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ORIGINAL ARTICLE
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ABSTRACT
Purpose: Arterial stiffness predicts cardiovascular complications. The association between arterial
stiffness and blood lead (BL) remains poorly documented. We aimed to assess the association of
central hemodynamic measurements, including pulse wave velocity (aPWV), with blood lead in a
Flemish population.
Materials and Methods: In this Flemish population study (mean age, 37.0 years; 48.3% women),
267 participants had their whole BL and 24-h urinary cadmium (UCd) measured by electrother-
mal atomic absorption spectrometry in 1985–2005. After 9.4 years (median), they underwent
applanation tonometry to estimate central pulse pressure (cPP), the augmentation index (AI),
pressure amplification (PA), and aPWV. The amplitudes of the forward (Pf) and backward (Pb)
pulse waves and reflection index (RI) were derived by a pressure-based wave separ-
ation algorithm.
Results: BL averaged 2.93lg/dL (interquartile range, 1.80–4.70) and UCd 4.79mg (2.91–7.85).
Mean values were 45.0 ± 15.2mm Hg for cPP, 24.4 ±12.4% for AI, 1.34 ± 0.21 for PA, 7.65±1.74
m/s for aPWV, 32.7 ±9.9mm Hg for Pf, 21.8± 8.4mm Hg for Pb, and 66.9 ±18.4% for RI. The
multivariable-adjusted association sizes for a 2-fold higher BL were: þ3.03% (95% confidence
interval, 1.56, 4.50) for AI; �0.06 (�0.08, �0.04) for PA; 1.02mm Hg (0.02, 2.02) for Pb; and
3.98% (1.71, 6.24) for RI (p� .045). In 206 participants never on antihypertensive drug treatment,
association sizes were þ2.59mm Hg (0.39, 4.79) for cPP and þ0.26m/s (0.03, 0.50) for aPWV.
Analyses adjusted for co-exposure to cadmium were consistent.
Conclusion: In conclusion, low-level environmental lead exposure possibly contributes to arterial
stiffening and wave reflection from peripheral sites.
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Introduction

Arterial stiffness predicts cardiovascular complications
over and beyond traditional risk factors [1–3]. The
arterial pressure wave consists of a forward component
generated by the heart and backward waves returning
from peripheral branching sites to the central aorta
[4–6]. In stiff compared with elastic arteries, backward
waves return faster, reach the proximal aorta during
systole, and augment late systolic blood pressure [4–6].

Aortic pulse wave velocity (aPWV) is the gold stand-
ard in the assessment of arterial stiffness [7].

Advancing age and higher blood pressure are the
main drivers of arterial stiffening and increased aPWV
[4,8]. Whereas there is an abundant, albeit contradict-
ory, literature on the association of blood pressure
with lead exposure, a PubMed search using as key-
words “pulse pressure” OR “augmentation index” OR
“pulse wave velocity” OR “arterial stiffness” combined
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with “exposure” or “lead exposure” revealed only ten
articles of potential relevance to the research issue
addressed in this article. These studies described the
association of peripheral pulse pressure [9–14], the
ambulatory arterial stiffness index [15], or central
hemodynamic measurements [16–19] with the lead
concentration in blood [9–18], urine [15], toenails
[19], or bone [10,11,13]. Our objective was to address
this knowledge gap. We previously explored the associ-
ation of central hemodynamics with blood lead in 150
workers prior to occupational lead exposure, but we
did not observe any significant association [20].
However, this was a cross-sectional study and the
exposure levels were not fully representative for envir-
onmental exposure. Thus, in the current manuscript,
using a longitudinal design, we reassessed the associ-
ation of central hemodynamic measurements, includ-
ing central blood pressure, systolic augmentation,
aPWV and pulse wave reflection, with blood lead in
the Flemish Study on Environment, Genes, and Health
Outcomes (FLEMENGHO) [21]. The catchment area
of this family-based population study is located in
northeastern Belgium in an area with historical envir-
onmental pollution by lead and cadmium.

Methods

Study design and study population

The Cadmium in Belgium (CadmiBel) study
(1985–1989) [22] included 1107 Flemish participants
randomly recruited from ten districts in northeastern
Belgium. The participants of the ten districts had
similar characteristics apart from their exposure to
lead [23] and cadmium [24]. From 1991 to 1995, the
Flemish CadmiBel participants were invited for fur-
ther examinations in PheeCad (Public Health and
Environmental Exposure to Cadmium) study [23].
From June 1996 until January 2004 recruitment of
families continued, using the former participants as
index persons (1985–1990) [21]. Overall, 3343 people
were enrolled with an initial participation rate of 78%
[22]. Participants were repeatedly followed up. Blood
lead and 24-h urinary cadmium were measured at
least once in 1631 participants (Figure S1). Nine hun-
dred twenty seven participants were not eligible for
the assessment of their arterial properties, because
they had passed away (N¼ 395), because they had
experienced a severe nonfatal event cardiovascular or
non-cardiovascular complication (N¼ 203), because
they had moved out of the area (N¼ 56), because
they were 90 years or older and living in a shelter for
the elderly (N¼ 21), because they declined

participation (N¼ 201), or because they were lost to
follow-up (N¼ 51). Of the remaining 704 participants,
427 were excluded from analysis, because the aPWV
(N¼ 155) or pulse wave signal (N¼ 162) was of insuf-
ficient quality (see next section), because the cali-
brated pulse wave analysis results were out of range
as reported by the SphygmoCor software, version 10.0
[25] (N¼ 116), because the 24-h urine collection was
inaccurate according to previously published criteria
[26] (N¼ 3), or because plasma glucose was 3 SDs
above the mean (N¼ 1). Thus, the number of partici-
pants statistically analyzed was 267 (Figure S1).

The study complied with the Helsinki Declaration
for investigation of humans [27]. The Ethics
Committee of the University Hospitals Leuven,
Belgium, approved the protocols of all study phases.
Participants gave or renewed written informed con-
sent at baseline and follow-up.

Clinical and hemodynamic measurements

Study nurses administered validated questionnaires,
inquiring into each participant’s medical history, pre-
vious occupations, exposure to heavy metals at work
or during leisure time, smoking and drinking habits,
intake of medications, lifestyle and socioeconomic sta-
tus. We coded socioeconomic status according to the
methods of the UK Office of Population Censuses
and Surveys [28] and condensed the 20 categories
into a scale with scores ranging from 1 to 3, reflecting
the gradient from low to high socioeconomic position
[29]. After participants had rested for 5minutes in
the supine position, nurses measured blood pressure
twice to the nearest 2mm Hg on the right arm, using
a standard mercury sphygmomanometer (Riester
GmbH, Jungingen, Germany) fitted with the appro-
priate cuff size according to European guidelines.
Pulse pressure was systolic minus diastolic blood pres-
sure. Mean arterial pressure was diastolic pressure
plus one third of pulse pressure. Hypertension was a
brachial blood pressure of at least 140mm Hg systolic
or 90mm Hg diastolic or use of antihyperten-
sive drugs.

Next, experienced observers (F.-F.W., Z.-Y.Z.)
recorded during an 8-second period, the radial arterial
waveform at the dominant arm by applanation ton-
ometry. They used a high-fidelity SPC-301 microman-
ometer (Millar Instruments Inc., Houston, TX)
interfaced with a laptop computer running the
SphygmoCor software (AtCor Medical Pty. Ltd., West
Ryde, New South Wales, Australia), version 9.0.
Recordings were discarded when systolic or diastolic
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variability of consecutive waveforms exceeded 5%,
when the amplitude of the pulse wave signal was less
than 80mV, and when the operator index was less
than 80. From the radial signal, the SphygmoCor soft-
ware calculates the aortic pulse wave by means of a
validated generalized transfer function [30]. The soft-
ware returns the central systolic, diastolic and pulse
pressure, and the pressure at the first and second
peak (shoulder) of the central waveform. The aug-
mentation ratio and index are quotients of the second
over the first peak of the central blood pressure wave
and of the absolute difference between the second
and first peak over central pulse pressure, both
expressed as a percentage. Pressure amplification is
the ratio of peripheral to central pulse pressure. From
the central waveform, a triangular-flow pressure-based
wave separation algorithm [25], as implemented in
the SphygmoCor software, version 10.0, allows com-
puting the forward and backward pulse pressure
amplitudes (Figure S2) and the timing of their peak
height relative to the electrocardiographic QRS com-
plex. The reflection index was the ratio of the back-
ward to the forward pulse pressure amplitude
expressed as percentage. For pulse wave analysis, bra-
chial mean arterial pressure and diastolic pressure, as
obtained from the second brachial blood pressure
reading, were entered in the SphygmoCor software.

Aortic pulse wave velocity was measured by
sequential electrocardiographically gated recordings of
the arterial waveform at the carotid and femoral
arteries. Nurses measured the distance from the
suprasternal notch to the carotid sampling site (dis-
tance A), and from the suprasternal notch to the fem-
oral sampling site (distance B). Pulse wave travel
distance was calculated as distance B minus distance
A [7]. Pulse transit time was the average of 10 con-
secutive beats [7]. Carotid–femoral pulse wave vel-
ocity is the ratio of the travel distance in meters to
transit time in seconds. Pulse wave velocity was dis-
carded if the standard error of the mean of 10 beats
exceeded 10%. We standardized the augmentation
ratio, augmentation index, pressure amplification, the
forward and backward pulse pressure amplitude, and
aortic pulse wave velocity to a heart rate of 60 beats
per minute (approximately the mean in the study
population). The arterial measurements were first
regressed on heart rate to obtain the b for each time-
dependent hemodynamic variable. Next, we calculated
the standardized variables using the formula: standar-
dized variable¼ crude variable – b � (observed heart
rate – 60).

Biochemical measurements

Venous blood samples were obtained after 8 to
12 hours of fasting. Blood samples were analyzed for
plasma glucose, serum total and high-density lipopro-
tein (HDL) cholesterol, and serum creatinine, using
automated enzymatic methods in a single certified
laboratory. Diabetes mellitus was a fasting plasma glu-
cose of 7.0mmol/L or higher [31] or use of antidia-
betic drugs. To measure lead in whole blood and
cadmium in urine, we applied electrothermal atomic
absorption spectrometry with a stabilized-temperature
platform furnace and Zeeman background correction
[23]. The external quality-control program did not
show any time trend in the accuracy of the lead [23]
or cadmium [32] measurements. In participants with
repeat assessment of the exposure variables, we
averaged all available measurements and determined
follow-up time as the interval between the last
assessment of exposure and the hemodynamic
assessment.

Statistical analysis

Database management and statistical analysis were
done using SAS 9.4 software (Cary, NC). 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 standard deviation. We applied a logarith-
mic transformation to normalize the distributions of
blood lead concentration and 24-h urinary cadmium.
The central tendency (spread) was represented by the
arithmetic mean (SD) for normally distributed varia-
bles and by the geometric mean (interquartile range
[IQR]) for log-normally distributed variables. To com-
pare means and proportions, we applied a t-statistic or
analyses of variance, as appropriate, and the v2-statistic
or Fisher exact test, respectively.

In exploratory analyses, we determined differences
in central hemodynamic measurements across thirds
of the blood lead distributions. In multivariable-
adjusted analyses, we expressed association sizes
between the hemodynamic measurements and blood
lead for a doubling of the biomarker. We identified
potential covariables by stepwise regression with the P
value for covariables to enter and stay in the model
set at 0.15. The covariables considered were sex,
enrolment characteristics including age, body mass
index, smoking and drinking, socioeconomic status
[29], serum total-to-HDL cholesterol ratio, plasma
glucose, the glomerular filtration rate estimated from
serum creatinine using the using the Chronic Kidney
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Disease Epidemiology Collaboration (CKD-EPI) for-
mula [33], the time interval between the last measure-
ment of the exposure biomarkers and the
hemodynamic examination, antihypertensive drug
treatment at enrolment and during follow-up, and
mean arterial pressure during the hemodynamic
assessment. We tested for heteroscedasticity and inde-
pendence of error terms in the linear regression mod-
els, using White test and Durbin-Watson statistic,
respectively. Significance was a 2-tailed a-level of 0.05
or less.

Results

Baseline characteristics of participants

All 267 participants were White Europeans, of whom
129 (48.3%) were women. Among all participants,
only 4 (1.5%) had diabetes mellitus. Of 52 participants
with hypertension, only 15 (28.8%) were on antihy-
pertensive drug treatment. Body height and weight
averaged 170.2 ± 9.4 cm and 71.6 ± 14.1 kg, respect-
ively. The other characteristics in all participants com-
bined appear in Table 1. Of the 267 participants, 36
(13.5%) were unskilled or without occupational activ-
ity, 32 (12.0%) were taking courses at middle school
or college, 185 69.3%) and 14 (5.2%) had an inter-
mediate or high socioeconomic position.

The blood lead concentration was based on a single
measurement in 186 participants, two measurements
in 81 and three in 77; for 24-h urinary cadmium, the
corresponding numbers were 186, 81 and 0, respect-
ively. The blood lead concentration in all participants
averaged 2.93 lg/dL (IQR, 1.80–4.70 lg/dL; Table 1

and Figure 1) and the 24-h urinary cadmium excre-
tion 4.79 mg (IQR, 2.91–7.85 mg). Table 1 also shows
the trends in the baseline characteristics across thirds
of the blood lead concentration. Across increasing
categories of blood lead, age, the total-to-HDL serum
cholesterol ratio, serum creatinine and 24-h urinary
cadmium increased (p value for trend, �.028),
whereas eGFR decreased (p<.001).

Hemodynamic measurements

The median time interval between the last measure-
ment of the exposure biomarkers and the hemo-
dynamic assessment was 9.4 years (IQR,
8.5–10.9 years). Mean age at the time of the hemo-
dynamic assessment was 50.5 ± 15.3 years (IQR,
39.5–61.6 years; range, 18.1–82.9 years). Table 2 sum-
marizes the peripheral and central hemodynamic
measurements in all participants and by increasing
category of the blood lead distribution subdivided in
thirds. Heart rate in the supine position during the
hemodynamic examination averaged 59.6 ± 9.2 beats
per minute in all participants with no significant dif-
ference across the categories of blood lead (61.5 ± 9.5,
58.5 ± 9.6 and 59.0 ± 8.2 beats per minute; p¼ .094).

Figure 2 shows that blood lead, aPWV, the forward
and backward wave amplitudes and the peripheral
and central pulse pressure all increased with higher
age (p� .028). These trends were similar in women
and men (interaction p value �.19). The peripheral
and central hemodynamic variables all increased with
higher blood lead category, with the exception of
pressure amplification, which showed an opposite

Table 1. Baseline characteristics of participants.

Characteristic All participants

Classification by thirds of blood lead distribution

<2.0 mg/dL 2.0–3.7 mg/dL �3.7 mg/dL p Value

Number 267 89 88 90
Number (%) with characteristic
Women 129 (48.3) 55 (61.8) 38 (43.2)� 36 (40.0) .007
Current drinking 90 (33.7) 24 (27.0) 33 (37.5) 33 (36.7) .26
Current smoking 55 (20.6) 14 (15.7) 16 (18.2) 25 (27.8) .11
Hypertension 52 (19.5) 14 15.7) 19 (21.6) 19 (21.1) .55

Mean of characteristic
Age, years 37.0 ± 13.7 29.9 ± 13.0 39.6 ± 13.4‡ 41.5 ± 12.0 <.0001
Body mass index, kg/m2 24.6 ± 3.7 23.9 ± 4.1 25.0 ± 3.7 24.8 ± 3.1 .11
Total cholesterol, mmol/L 5.24 ± 1.08 4.77 ± 0.95 5.23 ± 0.95† 5.73 ± 1.13† <.0001
HDL cholesterol, mmol/L 1.42 ± 0.38 1.44 ± 0.40 1.38 ± 0.36 1.39 ± 0.40 .35
Total-to-HDL cholesterol ratio 4.03 ± 1.46 3.50 ± 0.99 4.08 ± 1.36† 4.51 ± 1.74� <.0001
Plasma glucose, mmol/L 4.83 ± 0.84 4.92 ± 0.82 4.90 ± 0.75 4.69 ± 0.93 .064
Serum creatinine, mmol/L 87.8 ± 15.6 81.5 ± 11.5 86.1 ± 13.8� 95.6 ± 17.5‡ <.0001
eGFR, mL/min/1.73 m2 87.7 ± 18.2 95.5 ± 17.0 88.7 ± 16.4† 79.0 ± 17.3‡ <.0001
24-h urine cadmium, mg 4.79 (2.91–7.85) 3.26 (2.22–4.70) 4.93 (3.47–7.35)‡ 6.84 (4.51–11.1)‡ <.0001
Blood lead, mg/dL 2.93 (1.80–4.70) 1.49 (1.30–1.80) 2.71 (2.35–3.07)‡ 6.13 (4.70–7.43)‡ <.0001

HDL: high-density lipoprotein; eGFR: glomerular filtration rate estimated from serum creatinine.
For continuously distributed variables, reported values are arithmetic (±SD) or geometric means (interquartile range). Hypertension was a blood pressure of
�140mm Hg systolic or �90mm Hg diastolic or use of antihypertensive drugs. p Values are for linear trend across increasing categories of blood lead.
Significance of the difference with the adjacent left column: �p� .05; †p� .01; ‡p� .001.
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trend, and the backward pulse peak time and forward
pulse pressure amplitude, which were similar across
the thirds of the blood lead distribution (p� .37).

Unadjusted and adjusted analyses

The unadjusted analyses of the continuously distrib-
uted peripheral and central hemodynamic measure-
ments (Table 3) confirmed the categorical analyses
(Table 2). Figure 3(A) illustrates that age was the
main determinant of aPWV standardized to a heart
rate of 60 beats per minute (r2¼0.38; p<.0001) with a
small additional contribution of blood lead (r2¼0.03;
p¼ .0002). In multivariable-adjusted analyses (Table

3), a two-fold increment in blood lead was signifi-
cantly associated with higher augmentation ratio
(þ1.74%; p<.0001), higher augmentation index
(þ3.03%; p<.0001), lower pressure amplification
(�0.06; p<.0001), greater forward pulse peak time
(þ6.62ms; p¼.003), higher backward pulse pressure
amplitude (þ1.02mm Hg; p¼ .045), and higher reflec-
tion index (3.98%; p¼ .001). The multivariable associ-
ation between aPWV and blood lead (Table 3 and
Figure 3(B)) weakened to a nonsignificant level
(þ0.14m/s; p¼ .21); peripheral/central systolic blood
pressure (þ2.41/þ2.65mm Hg; p� .090) and periph-
eral/central pulse pressure (þ1.91/þ2.23mm Hg;
p� .093) tended to increase with higher blood lead in

Figure 1. Distribution of the logarithmically transformed blood lead and 24-h urinary cadmium. 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 values are for departure of the actually observed distribution from normality according to the Shapiro-Wilk test.

Table 2. Hemodynamic measurements by thirds of the blood lead distribution.

Hemodynamic measurements All participants

Classification by thirds of blood lead distribution

<2.0 mg/dL 2.0–3.7 mg/dL �3.7 mg/dL p Value

Number 267 89 88 90
Peripheral blood pressure
Systolic pressure, mm Hg 128.7 ± 18.3 121.6 ± 15.4 129.9 ± 18.1† 134.5 ± 19.0 <.0001
Diastolic pressure, mm Hg 78.8 ± 9.6 75.3 ± 9.4 80.3 ± 9.3‡ 80.6 ± 9.4 .0002
Pulse pressure, mm Hg 49.9 ± 14.3 46.3 ± 12.2 49.6 ± 13.2 53.9 ± 16.1� .0003

Central blood pressure
Systolic pressure, mm Hg 124.7 ± 19.2 116.7 ± 16.6 126.0 ± 18.8‡ 131.4 ± 19.5 <.0001
Diastolic pressure, mm Hg 79.6 ± 9.8 76.2 ± 9.7 81.3 ± 9.5‡ 81.4 ± 9.5 .0005
Pulse pressure, mm Hg 45.0 ± 15.2 40.4 ± 12.8 44.6 ± 14.0 50.0 ± 16.9� <.0001

Time dependent hemodynamics
Augmentation ratio, % 109.7 ± 7.2 106.0 ± 6.8 109.7 ± 6.5‡ 113.3 ± 6.4‡ <.0001
Augmentation index, % 24.4 ± 12.4 17.9 ± 12.6 25.1 ± 11.1‡ 30.2 ± 10.2† <.0001
Pressure amplification 1.34 ± 0.21 1.46 ± 0.22 1.32 ± 0.19‡ 1.23 ± 0.15† <.0001
Pulse wave velocity, m/s 7.65 ± 1.74 6.81 ± 1.30 7.68 ± 1.50‡ 8.45 ± 1.96† <.0001
Forward pulse peak time, ms 122.2 ± 26.1 115.3 ± 23.9 121.2 ± 23.9 130.1 ± 28.4� .0001
Backward pulse peak time, ms 266.5 ± 14.1 267.3 ± 13.5 266.8 ± 12.8 265.4 ± 15.8 .37
Forward pulse pressure amplitude, mm Hg 32.7 ± 9.9 32.7 ± 9.8 32.4 ± 10.0 32.9 ± 10.0 .90
Backward pulse pressure amplitude, mm Hg 21.8 ± 8.4 18.8 ± 6.8 21.5 ± 8.2� 24.9 ± 9.0† <.0001
Reflection index, % 66.9 ± 18.4 58.3 ± 17.7 66.9 ± 17.8‡ 75.4 ± 15.7‡ <.0001

The time-dependent hemodynamic variables were standardized to a heart rate of 60 beats per minute (population mean). p Values are for linear trend
across increasing categories of blood lead.
Significance of the difference with the adjacent lower third: �p� .05; †p� .01; ‡p� .001.
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multivariable models. With adjustments applied, the
other hemodynamic variables were not associated with
blood lead. In no model, the variance inflation factors
exceeded 2.16. The p values of the White test were all
greater than 0.05 (p� .42), indicating that the variance
of the residuals was homogeneous. The Durbin-Watson
coefficients (between 1.5 and 2.5) confirmed the
absence of first-order autocorrelations.

A sensitivity analysis of the associations between
the peripheral and central hemodynamic variables

and blood lead in 206 untreated participants were
largely confirmatory (Table S1). In general, p-values
weakened, but association sizes were directionally
similar compared with those listed in Table 3.
However, the multivariable-adjusted analysis of
untreated participants, revealed significant and posi-
tive associations of central pulse pressure (þ2.59mm
Hg; CI, 0.39 to 4.79mm Hg; p¼ .021) and aPWV
(þ0.26m/s; CI, 0.03 to 0.50m/s; p¼ .027) with
blood lead.

Figure 2. Blood lead, aortic pulse wave velocity, the forward wave amplitude, the backward wave amplitude and the peripheral
and central pulse pressure by age groups. Age trends were similar in women and men (interaction p value �0.19). p Values are
for linear trend across the four age groups. aPWV: aortic pulse wave velocity, Pf: forward wave amplitude, Pb: backward wave
amplitude, PP: pulse pressure.
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Co-exposure to lead and cadmium

There was a high correlation between blood lead and
24-h urinary cadmium (r¼ 0.51; p<.0001). Table S2
describes the unadjusted and adjusted associations of
the peripheral and central hemodynamics with 24-h

urinary cadmium. In analyses similarly adjusted as for
blood lead, pressure amplification was lower (�0.04;
CI, �0.07 to �0.01; p¼ .005), whereas the backward
pulse pressure amplitude (þ1.23mm Hg; CI, 0.11 to
2.35mm Hg; p¼ .031) and the reflection index

Table 3. Associations of hemodynamic measurements with baseline blood lead.

Variable

Unadjusted Adjusted

Estimate (95% CI) p Value Estimate (95% CI) p Value

Peripheral blood pressure
Systolic pressure, mm Hg 5.83 (3.50 to 8.16) <.0001 2.41 (–0.38 to 5.20) .090
Diastolic pressure, mm Hg 2.36 (1.11 to 3.61) .0002 0.50 (–1.07 to 2.07) .53
Pulse pressure, mm Hg 3.47 (1.62 to 5.32) .0003 1.91 (–0.32 to 4.14) .093

Central blood pressure
Systolic pressure, mm Hg 6.58 (4.15 to 9.02) <.0001 2.65 (–0.17 to 5.46) .066
Diastolic pressure, mm Hg 2.30 (1.02 to 3.58) .0005 0.42 (–1.18 to 2.02) .61
Pulse pressure, mm Hg 4.28 (2.33 to 6.23) <.0001 2.23 (–0.03 to 4.48) .053

Time dependent hemodynamics
Augmentation ratio, % 3.22 (2.34 to 4.09) <.0001 1.74 (0.95 to 2.53) <.0001
Augmentation index, % 5.47 (3.96 to 6.97) <.0001 3.03 (1.56 to 4.50) <.0001
Pressure amplification –0.10 (–0.12 to 0.07) <.0001 –0.06 (–0.08 to –0.04) <.0001
Pulse wave velocity, m/s 0.70 (0.48 to 0.91) <.0001 0.14 (–0.08 to 0.35) .21
Forward pulse peak time, ms 4.90 (1.48 to 8.32) .005 6.62 (2.21 to 11.0) .003
Backward pulse peak time, ms –1.62 (–3.48 to 0.24) .088 1.02 (–1.31 to 3.35) .39
Forward pulse pressure amplitude, mm Hg 0.008 (–1.31 to 1.32) .99 –0.43 (–1.92 to 1.06) .57
Backward pulse pressure amplitude, mm Hg 2.82 (1.76 to 3.89) <.0001 1.02 (0.02 to 2.02) .045
Reflection index, % 8.08 (5.84 to 10.3) <.0001 3.98 (1.71 to 6.24) .001

Adjusted models accounted for (i) sex, (ii) enrolment characteristics including age, body mass index, smoking and drinking, serum total-to-HDL choles-
terol ratio, plasma glucose, the glomerular filtration rate estimated from serum creatinine, socioeconomic status; (iii) the time interval between measure-
ment of the exposure biomarkers and the hemodynamic assessment; (iv) and antihypertensive drug treatment at enrolment and during follow-up. The
time-dependent hemodynamic variables were standardized to a heart rate of 60 beats per minute (population mean) and additionally adjusted for mean
arterial pressure, as measured during the hemodynamic examination. Association sizes, given with 95% confidence interval, reflect a doubling of blood
lead concentration.

Figure 3. Association of aortic pulse wave velocity with age and blood lead. In Panel A, pulse wave velocity was only standar-
dized to a heart rate of 60 beats per minute. In Panel B, the associations were fully adjusted and accounted for all covariables
listed in Table 3.
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(þ3.37%; CI, 0.80 to 5.95%; p¼ .010) were greater
with higher 24-h urinary cadmium.

In further analyses (Table S3), we entered both
blood lead and 24-h urinary cadmium in the multi-
variable-adjusted models. To avoid a problem of col-
linearity, we uncorrelated 24-h urinary cadmium from
blood lead by entering the residual of urinary cad-
mium regressed on blood lead in the lead models and
vice versa for the models relating the hemodynamics
to 24-h urinary cadmium. Both sets of models con-
firmed the significant results reported for blood lead
in Table 3 and for 24-h urinary cadmium in Table S2.
With few exceptions, the interaction terms between
blood lead and the residual 24-h urinary cadmium
(p� .082) and between 24-h urinary cadmium and
the residual of blood lead (p� .095) were not signifi-
cant. Significance was attained in the lead models
additionally adjusted for the cadmium residual for
pressure amplification and the forward pulse pressure
amplitude and in the cadmium models additionally
adjusted for the lead residual for pressure amplifica-
tion. In these extended models, significance and direc-
tion of the regression coefficients relating the
hemodynamic variable to the two biomarkers was
preserved. The interaction terms suggested that for
two-fold increases in both exposure biomarkers, the
association sizes of pressure amplification with blood
lead or with 24-h urinary cadmium were attenuated
by 0.032 (CI, 0.006 to 0.057; p¼ .014).

Discussion

The objective of our study was to assess in a ran-
domly recruited population sample the association of
the central hemodynamics and arterial stiffness with
blood lead at low-level environmental exposure levels.
The geometric mean blood lead concentration was
2.93 lg/dL. The key findings were that in multivari-
able-adjusted analyses the systolic augmentation index
and ratio, the backward pulse pressure amplitude and
the reflection index were greater with higher blood
lead, whereas the opposite was the case for pressure
amplification. In analyses confined to people never on
treatment with antihypertensive drugs, central pulse
pressure and aPWV were also greater with higher
blood lead. Results were also directionally consistent
in analyses that accounted for co-exposure to cad-
mium. In multivariable-adjusted analyses, blood lead
explained only up to 5.0% of the variance in aPWV
and up to 11.6% of the variance in the other hemo-
dynamic measurements. In contrast, age was the main
correlate of these aPWV and the other central

hemodynamic variables, explaining up to 37.6% of
the variance.

From a hemodynamic point of view, our results
are coherent. Elevated blood lead was associated with
higher backward pulse pressure amplitude, higher
reflection index, higher systolic augmentation ratio
and index, and therefore higher central systolic blood
pressure, higher central pulse pressure and lower
pressure amplification. In a cross-sectional study of
236 male workers examined prior to chronic occupa-
tional lead exposure, brachial diastolic blood pressure
on in-office measurement was 0.87mm Hg higher
(p¼ .043) for a doubling in blood lead. However, in
unadjusted and multivariable-adjusted analyses, the
24-h, awake and asleep systolic and diastolic blood
pressures and the odds of having hypertension were
unrelated to the blood lead level. The white-coat
effect explained the significant association between in-
office diastolic blood pressure and blood lead [34].
There were no significant associations between blood
pressure and blood lead [23,32] or 24–h urinary cad-
mium [22] in previous cross-sectional [22] and longi-
tudinal [23,32] studies of participants recruited in the
catchment area of FLEMENGHO. From 1985 until
1995, blood lead and 24-h urinary cadmium declined
by 32% [23] and 15% [32], respectively. The discord-
ance between our current observations and previous
studies [22,23,32,34] can be explained by differences
in the distributions of age and the exposure levels or
the healthy worker effect [35].

Few previous studies addressed the potential asso-
ciation of arterial stiffness with lead exposure [9–19].
Interpretation of these studies is difficult, because
most focused on the occupational exposure to lead
[15–19], applied a suboptimal method to assess cen-
tral hemodynamics [15,16], had a small sample size
[19], or case-control design [15,17,18]. Four studies,
all in an occupational setting, focused on central
hemodynamics [16–19]. Among 420 male workers
driving buses in Bangkok (mean age, 41.6 years) [16],
blood lead ranged from 2.5 to 16.2 lg/dL (mean,
6.3 lg/dL). The vascular aging index derived from the
finger photo plethysmogram increased with blood
lead, but the biomarker of exposure explained only
1.5% of the variance (p¼ .003) in models also includ-
ing age and body mass index [16]. This bus driver
study[16] did not report on systolic augmentation in
the ascending aorta, which can also be derived from
the finger plethysmogram [36]. In a case-control
study of 53 lead-exposed hypertensive men (mean
blood lead, 25.3 lg/dL) and 52 non-exposed controls
(5.4 lg/dL), participants (mean age, 44.5 years)
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underwent wall-tracking ultrasonographic imaging of
the carotid artery [17]. Mean values of the carotid
intima-media thickness (1.14 vs. 0.98mm), local
carotid stiffness (12.0 vs. 9.8), augmentation index
(26.0 vs. 20.1%) and the one-point pulse wave velocity
(7.6 vs. 6.9m/s) were significantly higher in exposed
workers. In a further case-control study of 41 exposed
workers (45.4 mg/dL) and 39 healthy controls (1.2 mg/
dL) with mean age of 36.3 years, aortic strain (9.4 vs.
12.4%; p¼ .004) and aortic distensibility (0.45 vs.
0.55; p¼ .046) were lower in exposed compared with
non-exposed participants [18]. In follow-up study of
25 welders, there was no association between the
tonometrically measured augmentation index and the
lead concentration in toenails [19].

Blood lead reflects both recent exogenous exposure
and endogenous redistribution of the lead stored in
bone, and measurement of bone lead levels can pro-
vide a more accurate measure of the internal dose
[37]. Three previous publications assessed lead expos-
ure from bone lead [10,11,13]. In a cross-sectional
analysis of 593 men not treated with antihypertensive
medications enrolled in the Normative Aging Study
(mean age, 66.6 years) [10], peripheral pulse pressure
was positively associated with the tibia lead concen-
tration with a multivariable-adjusted P-value for trend
across fifths of the distribution of the exposure bio-
marker of 0.02. The corresponding association with
blood lead (mean, 6.1 lg/dL) was nonsignificant
(p¼ .82). [10] The Normative Aging Study investiga-
tors proposed that genetic variation in the hemo-
chromatosis gene (H63D) [11] or in the vitamin D
receptor (VDR) [13] might influence the susceptibility
to elevation of peripheral pulse pressure in response
to the cumulative lead exposure, as assessed from the
lead concentration in tibia or patella. None of the
studies, in which bone lead was the biomarker of
exposure, reported on central pulse pres-
sure [10,11,13].

Cadmium has an elimination half-life of
10–30 years [38] and accumulates in the kidney, so
that the 24-h urinary excretion reflects lifetime expos-
ure [39]. Previous studies addressed the association of
blood pressure[19,40,41] or peripheral arterial disease
[42] with environmental exposure to cadmium, as
assessed from blood cadmium [40,42], an index of
recent exposure [43], or toenail cadmium [19,41], but
none assessed central hemodynamics. In a study of
2125 participants enrolled in the 1999–2000 National
Health and Nutrition Examination Survey [42], the
prevalence of an ankle-brachial index of less than
0.9 in at least one leg increased from 18/454 (%) to

61/578 (%) participants across fourths of the blood
lead distribution (multivariable-adjusted odds ratio
[OR], 4.07; CI, 1.21–13.7) and similarly from 27/829
(%) to 60/452 (%) across fourths of blood cadmium
(OR, 4.14; CI, 2.12–8.06). Additional adjustment for
self-reported smoking behavior and serum cotinine in
multivariable models including both exposure bio-
markers weakened the association for blood lead (OR,
2.52; CI, 0.75–8.51), but not for blood cadmium (OR,
2.42; CI, 1.13–5.15) [42]. To our knowledge, the asso-
ciation between arterial structure and function was
only assessed in people recruited from the catchment
area of our current study [44]. In multivariable-
adjusted analyses of 557 study participants (women,
52.8%; mean age, 44.1 years), aPWV and the carotid,
brachial and femoral pulse pressures were inversely
correlated with 24-h urinary cadmium, whereas fem-
oral compliance and distensibility correlated positively
with the exposure biomarker [44].

Strengths and limitations of the study

In comparison with the literature on the possible
association of arterial stiffness and exposure to lead
[9–19], our current study moves the field forward;
because it is population based, thereby excluding the
healthy-worker effect [35]; because a large panel of
central hemodynamic variables was assessed, includ-
ing aPWV, the gold standard in measuring arterial
stiffness [7], as well as the forward and backward
pulse pressure waves; and because we evaluated co-
exposure to cadmium. Moreover, our study is repre-
sentative for current day environmental exposure lev-
els, which are substantially lower than in the cited
worker studies [15–19]. Nevertheless, our current
findings must also be interpreted within the context
of their limitations. First, the SphygmoCor approach
only offers an instantaneous approach to assess cen-
tral hemodynamics and does not provide information
on its diurnal variation [45]. Second, we did not
measure bone lead as exposure marker. However,
blood lead can reflect both recent exogenous exposure
and endogenous redistribution of the lead stored in
bone [37]. Third, the number of participants taken
through to statistical analysis was small compared
with the total number of study participants. Fourth,
we computed mean arterial pressure from systolic and
diastolic blood pressure as measured at the brachial
artery. Using a Bland-Altman approach [46], Dutch
investigators reported that the bias of estimated minus
measured mean arterial pressure in 242 healthy indi-
viduals (59.5% women; mean age, 50 years) was only
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�1.8mm Hg with a scatter in individual participants
ranging from �5.7 to 12.9mm Hg. What counts in
epidemiological studies is estimating variables at the
group, not individual, level. Moreover, any error
introduced by calibrating the SphygmoCor device on
measured brachial mean arterial pressure would have
weakened not strengthened, associations between the
hemodynamic measurements and blood lead. Finally,
our study was not designed to elucidate the molecular
mechanisms underlying association between the cen-
tral hemodynamics and lead exposure.

In conclusion, our study results suggest that low-
level environmental lead exposure possibly contributes
to arterial stiffening and wave reflection. The prog-
nostic significance and the molecular mechanisms
underlying our current observations need further
study. Both lead and cadmium are bivalent cations.
One hypothesis to be tested is that these cations
might interfere with transmembranous calcium fluxes,
which govern the excitation-contraction coupling in
vascular smooth muscle cells, thereby changing the
location of the reflection sites throughout the arter-
ial tree.
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Table S1.  Associations of hemodynamic measurements with baseline blood lead in 206 untreated participants  

Variable   
Unadjusted  

 
Adjusted  

Estimate (95% CI)  p-Value  Estimate (95% CI)  p-Value 

Peripheral blood pressure        

Systolic pressure, mm Hg   6.00 (3.42 to 8.58)  <.0001   2.28 (–0.71 to 5.28)  .13  

Diastolic pressure, mm Hg   2.96 (1.48 to 4.44)  .0001   0.34 (–1.33 to 2.01)  .69  

Pulse pressure, mm Hg   3.04 (1.03 to 5.05)  .003   1.94 (–0.52 to 4.40)  .12  

Central blood pressure        

Systolic pressure, mm Hg   6.40 (3.72 to 9.08)  <.0001   2.27 (–0.74 to 5.29)  .14  

Diastolic pressure, mm Hg   2.85 (1.33 to 4.37)  .0003   0.21 (–1.50 to 1.92)  .81  

Pulse pressure, mm Hg   3.56 (1.49 to 5.62)  .0008   2.59 (0.39 to 4.79)  .021  

Time dependent hemodynamics        

Augmentation ratio, %   3.06 (2.02 to 4.09)  <.0001   1.64 (0.78 to 2.50)  .0002  

Augmentation index, %   5.43 (3.56 to 7.30)  <.0001   2.88 (1.15 to 4.61)  .001  

Pressure amplification   –0.10 (–0.13 to 0.07)  <.0001   –0.06 (–0.09 to –0.03)  <.0001  

Pulse wave velocity, m/s   0.79 (0.56 to 1.03)  <.0001   0.26 (0.03 to 0.50)  .027  

Forward pulse peak time, ms   3.04 (–0.89 to 6.98)  .13   4.54 (–0.32 to 9.40)  .067  

Reflected pulse peak time, ms   –1.62 (–3.84 to 0.61)  .15   1.69 (–0.96 to 3.93)  .21  

Forward pulse pressure amplitude, mm Hg   –0.23 (–1.73 to 1.27)  .76   –0.47 (–2.20 to 1.26)  .59  

Reflected pulse pressure amplitude, mm Hg  2.63 (1.50 to 3.75)  <.0001   1.16 (0.13 to 2.19)  .027  

Reflection index, %   7.94 (5.19 to 10.7)  <.0001   4.24 (1.67 to 6.80)  .001  

Adjusted models accounted for (i) sex, (ii) enrolment characteristics including age, body mass index, smoking and drinking, serum total-to-HDL cholesterol 
ratio, plasma glucose, the glomerular filtration rate estimated from serum creatinine, socioeconomic status; (iii) the time interval between measurement of 
the exposure biomarkers and the hemodynamic assessment.  The time-dependent hemodynamic variables were standardized to a heart rate of 60 beats per 
minute (population mean) and additionally adjusted for mean arterial pressure, as measured during the hemodynamic examination.  Association sizes, given 
with 95% confidence interval, reflect a doubling of blood lead concentration. 
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Table S2.  Associations of hemodynamic measurements with the baseline 24-h urinary cadmium excretion in 267 participants  

Variable   
Unadjusted  

 
Adjusted  

Estimate (95% CI)  p-Value  Estimate (95% CI)  p-Value  

Peripheral blood pressure        

Systolic pressure, mm Hg   7.13 (4.88 to 9.38)  <.0001   2.07 (–1.08 to 5.22)  .20  

Diastolic pressure, mm Hg   2.42 (1.18 to 3.65)  .0001   0.14 (–1.63 to 1.91)  .88  

Pulse pressure, mm Hg   4.72 (2.93 to 6.50)  <.0001   1.93 (–0.59 to 4.45)  .13  

Central blood pressure        

Systolic pressure, mm Hg   8.46 (6.15 to 10.8)  <.0001   2.40 (–0.78 to 5.59)  .14  

Diastolic pressure, mm Hg   2.36 (1.10 to 3.62)  .0003   0.05 (–1.76 to 1.86)  .96  

Pulse pressure, mm Hg   6.10 (4.25 to 7.95)  <.0001   2.35 (–0.19 to 4.90)  .07  

Time dependent hemodynamics        

Augmentation ratio, %   3.92 (3.10 to 4.74)  <.0001   1.19 (0.28 to 2.10)  .01  

Augmentation index, %   6.10 (4.65 to 7.55)  <.0001   1.60 (–0.10 to 3.30)  .065  

Pressure amplification   –0.11 (–0.14 to –0.09)  <.0001   –0.04 (–0.07 to –0.01)  .005  

Pulse wave velocity, m/s   0.95 (0.75 to 1.15)  <.0001   0.15 (–0.09 to 0.34)  .23  

Forward pulse peak time, ms   2.57 (–0.85 to 5.98)  .14   0.62 (–4.42 to 5.66)  .81  

Reflected pulse peak time, ms   –3.03 (–4.85 to –1.22)  .001  –1.07 (–3.69 to 1.56)  .42  

Forward pulse pressure amplitude, mm Hg   0.95 (–0.34 to 2.25)  .15   0.06 (–1.62 to 1.74)  .94  

Reflected pulse pressure amplitude, mm Hg  4.03 (3.04 to 5.03)  <.0001   1.23 (0.11 to 2.35)  .031  

Reflection index, %   9.68 (7.56 to 11.8)  <.0001   3.37 (0.80 to 5.95)  .01  

Adjusted models accounted for (i) sex, (ii) enrolment characteristics including age, body mass index, smoking and drinking, serum total-to-HDL cholesterol 
ratio, plasma glucose, the glomerular filtration rate estimated from serum creatinine, socioeconomic status; (iii) the time interval between measurement of 
the exposure biomarkers and the hemodynamic assessment; (iv) and antihypertensive drug treatment at enrolment and during follow-up.  The time-
dependent hemodynamic variables were standardized to a heart rate of 60 beats per minute (population mean) and additionally adjusted for mean arterial 
pressure, as measured during the hemodynamic examination.  Association sizes, given with 95% confidence interval, reflect a doubling of the 24-h urinary 
cadmium excretion.   
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Table S3.  Multivariable adjusted associations of hemodynamic measurements with co-exposure to baseline lead and cadmium  

Variable   
Blood lead  

 
24–h Urine cadmium  

Estimate (95% CI)  p-Value  Estimate (95% CI)  p-Value  

Peripheral blood pressure        

Systolic pressure, mm Hg   2.72 (–0.17 to 5.61)  .065   2.36 (–0.81 to 5.53)  .14  

Diastolic pressure, mm Hg   0.49 (–1.14 to 2.12)  .55   0.21 (–1.57 to 2.00)  .81  

Pulse pressure, mm Hg   2.23 (–0.08 to 4.54)  .059   2.15 (–0.39 to 4.68)  .097 

Central blood pressure        

Systolic pressure, mm Hg   3.02 (0.10 to 5.94)  .043   2.72 (–0.49 to 5.92)  .096  

Diastolic pressure, mm Hg   0.39 (–1.27 to 2.06)  .64   0.12 (–1.71 to 1.94)  .90  

Pulse pressure, mm Hg   2.63 (0.29 to 4.97)  .028   2.60 (0.04 to 5.16)  .047  

Time dependent hemodynamics        

Augmentation ratio, %   1.89 (1.06 to 2.71)  <.0001   1.42 (0.52 to 2.32)  .002  

Augmentation index, %   3.16 (1.63 to 4.69)  <.0001   2.02 (0.34 to 3.69)  .018  

Pressure amplification   –0.06 (–0.09 to –0.04)  <.0001   –0.05 (–0.07 to –0.02)  .0006  

Pulse wave velocity, m/s   0.16 (–0.06 to 0.39)  .15   0.16 (–0.08 to 0.41)  .19  

Forward pulse peak time, ms   6.16 (1.58 to 10.7)  .009   1.67 (–3.34 to 6.68)  .51  

Reflected pulse peak time, ms   0.65 (–1.77 to 3.06)  .60   –0.85 (–3.50 to 1.80)  .53  

Forward pulse pressure amplitude, mm Hg   –0.37 (–1.93 to 1.18)  .64   –0.01 (–1.71 to 1.69)  .99  

Reflected pulse pressure amplitude, mm Hg  1.24 (0.21 to 2.28)  .018   1.34 (0.21 to 2.47)  .020  

Reflection index, %   4.49 (2.14 to 6.83)  .0002   3.87 (1.30 to 6.43)  .003  

Adjusted models accounted for (i) sex, (ii) enrolment characteristics including age, body mass index, smoking and drinking, serum total-to-HDL cholesterol 
ratio, plasma glucose, the glomerular filtration rate estimated from serum creatinine, socioeconomic status; (iii) the time interval between measurement of 
the exposure biomarkers and the hemodynamic assessment; (iv) antihypertensive drug treatment at enrolment and during follow-up; (v) the residual of 24-h 
urinary cadmium regressed on blood lead or the residual of blood lead on 24-h urinary cadmium.  The time-dependent hemodynamic variables were 
standardized to a heart rate of 60 beats per minute (population mean) and additionally adjusted for mean arterial pressure, as measured during the 
hemodynamic examination.  Association sizes, given with 95% confidence interval, reflect a doubling of the 24-h urinary cadmium excretion. 
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Figure S1. 

   Flow chart  

Abbreviations: FLEMENGHO, Flemish Study on Environment Genes and Health 

Outcomes; CadmiBel, Cadmium in Belgium Study; PheeCad, Public Health and 

Environmental Exposure to Cadmium Study; aPWV, aortic pulse wave velocity; PWA, 

pulse wave analysis.   

References: FLEMENGHO, JAMA 2011; 305:1777-85; CadmiBel, AJE 1991; 134:257-67; 
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Figure S2. 

   Pressure-only pulse wave analysis  
The central waveform is derived from the radial waveform by means of a validated transfer 

function.  P1 and P2 indicate the first and second peak of the central waveform, cPP the central 

pulse pressure, and Pf and Pb the forward and reflected pulse wave amplitude.  The central 

pressure waveform can be separated in its forward and backward pulse wave component using 

a triangular-shaped flow estimate.  Start, peak and end of the estimated flow curve are derived 

from the ejection period and the first shoulder (P1) of the central pressure curve.   
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