blood lead concentration is expected to
increase 3- to 5-fold. This longitudinal follow-up will
potentially generate new data relating neurocognitive
function to lead exposure, which might inform occupational standards.
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