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Evaluation of the ambulatory arterial stiffness
index in lead-exposed workers

Introduction

Lead exposure can lead to a wide range of cardiovascu-
lar diseases including atherosclerosis, ischemic and structural 
heart diseases, and conduction disturbances (1–3). Additionally, 
numerous studies have demonstrated that lead exposure can 
lead to increased diastolic and systolic blood pressure (BP) (4). It 
causes hypertension (HT) by promoting vascular inflammation via 
oxidative stress, decreased nitric oxide availability, and increased 
endothelin production (5, 6). Moreover, lead has been shown to 
cause endothelial dysfunction and stimulate vascular smooth 
muscle cell proliferation (5). All of these changes that seen in vas-
culature in case of lead exposure increase vascular fibrosis of 
large arteries, resulting in a decrease in arterial compliance. All 
of these factors result in increased arterial stiffness (7).

Arterial stiffness is recognized as an important measure of the 
functional properties of large arteries, and it has been demons- 
trated to be a predictor for increased risk of cardiovascular organ 

damage and future cardiovascular events (8, 9). As a non-invasive 
technique, the ambulatory arterial stiffness index (AASI) derived 
from ambulatory blood pressure monitoring (ABPM), obtained 
over 24 hours in a given individual, was introduced as an index that 
predicts cardiovascular risk (10, 11). AASI gives valuable informa-
tion about arterial stiffness by analysis of the relationship between 
systolic and diastolic BP. In this study, arterial stiffness was evalu-
ated using AASI in occupationally lead-exposed workers.

Methods

Study population
In this cross-sectional study, 144 occupationally lead-ex-

posed workers admitted to our center between January 2015 
and December 2015 were enrolled. Past medical histories, 
physical examinations, 12-lead surface electrocardiogram, re-
sults, and transthoracic echocardiography (TTE) were evalu-
ated. Workers with coronary artery disease, systolic and/or 
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diastolic dysfunction, valvular heart disease except trivial val-
vular regurgitation, diabetes mellitus, pre-existing HT defined 
as systolic BP >140 mm Hg and diastolic BP >90 mm Hg and/
or taking anti-hypertensive medication, thyroid dysfunction, hy-
percholesterolemia, electrolyte imbalance, cigarette smokers, 
chronic lung disease and obesity [body mass index (BMI) >30 
kg/m2] were excluded. After taking into account these exclusion 
criteria, 76 workers were excluded, and the study was carried 
out with a total of 68 workers.

Of the 68 workers, 49 (72.0%) were battery-production wor- 
kers and 19 (27.9%) were metal-recycling workers. Sixty-eight 
healthy subjects who worked in our center as hospital staff with-
out any known overt diseases served as the control group. The 
study population was male and aged between 18 and 65 years. 
Written informed consent was obtained from each subject, and 
the institutional ethics committee approved the study protocol.

Analysis methods
Lead levels were determined in whole blood and 24-hour 

urine samples using inductively coupled plasma mass spec-
trometry (Agilent 7700 series, Tokyo, Japan). Blood samples 
were digested by the microwave-induced acid digestion method. 
A standard solution of lead was prepared by dilution of certi-
fied standard solutions (High-Purity Standards, Charleston, SC, 
USA). Two-level quality control materials were used (Seronorm, 
Billingstad, Norway). The lead calibration curve ranged from 0 to 
100 µg/dL. The limit of detection and limit of quantification were 
0.02 and 0.1 µg/dL, respectively. The relative standard deviation 
of the measurements was 4.2. Subjects were asked to collect 
24-hour urine samples. They were instructed not to collect urine 
from the first urination after waking in the morning of the day that 
they started to collect the urine. Urine samples were collected 
in sterile plastic pots during every urination thereafter, including 
the first urination after waking the following morning, and then 
diluted 1 in 10 with 5% nitric acid solution. 

Ambulatory blood pressure monitorization
Ambulatory BP monitorization studies were carried out using 

the WatchBP O3 (Microlife AG, Widnau, Switzerland) monitoring 
device. The device was applied to the non-dominant arm for 24 
hours. The first hour was discarded from analysis. BP readings 
were obtained automatically at 15-minute intervals during day-
time and 30-minute intervals during nighttime. Recordings were 
accepted only if more than 85% of the raw data were valid. Time 
in bed was defined based on the patient-kept diary that docu-
mented the exact time of getting into and arising from bed. The 
average BP for this time in bed was calculated from the ambu-
latory monitoring data (termed nighttime BP). Daytime BP was 
defined as the average BP during the remainder of the 24-hour 
period. Mean BP was calculated as the diastolic pressure plus 
one-third of the pulse pressure. A regression slope of diastolic 
over systolic BP was computed for each participant (10, 12). A 
regression line was not forced through the origin (intercept 0), 

because during diastole, when the flow drops to 0, such a phe-
nomenon does not occur for BP. We defined AASI as 1 minus 
the regression slope. The stiffer the arterial tree, the closer the 
regression slope and AASI are to 0 and 1, respectively.

Nocturnal dipping (%) was defined as the percentage de-
crease in nocturnal systolic BP compared with daytime systolic 
BP. When patients exhibited nocturnal dipping of less than 10%, 
they were defined as non-dippers.

Transthoracic echocardiography
Standard echocardiographic imaging was performed in the 

left lateral decubitus position with the Esaote MyLabTM 50 car-
diac ultrasound scanner (Florence, Italy). Images were obtained 
using a 2.5–3.5 MHz transducer in the parasternal and apical 
views. The left ventricular end-diastolic diameter (LVEDD) and left 
ventricular end-systolic diameter (LVESD) were determined with 
M-mode echocardiography under two-dimensional guidance in 
the parasternal long-axis view, according to the recommenda-
tions of the American Society of Echocardiography (13). The left 
ventricular ejection fraction (LVEF) was calculated from the apical 
four-chamber view, according to the modified Simpson’s rule (13). 
In addition, the left atrial dimension in the parasternal long-axis 
view and the right ventricular (RV) end-diastolic diameter in the 
apical four-chamber view were also calculated. Pulmonary sys-
tolic arterial pressure (sPAP) was estimated by continuous-wave 
(CW) Doppler as peak regurgitation velocity plus an assumed right 
atrial pressure in relation to the size and respiratory excursion of 
the inferior cava vein visualized in the subcostal view. Measure-
ments of mitral inflow included the peak early filling (E-wave) and 
late diastolic filling (A-wave) velocities, the E/A ratio, deceleration 
time (DT) of the early filling velocity, and the isovolumic relaxation 
time (IVRT), derived by placing the cursor of the CW Doppler in 
the left ventricular (LV) outflow tract to simultaneously display the 
end of aortic ejection and the onset of mitral inflow.

Statistical analysis
Statistical evaluation was performed using the Statistical 

Package for Social Sciences 20 (SPSS 20) for Windows (IBM 
SPSS Inc., Chicago, IL, USA) program. Variables with normal dis-
tribution were shown as mean±standard deviation while those 
without normal distribution were shown as median with mini-
mum (min) and maximum (max) (range). Categorical variables 
were shown as numbers and percentage. The comparison bet- 
ween groups of continuous variables was performed with t-test 
for independent variables showing normal distribution and the 
Mann-Whitney U test for those not showing normal distribution. 
Pearson correlation analysis was used to test normal distribu-
tion while Spearman correlation analysis was used for variables 
not showing normal distribution. Stepwise linear regression 
analysis was used to multiple regression analysis. Before this 
analysis, logarithmic transformation was applied on parameters 
that did not show normal distribution. A p<0.05 was considered 
statistically significant.
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Results

The baseline characteristics and echocardiographic param-
eters of the two groups are shown in Table 1. There was no sta-
tistically significant difference between the lead-exposed and 
control groups in terms of age, resting HR, BMI, smoking habits, 
and low-density lipoprotein levels. The mean age of the lead-
exposed group was 34.7±8.1 years and that of the control group 
was 34.1±9.4 years. All lead-exposed workers and control group 
participants had a similar and normal LVEF (mean 64.5±3.7 vs. 
64.5±3.1%, p=0.980). Additionally, the LVEDD, LVESD, left atrial di-
ameter, RV diameter, sPAP, mitral E-wave, A-wave, DT, and IVRT 
were similar in the two groups. In the lead-exposed group, the 
median duration of exposure to lead was 45 months (6–360). The 
median blood lead level [40.5 µg/dL (11.4–90) vs. 0.5 (0.1–0.8), 
p<0.001] and median 24-hour urine lead level [34.9 µg/L (2.1–
128) vs. 0.1 (0.1–0.9), p<0.001] were significantly higher in lead-
exposed workers than in control subjects. In terms of 24-hour 
ABPM parameters, average day, average night, and total systolic, 
diastolic, and mean BP values between the groups did not show 
statistically differences (Table 2). While in the control group, 25 
subjects (36.7%) showed non-dipper status, in the lead-exposed 
group 19 (27.9%) workers showed non-dipper status (p=0.273). 
In the lead-exposed group, AASI was significantly lower in sub-
jects with dipper status than in subjects with non-dipper status 
(0.40±0.09 vs. 0.47±0.09, respectively, p=0.006).

AASI was found to be 0.39±0.10 in the whole population. 
AASI was 0.42±0.10 and 0.37±0.10 in lead-exposed workers and 
control subjects, respectively, and this difference was statisti-
cally significant (p=0.007) (Fig. 1). In correlation analysis, AASI 
was found to be significantly correlated with both blood (r=0.417, 
p<0.001, Fig. 2a) and 24-hour urine lead levels (r=0.242, p=0.047, 
Fig. 2b). On the other hand, AASI was not found to be correlated 
with working duration (r=0.124, p=0.312). Multiple regression 
analysis showed that blood lead level was found to be associ-
ated with AASI (β=0.086, p<0.001).

Discussion

This study is the first to demonstrate that AASI, which is an 
indicator of arterial stiffness, is higher in occupationally lead-
exposed workers than in healthy individuals. Although AASI was 
not found to be correlated with working duration, it was found 
to be significantly correlated with both blood and 24-hour urine 
lead levels. Moreover, AASI was significantly higher in non-dip-
pers than in dippers in the lead-exposed population.

Functional and structural changes in the arterial tree occur in-
evitably with progressing age. One of these changes, increased ar-
terial stiffness, results in a decrease in arterial compliance, which 
is an independent risk factor for stroke, coronary heart disease, 
and heart failure (14, 15). Exposure to heavy metals or toxic agents 
can accelerate this process. Wong et al. (16) have shown that 
nickel exposure was associated with increased arterial stiffness. 

In this study, arterial compliance was measured by the augmen-
tation index. Our results are in concordance with this study, but 
we evaluated the effects of lead exposure on arterial stiffness by 
using AASI, which was found to be significantly higher than that 
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Table 1. Demographic characteristics and echocardiographic 
parameters of the lead-exposed and control groups

Characteristics Lead-exposed Control P 
  group (n=68) group (n=68)

Age, year 34.7±8.1 34.1±9.4  0.690

Resting heart rate, bpm 76.3±10.6 73.4±9.7 0.098

Body mass index, kg/m2 24.7±3.6  23.6±3.8 0.085

Smoking, n (%) 29 (42.6) 22 (32.3) 0.217

Low-density lipoprotein, mg/dL 141.0±26.0 136.8±19.9 0.294

LV ejection fraction, % 64.5±3.7 64.5±3.1 0.980

End-diastolic diameter, mm 45.7±3.3  46.1±3.5 0.494

End-systolic diameter, mm 27.4±2.6 27.7±2.9 0.526

Left atrial diameter, mm 32.6±3.0 33.2±3.2 0.261

RV diameter, mm 25.1±2.4 25.8±2.7 0.112

sPAP, mm Hg 23.4±4.6 22.7±4.5 0.371

E wave, cm/s 74.5±18.6 80.1±19.8 0.093

A wave, cm/s 64.8±12.6 63.8±13.0 0.649

DT, ms 184.5±40.7 178.4±45.5 0.411

IVRT, ms 96.3±15.5 95.4±14.9 0.730

Working duration, months 45 [6 – 360] – –

Blood lead level, µg/dL 40.5 [11.4 – 90] 0.5 [0.1 – 0.8] <0.001

24-hour urine lead level, µg/L 34.9 [2.1 – 128] 0.1 [0.1 – 0.9] <0.001
DT - deceleration time; IVRT - isovolumic relaxation time; LV - left ventricle; RV - 
right ventricle; sPAP - systolic pulmonary arterial pressure. Numerical variables are 
expressed as mean±standard deviation or median (minimum–maximum)

Table 2. 24-hour ambulatory blood pressure profiles of the lead-
exposed and control groups

Variables Lead-exposed Control P 
  group (n=68) group (n=68)

Average day SBP, mm Hg 116.5±15.4 118.4±13.3 0.442

Average day DBP, mm Hg 67.9±9.6 70.1±11.3 0.223

Average day MBP, mm Hg 85.2±8.2 87.4±9.1 0.141

Average night SBP, mm Hg 107.9±12.3 108.7±12.8 0.710

Average night DBP, mm Hg 60.8±7.8 62.1±8.1 0.342

Average night MBP, mm Hg 77.6±9.8 79.8±10.4 0.206

Total Average SBP, mm Hg 112.3±13.4 114.0±13.0 0.450

Total Average DBP, mm Hg 63.7±7.7 65.6±9.1 0.191

Total Average MBP, mm Hg 80.9±8.6 81.4±9.7 0.750

Non-dipper, % 19 (27.9) 25 (36.7) 0.273

AASI 0.42±0.10 0.37±0.10 0.007
AASI - ambulatory arterial stiffness index; DBP - diastolic blood pressure; MBP 
- mean blood pressure; SBP - systolic blood pressure. Numerical variables are 
expressed as mean±standard deviation or median (minimum to maximum)
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of the control group. As an indicator of arterial stiffness, AASI has 
been associated with an increased risk of cardiovascular mor-
bidity and mortality in various clinical settings (17, 18).

A growing number of epidemiological studies associate envi-
ronmental and/or occupationally exposure to heavy metals with in-
creased arterial BP (19, 20). One of these metals, exposure to lead 
results in increased systolic and diastolic BP, and chronic expo-
sure may cause arterial HT (21). Moreover, cardiovascular compli-
cations such as LV hypertrophy and LV diastolic dysfunction were 
more frequently seen in hypertensive and lead-exposed patients 
than in hypertensive patients without lead exposure (22). In our 
study, both workers and control subjects were normotensive and 
had normal systolic and diastolic LV functions on TTE. In the lead-
exposed group, blood and urine lead levels were correlated with 
AASI. Besides, blood lead level was found to be an independent 
predictor of AASI. These findings confirmed the previous study of 
Poreba et al. (23). They found a positive correlation between blood 
lead concentration and arterial stiffness measured by the augmen-
tation index and pulse wave velocity analysis. Additionally, blood 
zinc protoporphyrin, which is used to monitor lead exposure, was 
found to be independently associated with arterial stiffness.

AASI was first introduced by Dolan et al. (10) in 2006; howe- 
ver, as the clinical studies were carried out, some debates have 
emerged about the validity of AASI in arterial stiffness. Kips et al. 
(24) studied the determinants of AASI by using a computer model 
and found that AASI was influenced by HR, such that an increase 
in HR caused AASI to decrease by 37%. In our study, AASI did not 
correlate with HR, and there was no difference between the lead-
exposed group and the control group in terms of HR. However, 
it should be kept in mind that our study population consisted of 
an extremely homogeneous group, and this restricts to reflect 
the real world and reduces the generalizability of the findings. 
Another shortcoming for AASI is that it is influenced by the deg- 
ree of nocturnal BP fall (25). It is suggested that the predictive 
capability attributed to AASI actually belongs to the presence of 
non-dipping status. In our study, although the dipping status of 
two groups was found to be similar, AASI was lower in subjects 
with dipper status than in subjects with non-dipper status in the 
lead-exposed group. This finding is consistent with the hypot- 
hesis mentioned, and dipping status should be considered when 

assessing the clinical importance of AASI in future studies. Final-
ly, Benetos and Lacolley (26) reported that AASI may be a more 
sensitive predictor of stroke risk than cardiovascular risk in young 
and low-risk individuals, similar to our study population. This re-
sult may be a source of inspiration for further studies in which 
AASI is used to assess the risk of stroke in case of lead exposure.

Study limitations

Several limitations of the present study should be addressed. 
Nearly 95% of the total body lead burden is located in bone. In this 
study, we only analyzed blood and 24-hour urine lead levels. Bone 
lead levels were not measured. Lead in bone may better predict 
long-term lead toxicity than does the concurrent blood lead level, 
which reflects only relatively recent exposure. Another limitation 
is that, to sort out possible confounding factors, strict exclusion 
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Figure 1. The ambulatory arterial stiffness index in lead-exposed and 
control groups
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criteria were applied at the beginning of the study and only the 
effects of blood and 24-hour urine lead levels have tried to evalu-
ate. Finally, this study was cross-sectional in design, and patients 
were not followed-up in terms of cardiovascular end-points; thus, 
a possible association between AASI and these end-points has 
not been evaluated. These limitations make it difficult to specu-
late about long-term cardiovascular complications. The findings 
of this study require confirmation in larger studies.

Conclusion

This study showed that AASI, which is an indicator of arterial 
stiffness, is higher in occupationally lead-exposed workers even 
without an elevated BP profile and other traditional cardiovas-
cular risk factors as compared to healthy individuals. Increased 
AASI may be considered as an early sign of arterial involvement 
in case of lead exposure.
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