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Hemorheology in occupational lead exposure 
by Wolf Osterode, MD1 

Osterode W. Hemorheology in occupational lead exposure. Scand J Work Environ Health 1996;22:369-73. 

Objectives Tlle purpose of this investigation was to study hemorheological parameters in occupationally lead 
exposed men. 
Material  and methods For 15 clinically healthy lead-exposed male subjects [age 34.6 (SD 8) years] the 
viscous (E') and elastic (E") components of whole blood viscosity corrected for 45% hematocrit were measured 
for shear rates between 1 . s-I - 100 . s-' at 37OC. Moreover, lead concentrations in blood and urine and the delta- 
aminolevuliilic acid dehydrase level were determined. Fifteen unexposed age-matched men were used as 
referents. 
Results The meail lead concentration in the blood and urine of the lead-exposed men was 48.7 (SD 16.2) pg . 
dl-' and 38.8 (SD 17.1) pg . g creatinine-', respectively. While E" was significantly increased only at low shear 
rates, E' was elevated throughout the investigated shear range in comparison with the values of the unexposed 
referents. These results are characteristic of erythrocytes with enhanced rigidity. The aggregation and filtration 
index of erythrocytes were significantly elevated for the lead-exposed workers. A positive correlation existed 
between lead in blood and E' or E", whereas 6-aminolevulinic acid dehydrase and E' or E" were inversely 
correlated. No differences in plasma viscosity or in lipid status could be detected. 
C O ~ C ~ U S ~ O ~  Increased blood lead concentrations can be considered an additional risk factor for vascular 
diseases predisposing towards microvascular occlusion. 

Key terms blood viscosity, erythrocyte, lead, 6-aminolevulinic acid dehydrase. 

Approximately 95% of the circulating fraction of lead in 
the human body is bound to erythrocytes ( I ) .  Several 
investigations on erythrocyte membranes in lead expo- 
sure have shown modulations in the mechanical proper- 
ties of the erythrocytes, for example, shortened erythro- 
cyte survival (2-4) and an increase in osmotic resist- 
ance (2, 4, 5) .  In addition, biochemical studies have 
documented protein conformational changes and an in- 
crease in cholesterol of the inner core of the erythrocyte 
membranes of lead-exposed subjects (6,7).  Moreover an 
increase in lipid peroxidation in serum and an inhibition 
of erythrocyte superoxide dismutase activity have been 
shown (8-10). Thus modulations in erythrocyte rigidity 
should be expected. Investigations on the fluidity and 
viscosity of erythrocytes were performed by fluorescence 
polarization methods (7), electron spin resonance (1 I), 
or other techniques. Hemoglobin-depleted ghost mem- 
branes were preferably used in these studies. The results 
were not always unequivocal. Conflicting data resulting 
in an increase or decrease in erythrocyte membrane flu- 
idity have been found with the distinct methods and their 
inherent restrictions and limitations in relation to specif- 
ic structural composition. In the course of ghost mem- 

brane preparation a disruption of the interaction between 
membrane lipids and cytoskeletal proteins occurs due to 
lysis and repeated washing with solutions of low ionic 
strength, a process which leads to differences in erythro- 
cyte ghost membranes and intact erythrocyte fluidity 

(12). 
It seems questionable how far such results can be 

extrapolated to whole blood viscosity in lead-exposed 
subjects. Whole blood viscosity depends predominantly 
on hematocrit, plasma viscosity (o,,), certain plasma 
proteins, and erythrocyte deformability and varies with 
shear stress. Because of the lack of these hemorheologi- 
cal data for lead-exposed workers, we investigated whole 
blood viscosity in lead-exposed and lead-unexposed per- 
sons by using dynamic rheological measurements at 
shear rates between 1 . s-' and 100 . s-'. 

Subjects 

Twenty lead-exposed male subjects working at a battery 
factory gave their informed consent for collecting an 
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Table 1. Mean subject data and mean laboratory values for the lead-exposed and lead-unexposed group. 

Grour, Blood lead Urinarv lead Delta- Cholesterol 
(ymol . I-') (~cmol :I-' . g aminolevulinic 

creatinine-l) acid Total High-density Low-density Triglycerides Fibrogen 
dehydrase cholesterol lipoprotein lipoprotein (ymol . I-') (ymol . I-') 
(,mol , 1.1) ( m o  I )  (pmol . I-') (pmol . I-') 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

Lead- 
exposed 2.35 0.78 1.87 0.83 189 101 5.31 1.42 1.06 0.46 3.69 1.19 1.64 0.84 7.59 1.41 
Lead- 
unexposed 0.25 0.1 0.20 0.15 401 86 5.51 1.27 1.11 0.28 3.59 0.96 1.49 0.93 7.21 0.94 

additional blood sample for measuring blood viscosity at 
their regular clieclc-up for lead exposure. Due to the 
study design only clinically healthy persons were in- 
cluded in this investigation. Data from subjects with ab- 
normal values in the usual blood chemistry work up or 
participants with known diabetes or cardiovascular, renal, 
or hepatic diseases were excluded. With these restric- 
tions applied 15 lead-exposed worlters with a mean-age 
of 34.6 (SD 8) years remained. Therefore alterations in 
blood viscosity caused by other diseases could be ex- 
cluded. These worlcers had had an average of 8.4 (SD 
3.2) years of exposure to lead. 

Data from 15 healthy age-matched [mean age 33.5 
(SD 7) years] unexposed men, all with nearly the same 
nicotine consuniption (10-20 cigarettes . d-') as the 
lead-exposed workers, were used as tlie referents. 

As compared with the unexposed worlcers, about a 
10-fold elevation in thc mean lead concentrations in 
blood and urine were measured in the lead-exposed sub- 
jects (table I ) .  

Viscoelasticity 
Blood is a viscoelastic fluid (13-15). For the study of 
the elastic and viscous coinponents of whole blood, dy- 
naniic rheological measurements are necessary (14). 
Measurements of whole blood viscosity with, for exam- 
ple, a plate or cone viscosiineter, estimate the apparent 
viscosity which is defined by E, = (E" - E " ~ ) " ~ .  There- 
fore, for both groups the components of whole blood 

Table 2. Mean aggregation and filtration index of the erythrocytes 
of the lead-exposed and lead-unexposed workers. 

Group Aggregation Filtration index 

Mean SD P-value Mean SD P-value 

Exposed 1.23 0.12 1.31 0.23 
Unexposed 0.89 0.25 O.Ool 1.02 0.14 O.Oo3 

viscosity were n~easured in blood anticoagulated with 
EDTA (ethylenedianiinetetraacetic acid) using a capil- 
lary viscosirneter (Anto Paar CoKG, Graz, Austria) at a 
constant oscillation frequency of 2 Hz for shear rates 
between I . s-I to 100 . s-'. Blood samples were lcept 
rotating until the estimation of whole blood viscosity to 
avoid sedimentation. The measureiiients were performed 
within 1 h after the blood collection at a constant temper- 
ature of 37 rt 0.1 "C. The blood samples were adjusted to 
a heniatocrit of 45% rt 1 %. 

As the viscoelasticity of whole blood is a nonlinear 
f~ulction of shear stress (T), Chiniel et a1 (14) defined the 
following two equations characterizing an aggregation 
(AI) and flexibility (FI) index for erythrocytes: 

A1 = I&"(, = I) - &"(, = ?o) ]L~ .  NE/[&"(I = I )  - 2o)lc 

[("PI)C1(oFI)LE. NE] [(equation 1) 

FI = [&I(, = 20, - &'(, = ino,Iu.., ~ ~ 0 ~ ' c . r  = 201 - = ioo,lc 

[(~PI)c/(OPI)LE. NEI (equation 2) 

in which .e is tlie shear stress [I , ss', 20 . s-' and 100 . 
SF'], and C denotes values of a healthy reference group 
(N = 25), which had been deteriiiiiled before. 

Equations 1 and 2 were used for calculating the ag- 
gregation and flexibility (table 2). 

Lead concentrations in blood and urine 
The lead concentrations in blood (B-Pb) and urine 
(U-Pb) were measured by atornic absorption using a Per- 
ltin Elmer 2380 spectrophotometer with a graphite fur- 
nace. Delta-aminolevulinic acid dehydrase (ALA-D) in 
blood was determined as described previously (16, 17). 

Plasma and blood chemistry were routinely deter- 
mined by standard methods. 

Statistical analysis 
For the statistical analysis of the data, the t-test, the 
Bonferroni-Holm test, and tlie Spearman regression (r,) 
were used. 
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Results 

Viscoelasticity 

After hematocrit adjustment to 45%, the mean elastic 
component of whole blood was significantly elevated at 
lower shear rates for the exposed workers. At shear rates 
of > l o .  s-I no significant difference between the ex- 
posed and unexposed worliers could be observed in the 
Bonferroni test. A maximum deviation of about 20% 
existed at a shear rate of I . s-I. The mean viscous com- 
ponent of whole blood was significantly higher for the 
exposed worlcers at all the shear rates. The mean devia- 
tions varied between 9% and 10% (figure I). No differ- 
ence existed in the mean plasma viscosity (&,,) between 
the unexposed and exposed workers [1.28 (SD 0.03) and 
1.30 (SD 0.04) mPas, respectively]. 

Dose-response considerations 

Significant correlations between the B-Pb and E' or E" 

were calculated for the exposed group (table 3), while 
there was only a weak correlation between U-Pb cor- 
rected for the individual creatinine values at low shear 
rates and E" (r, = 0.66, P = 0.039). When all the values of 
the exposed and unexposed workers were included in the 
calculations, there was only a slight increase in r,, while 
a much higher significance level was attained (figure 2). 

Significant negative correlations were found between 
ALA-D and E" and E' at low shear rates (table 3). 

Table 1 shows that no significant differences existed 
between the exposed and unexposed groups for total 
cholesterol, the high-density and low-density lipoprotein 
fraction, triglycerides, or fibrinogen. Furthermore, no sig- 
nificant correlations were found between these parame- 
ters and B-Pb or ALA-D. 

Aggregation and filtration index for the erythrocytes 

As pointed out in the Methods section, it is possible to 
calculate the aggregation (AI), and filtration index (FI) 

, , , , , I  , , /  

1 10 100 

Shear rate ( I  .s-') 

Figure 1. Mean viscoelastic values at shear rates between 1 . s-I and 
100 . s-I. (F' =viscous component of whole blood viscosity, F" = elastic 
component of whole blood viscosity, open symbols = unexposed 
workers, filled symbols = exposed workers. 

for erythrocytes. When the dynamic estimated curves for 
whole blood viscosity were taken into consideration and 
equations 1 and 2 were applied for each subject, the 
mean aggregation (P<0.001) and mean filtration index 
(P<0.002) were significantly elevated for the exposed 
worliers in comparison with that of the unexposed work- 
ers (table 2). 

Discussion 

Contrary to indirect methods determining erythrocyte 
fluidity using depolarization fluorescence and electron 
spin resonance spectroscopy, a direct method determin- 
ing the viscoelastic properties of whole blood for work- 
ers exposed to lead was investigated for the first time. 
The results show that E " ,  the elastic component, which 
characterizes the storage of the elastic energy of erythro- 
cytes, is significantly dose dependent, being elevated 
only at low shear rates. However E', the viscous compo- 

Table 3. Correlation r, (Spearman rank) and P-values for the blood 
lead and delta-aminolevulinic acid dehydrase concentrations and 
the E' and E" (viscous and elastic components, respectively, of 
whole blood viscosity) at different shear rates in the lead-exposed 
group. (NS = not significant) 

Shear rate Blood lead Delta- 
aminolevulinic 
acid dehydrase 

r, P-value r, P-value 

1 , s-' 
E' 0.68 0.01 -0.63 0.02 
E" 0.68 0.01 -0.68 0.02 

5 , s-' 
E' 0.63 0.02 -0.69 0.01 
E" 0.76 0.006 -0.70 0.02 

50 . s-' 
E' 0.63 0.02 -0.60 0.03 
E" 0.4 NS -0.51 NS 

B-Pb(prnol. I - ' )  
Figure 2. Dose-response relation between blood lead (B-Pb) and F' and 
B-Pb and E" for t h e  lead-exposed (open symbols) and lead-unexposed 
workers (filled circles: mean and SD) at a shear rate of 5 . s-I. (figure on 
left: r, = 0.65, P = 0.009; figure on right: r, = 0.79, P < 0.005; curved 
lines = 95% confidence interval, E' =viscous component of whole 
blood viscosity, E" = elastic component of whole blood viscosity) 
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nent of whole blood viscosity, increased tl~roughout the 
investigated shear rates between 1 . s-I and 100 . s-I. Al- 
though not enough data were available for higher B-Pb 
concentrations, it seems that this dependency is more 
likely sigmoidal than linear (figure 3). Qualitatively, 
these viscoelastic curves imply erythrocytes showing an 
enhanced rigidity (18-20). Biochemical investigations 
have demonstrated that erythrocyte cholesterol is in- 
creased in lead-exposed workers (I I )  and that the fluidi- 
ty of the cholesterol-enriched erythrocytes is decreased 
(21). Moreover, in vitro experi~nents have shown that the 
membrane viscosity of erythrocytes is increased after 
incubation of ghost membranes for erythrocytes with 
lead for 1 h (22). Recent electropl~ysiological studies 
have shown that lead (active from the inside of the eryth- 
rocytes) can mimic Ca2+ ions and activate calcium-de- 
pendent potassium channels in erythrocytes even at low 
concentrations (23-25). The enhanced potassium efflux 
and additional water transport influence the stability and 
rheological properties of erythrocytes (23) and result in 
cell shrinkage. In addition impaired cellular deformabili- 
ty is an important determinant of erythrocyte lifespan in 
vivo (26) and seems to be one contributing factor for 
anemia in patients with high B-Pb concentrations (1). 
Thus our results support these findings. 

Although EDTA, used for the anticoagulation of 
blood samples, may influence both the rigidity of eryth- 
rocytes and the Ca" shift, the principal modulation of 
viscoelastic components in lead exposure still seems 
valid because identical EDTA concentrations were used 
for the samples from the lead-exposed and lead-unex- 
posed workers. For clarifying this point, comparisons 
with different anticoagulants like heparin or hirudin 
should be investigated. 

As lead decreases erythrocyte-bound ALA-D activi- 
ty, the negative correlation between ALA-D and the com- 
ponents of whole blood viscosity is not surprising, but 
the enzymatic reduction may in turn contribute to a de- 
creased flexibility of erytl~rocytes. 

0 1 2 3 4 5  
€3-Pb @mol.l-') 

Figure 3. Sigmoidal curve fit between blood lead (B-Pb) and c" for the 
lead exposed & unexposed workers at a shear rate of 5 .  s-I (broken 
line). (Filled circle = mean value * SD of the B-Pb concentration of the 
unexposed workers, E" = elastic component of whole blood viscosity) 

With the assumption that, at higher shear rates, ag- 
gregates of erythrocytes disrupt and the dissipation of 
energy is dominated by elongation and orientation, an 
aggregation and a filtration index for erythrocytes can be 
calculated (mentioned in the Methods section). Both pa- 
rameters are significantly increased. 111 terms of flexibili- 
ty, this finding is in agreement with that of Chabanel et a1 
(21) and was also found in rats experimentally exposed 
to lead (27). Concerning increased aggregation, no data 
are available. However, it seems that the first site of lead 
fixation is the outer erythrocyte membrane. The lead 
particles are probably aggregated on the cell surface as a 
particulate from the lead phosphate (1, 28), which may 
enhance the aggregation tendency of the erythrocytes. 

Increased blood viscosity is known to be an inde- 
pendent rislt factor for cerebral or cardiovascular dis- 
eases and has been recognized in hypertension and renal 
diseases (29). For lead exposure, conflicting epidemio- 
logic, clinical, and experimental studies exist concerning 
atherogenesis and impaired cholesterol metabolism (30- 
33). From our data no differences in plasma cholesterol, 
the high-density or low-density lipoprotein fraction, or 
triglycerides were seen for the lead-exposed workers, 
and no lead dose-dependency was found with these pa- 
rameters. Individual life-style and nutritional habits may 
mask experimental findings. At least in rats small doses 
of lead induced an impaired lipid metabolism in rats 
(34). 

In co~lclusion, the data may contribute to the under- 
standing of the increased rislt of lead-exposed persons 
from the hemorheological point of view. The investigat- 
ed group was young and healtlly, and elevated whole 
blood viscosity that was lead dependent should not have 
acted as a harmful risk for them, especially not at a B-Pb 
of < 1.93 pmol . 1-I. However, combined with advanced 
age and atherosclerotic and metabolic diseases (eg, over- 
weight, impaired lipid metabolisn~, diabetes, etc) the 
lead-dependent increase in blood viscosity and the ag- 
gregation of erythrocytes may contribute to impaired 
heinorheology and predispose these subjects to micro- 
vascular occlusion. 

The author would like to thank Ms J Jager for her excel- 
lent and skillful assistance in measuring the lead concen- 
trations in blood and urine. 
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