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Abstract

Objectives

Blood rheology plays a key role in the pathophysiology of sickle cell anaemia (SS) and
sickle cell haemoglobin C disease (SC), but its evolution over the lifespan is unknown.

Materials and Methods

Blood viscosity, red blood cell (RBC) deformability and aggregation, foetal haemoglobin
(HbF) and haematocrit were measured in 114 healthy individuals (AA), 267 SS (161 chil-
dren + 106 adults) and 138 SC (74 children + 64 adults) patients.

Results

Our results showed that 1) RBC deformability is at its maximal value during the early years
of life in SS and SC populations, mainly because HbF level is also at its peak, 2) during
childhood and adulthood, hydroxycarbamide treatment, HbF level and gender modulated
RBC deformability in SS patients, independently of age, 3) blood viscosity is higher in older
SS and SC patients compared to younger ones and 4) haematocrit decreases as SS
patients age.
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Conclusion

The hemorheological changes detected in older patients could play a role in the progressive
development of several chronic disorders in sickle cell disease, whose prevalence
increases with age. Retarding these age-related haemorheological impairments, by using
suitable drugs, may minimize the risks of vaso-occlusive events and chronic disorders.

Introduction

Sickle cell disease (SCD) is a severe monogenic hereditary haemoglobin disorder characterized
by chronic haemolytic anaemia and the occurrence of frequent, painful vaso-occlusive events.

In addition, SCD patients experience progressive chronic organ damage and dysfunction with

ageing.

The pathophysiology of SCD is complex and involves several factors such as impaired vas-
cular reactivity, inflammation, oxidative stress, abnormal vascular adhesion and coagulation,
and altered blood rheology [1,2,3,4,5,6]. Impaired blood rheology plays a key role in both acute
and chronic complications in sickle cell anaemia (SS) and sickle cell haemoglobin C disease
(SG; [3]). Decreased red blood cell (RBC) deformability is associated with leg ulcers [7], pria-
pism [8] and glomerulopathy [9] in SS and with retinopathy in SC [10], while blood hyper-vis-
cosity increases the risk of acute painful vaso-occlusive crises in SS [11,12] and otologic
disorders in SC [10].

The evolution of several haematological indices, as well as foetal haemoglobin (HbF) level (a
strong modulator of clinical severity in SS), have been well described in SCD populations from
birth to adulthood and during ageing [13,14,15]. It has previously been shown that blood rhe-
ology may be influenced by age in the general population with blood viscosity and RBC aggre-
gation increasing, and RBC deformability decreasing, with age [16]. However, the impact of
age on the blood rheological characteristics of SCD patients has never been investigated until
now. In the present study, we compared several blood rheological parameters between two
large cohorts of SS and SC patients who were regularly examined in Lyon (France) and Pointe-
a-Pitre (Guadeloupe, French West Indies), stratified according to age categories ranging from
birth to more than 60 years of age.

Design and Methods
Patients

Four hundred and five SCD patients (165 from Lyon (France), and 240 from Pointe a Pitre
(Guadeloupe, French West Indies)) were included in this study: 267 SS (161 children + 106
adults) and 138 SC (74 children + 64 adults). Diagnosis of SS and SC was made by isoelectrofo-
cusing (Multiphor II"™ System, GE HEALTH CARE, Buck, UK), citrate agar electrophoresis,
and cation-exchange high performance liquid chromatography (VARIANT™, Bio-Rad Labora-
tories, Hercules, CA, USA). SS status was confirmed by DNA studies [17]. All patients were in
steady-state condition at the time of the study: no blood transfusion in the previous three
months and absence of acute episodes (infection, vaso-occlusive crises, acute chest syndrome,
stroke, priapism) for at least two months before inclusion in the study. A control group (AA)
from the same ethnic origin as the SCD patients was composed of 114 healthy individuals (48
males and 66 females) between the ages of 15 and 79 years old. All individuals were informed
of the purpose and the procedures of the study, and gave their written consent. The study was
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conducted in accordance with the guidelines set by the Declaration of Helsinki and was
approved by the Regional Ethics Committees “CPP Sud/Ouest Outre Mer III, Bordeaux,
France” (registration numbers: 2010-A00244-35 and 2009-A00211-56) and the “Hospices
Civils de Lyon—CPP Est” Ethics committee (L14-127), for Pointe-a-Pitre (Guadeloupe) and
Lyon (France), respectively.

Haemorheological parameters

Blood viscosity was measured after complete oxygenation of the blood, at native haematocrit
(Hct), at 25°C and at a shear rate of 225 s~ using a cone/plate viscometer (Brookfield DVII+
with CPE40 spindle, Brookfield Engineering Labs, Natick, MA) [18]. Hct was determined by
microcentrifugation as recommended [18].

RBC deformability was determined at 37°C at 3 and 30 Pascals (Pa) by laser diffraction anal-
ysis (ecktacytometry), using the Laser-assisted Optical Rotational Cell Analyzer (LORRCA
MaxSis, RR Mechatronics, Hoorn, The Netherlands). The system has been described elsewhere
in detail [18]. Briefly, 25 pl of prepared blood suspension was mixed with 5 ml polyvinylpyrro-
lidone (PVP; viscosity = 30 cP) and sheared into a Couette system made of glass. The diffrac-
tion pattern was analysed by the computer and an elongation index was calculated. An increase
of the elongation index indicates greater RBC deformability [18]. We strictly followed the
recent methodological recommendations for RBC deformability measurement in SCD by ekta-
cytometry [19].

RBC aggregation properties were determined at 37°C by laser backscatter method, using the
LORRCA MaxSis (RR Mechatronics, Hoorn, The Netherlands), after adjustment of the Hct to
40% with autologous plasma [18,20]. Blood was inserted into the Couette system of the
LORRCA and the RBC aggregates strength was determined using a re-iteration procedure [20]:
7 separate pre-defined shear rates between 7.5 s and 800 s were applied on the RBC suspen-
sion, with or without alternating disaggregation shear rate, to locate the minimal shear rate
needed to prevent RBC aggregation.

Statistical analysis

Age categories were constituted as follows: 0-3, 3-5, 5-10, 10-15, 15-20 and then by 10-year
bands. The number of individuals per age categories was: 0-3 (25 SS, 6 SC), 3-5 (15 SS, 6 SC),
5-10 (50 SS, 20 SC), 10-15 (56 SS, 34 SC), 15-20 (31 SS, 14 SC, 10 AA), 20-30 (27 SS, 20 SC,

11 AA), 30-40 (34 SS, 19 SC, 18 AA), 40-50 (15 SS, 12 SC, 23 AA), 50-60 (14 SS, 7 SC, 19 AA)
and 60-70 (5 SC, 33 AA) yrs old. RBC deformability and blood viscosity values for healthy
individuals younger than 15 yrs old were recorded from previous reports using the same
devices as those used in the present study [21,22,23]. Analysis of variances with post-hoc
Tukey test was used to compare the different parameters between the 3 populations across the
different age categories. The distribution of gender and hydroxycarbamide treatment in the dif-
ferent age categories was evaluated by a chi-square test. Independent student t test was used to
test the effects of gender and hydroxycarbamide on the biological parameters in SC and SS
patients. Pearson’s test was used to test for the presence of correlations between biological
parameters. Multivariate linear regression models were performed to identify which covariates
independently associated with the changes in hemorheological parameters with ageing. The
significance level was defined as p < 0.05. Data are displayed as means + SD. Statistical analyses
were conducted using SPSS software (version 20, IBM SPSS Statistics, Chicago, IL, USA).
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Results
Effects of age

Fig 1A shows the HbF values for the different age categories in SS and SC patients. HbF was
not significantly different between SS and SC in the 0-3 yrs old band, however HbF was sys-
tematically higher in SS than in SC for the older age categories (p < 0.05 to 0.001). For both
groups (SS and SC), HbF values were maximal between 0 and 3 yrs old, and then were lower in
the older age groups in SS (p < 0.001) and SC (p < 0.001). HbF values did not differ between
the different age categories after 10 and 15 yrs old in SS and SC individuals, respectively. Hct
(Fig 1B) was higher in AA than in SS and SC at all time points (p < 0.001), and higher in SC
than in SS at all time points (p < 0.001). No difference in Hct was observed between the differ-
ent age categories in SC or AA. In contrast, we observed an age category group effect for Hct in
SS (p < 0.05) and Hct was significantly lower at 50-60 yrs old compared to 0-3 yrs old

(p < 0.001).

Blood viscosity was lower in SS compared to AA and SC within the 0-3 yrs old age group
(Fig 1C, p < 0.05). In SS (p < 0.001) and SC (p < 0.001), blood viscosity increased between
each age category until 30-40 (SS) and 20-30 (SC) yrs old, at which point it stabilized at values
higher than those measured in the younger categories. Blood viscosity of AA did not differ
between the different age bands. Blood viscosity of AA and SS were not different within each
age category that was tested, other than the 0-3 yrs old category. In contrast, blood viscosity
was higher in SC than SS for all age categories from 5-10 to 50-60 yrs old (p < 0.05 to 0.001),
and higher than AA for all age categories from 20-30 to > 60 yrs old (p < 0.01 to 0.001).

At 3 Pa, RBC deformability was higher in AA than in SS and SC, for all age categories con-
sidered (Fig 1D, p < 0.001). No differences were observed between SS and SC at this shear
stress. RBC deformability at 3 Pa did not differ between age categories tested in AA. In contrast,
we observed lower RBC deformability in the older compared to the younger age categories in
SS and SC (p < 0.001), and more specifically when comparing the 0-3 with the 3-5 and 5-10
yrs bands (p < 0.05 to 0.001). Nevertheless, RBC deformability was also significantly lower in
the late age category tested in SS compared to the 5-10 yrs band (p < 0.05). In the SC popula-
tion, we noted a difference between the 5-10 yrs band and the 50-60 yrs band (p < 0.05) but
not with the oldest category tested (i.e. > 60 yrs old).

At 30 Pa, RBC deformability was still lower in SS and SC compared to AA for all age catego-
ries (Fig 1E, p < 0.001). On the whole, we also observed a lower RBC deformability in SS than
in SC patients (group effect: p < 0.001). However, when examined in more detail, the differ-
ence in RBC deformability between SS and SC patients reached statistical significance for the
age categories 3-5, 10-15, 15-20 and 20-30 yrs old (p < 0.05 to 0.001). While RBC deformabil-
ity at 30 Pa did not differ between the age categories tested in AA, we observed an effect of age
categories in SS and SC (p < 0.001). As for RBC deformability determined at 3 Pa, RBC
deformability measured at 30 Pa was higher at 0-3 yrs old compared to 3-5 yrs old in SS
(p < 0.01) and 5-10 yrs old in SC (p < 0.01). Nevertheless, we also observed lower RBC
deformability in SS patients from the 20-30 and 40-50 yrs old bands compared to patients
from the 3-5 and 5-10 yrs old categories (p < 0.05). In SC, we observed lower RBC deform-
ability in the 40-50 and 50-60 yrs old categories compared to the 5-10 yrs old band (p < 0.05).

In SS, HbF significantly correlated with RBC deformability at 3 (r = 0.54, p < 0.001) and 30
Pa (r=0.46, p < 0.001) and with Hct (r = 0.43, p < 0.001). In addition Hct and RBC deform-
ability were positively correlated (r = 0.54, p < 0.001 for the two shear stresses). In SC, HbF
positively correlated with RBC deformability at 3 (r = 0.36, p < 0.001) and 30 Pa (r = 0.30,

p < 0.01). Hct and RBC deformability at 30 Pa were also significantly correlated (r = 0.21,
p < 0.05).
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Fig 1. 1A) Comparisons of foetal haemoglobin (HbF) between SS and SC patients at different age categories; 1B) Comparisons of haematocrit
between controls (AA), SS and SC patients at different age categories; 1C) Comparisons of blood viscosity between AA, SS and SC patients at
different age categories. °Blood viscosity values from Mackintosh et al [22]; 1D) Comparisons of RBC deformability measured at 3 Pa between AA,
SS and SC patients at different age categories. "°RBC deformability values from Gurses et al [21] and Tancer-Elci et al [23]; 1E) Comparisons of RBC
deformability measured at 30 Pa between AA, SS and SC patients at different age categories. “°RBC deformability values from Gurses et al [21] and
Tancer-Elci et al [23]; 1F) Comparisons of RBC aggregates strength between AA, SS and SC patients at different age categories. Difference between
SSand SC (*p <0.05; **p < 0.01; ***p < 0.001), SS and AA (°p < 0.05; **p < 0.001), SC and AA (¥*p <0.01; ¥%%p < 0.001).

doi:10.1371/journal.pone.0158182.g001
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RBC aggregate strength did not differ between SS and SC but was systematically higher in
the two SCD groups compared to AA at any time point (Fig IF, p < 0.001). No difference
between the different age categories was observed for SS and SC patients but there was a main
effect of age category for RBC aggregates strength in AA (p < 0.05).

Effects of gender

The distribution of gender was not different between the age categories in the SS (3 = 11.92;

p = 0.20) and SC populations (x> = 15.67; p = 0.08). Table 1 summarizes the different biological
parameters in males and females in the two SCD populations. SS females displayed higher HbF
(p < 0.001), Hct (p < 0.05) and RBC deformability (p < 0.01 and p < 0.001 at 3 and 30 Pa,
respectively) than SS males. There was no difference between the proportion of males and
females undergoing hydroxycarbamide treatment (> = 0.143; p = 0.71). Removal of patients
under hydroxycarbamide treatment did not change the results (data not shown) and SS females
still displayed higher HbF (p < 0.001), Hct (p < 0.05) and RBC deformability (p < 0.001 at 3
and 30 Pa). No gender difference was observed in SC patients.

Effects of hydroxycarbamide

Since HbF decreased significantly until 10 yrs of age in SS subjects, the comparison of biological
parameters between SS patients treated by hydroxycarbamide and those who were not was per-
formed for individuals older than 10 yrs old (Table 2). The proportion of patients undergoing
hydroxycarbamide treatment did not differ between the different age categories analysed (i.e.
from 10-15 to 50-60 yrs old; x> = 2.52, p = 0.77). HbF (p < 0.05), RBC deformability at 3 and
30 Pa (p < 0.01) were higher and blood viscosity (p < 0.001) was lower in SS hydroxycarba-
mide-treated patients compared to those who were not treated. Inclusion of children between
the ages of 5 and 10 yrs old did not affect the results (data not shown).

Multivariate analyses

Multivariate linear regression models including age, gender, HbF and hydroxycarbamide treat-
ment were performed to test the independent determinants of Hct, RBC deformability and
blood viscosity in SS patients. For Hct, the model was statistically significant (R* = 0.203,

df =4, p < 0.001) and both age (beta = -0.124; 95% CI -0.001 to 0.000, p < 0.05) and HbF

Table 1. Effects of gender on haemorheological parameters in SS and SC patients.

HbF (%)
Hydroxycarbamide treatment (%)
Haematocrit
Blood viscosity (cP)

RBC deformability (3 Pa, a.u.)
RBC deformability (30 Pa, a.u.)
RBC aggregates strength (s™)

SS SC
Males (n = 122) Females (n = 145) Males (n =67) Females (n=71)
75+6.4 13.2+11.8*** 2.7+3.1 3.1+5.1
25.6 23.6 0 0
0.23+0.05 0.25+0.04* 0.32+0.03 0.31+0.02
5.15+1.32 5.34+1.37 6.64 +1.40 6.94 +1.30
0.18 £ 0.08 0.21 £0.06** 0.18 £0.03 0.18 £ 0.04
0.38+0.12 0.43 £0.10%** 0.44 +0.06 0.45+0.07
303 + 155 274 +136 298 £ 143 288+ 108

Means + SD. HbF, foetal haemoglobin. Significant difference between Males and Females:

*p <0.05
**p <0.01
**%p < 0,001

doi:10.1371/journal.pone.0158182.t1001
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Table 2. Effects of hydroxycarbamide on haemorheological parameters in SS patients older than 10 yrs old.

HbF (%)
Haematocrit
Blood viscosity (cP)
RBC deformability (3 Pa, a.u.)
RBC deformability (30 Pa, a.u.)
RBC aggregates strength (s™')

SS after 10 yrs old
Hydroxycarbamide + (n = 49) Hydroxycarbamide - (n = 128)
10.3+7.2 7.8 +£5.9%
0.24 £ 0.06 0.23+0.04
4.91+1.07 5.77 £ 1.26%**
0.20+0.06 0.17 £0.06**
0.42+0.10 0.37 £ 0.10**
287 + 157 289+ 130

Means + SD. HbF, foetal haemoglobin. Significant difference:

*p <0.05
**p < 0.01
*%%p < 0.001

doi:10.1371/journal.pone.0158182.t002

(beta = 0.401; 95% CI 0.001 to 0.002, p < 0.001) were independently associated. For RBC
deformability measured at 3 Pa, the model was statistically significant (R* = 0.346, df = 4,

p < 0.001): age (beta = -0.196; 95% CI -0.001 to 0.000, p < 0.01), HbF (beta = 0.461; 95% CI
0.002 to 0.004, p < 0.001) and hydroxycarbamide treatment (beta = -0.118; 95% CI -0.038 to
-0.001, p < 0.05) were independently associated, while gender was marginally associated

(beta = 0.101; 95% CI -0.002 to 0.031, p = 0.089). At 30 Pa, the model was still significant (R* =
0.265, df = 4, p < 0.001) and the 4 factors tested were independently associated with RBC
deformability: age (beta = -0.15; 95% CI -0.002 to 0.000, p < 0.05), HbF (beta = 0.373; 95% CI
-0.003 to 0.006, p < 0.001), hydroxycarbamide treatment (beta = -0.134; 95% CI -0.068 to
-0.004, p < 0.05) and gender (beta = 0.150; 95% CI 0.006 to 0.064, p < 0.05). For blood viscos-
ity, the model was statistically significant (R* = 0.153, df = 4, p < 0.001) but only age

(beta = 0.391; 95% CI 0.162 to 0.328, p < 0.001) remained independently associated.

Since HDbF stabilized after 10 yrs of age in SS patients, the same multivariate analyses were
performed after removing patients younger than 10 yrs old. For both Hct and blood viscosity,
the results were similar to those obtained previously (i.e., including patients younger than 10
yrs old; data not shown). For RBC deformability measured at 3 Pa, the model was statistically
significant (R* = 0.274, df = 4, p < 0.001) but age was not independently associated. Instead,
HbF (beta = 0.391; 95% CI 0.002 to 0.004, p < 0.001) and hydroxycarbamide treatment (beta =
-0.149; 95% CI -0.040 to -0.001, p < 0.05) remained independently associated with RBC
deformability, and gender was still marginally associated (beta = 0.142; 95% CI -0.002 to 0.036,
p = 0.078). At 30 Pa, the model was still significant (R* = 0.208, df = 4, p < 0.001) and the same
results for RBC deformability at 3 Pa were observed: HbF (beta = 0.334; 95% CI 0.003 to 0.008,
p < 0.001) and hydroxycarbamide treatment (beta = -0.122; 95% CI -0.061 to 0.004, p < 0.05)
were independently associated, and gender was marginally associated (beta = 0.143; 95% CI
-0.004 to 0.063, p = 0.087).

None of the SC patients was under hydroxycarbamide medication. Moreover, no effect of
gender was observed in the SC population. Indeed, multivariate linear regression models
including age and HbF were only performed to test the independent determinants of RBC
deformability and blood viscosity in SC patients. The models tested for RBC deformability at
both 3 (R* = 0.189, df = 2, p < 0.001) and 30 Pa (R* = 0.177, df = 2, p < 0.001) were significant,
and both age (3 Pa: beta = -0.263; 95% CI -0.001 to 0.000, p < 0.01; 30 Pa: beta = -0.314; 95%
CI-0.002 to 0.000, p < 0.01) and HbF (3 Pa: beta = 0.264; 95% CI 0.001 to 0.004, p < 0.01; 30
Pa: beta = 0.200; 95% CI 0.001 to 0.006, p < 0.05) were independently associated with RBC
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deformability. For blood viscosity, the model was significant (R* = 0.142, df = 2, p < 0.01) and
only age (beta = 0.341; 95% CI 0.011 to 0.044, p < 0.01) was independently associated.

When multivariate analyses were performed after removal of SC patients younger than 10
yrs old, the model including age and HbF to predict RBC deformability at 3 Pa was not signifi-
cant. In contrast, the model to predict RBC deformability at 30 Pa was significant (R* = 0.071,
df =2, p < 0.05) and only age (beta =-0.261; 95% CI -0.002 to 0.000, p < 0.05) was indepen-
dently associated. The multivariate model focusing on blood viscosity remained significant (R*
=0.072, df = 2, p < 0.05) with age (beta = 0.222; 95% CI 0.000 to 0.036, p < 0.05) indepen-
dently associated.

Finally, since blood viscosity may be affected by Hct and RBC rheological properties [3],
another multivariate analysis was performed, depending on the shear rate used, to identify
which covariates (RBC deformability, RBC aggregate strength and Hct) were independently
associated with blood viscosity in SS and SC. The model including these 3 covariates was signif-
icant for both groups (R* =0.12, df = 3, p < 0.001 and R* = 0.26, df = 3, p < 0.001 in SS and
SC, respectively) and both RBC deformability (beta = -0.28; 95% CI -5.26 to -1.29, p < 0.01
and beta = -0.51; 95% CI -14.38 to -7.24; p < 0.001 in SS and SC, respectively) and Hct
(beta = 0.33;95% CI 4.88 to 13.63; p < 0.001 and beta = 0.23; 95%CI 2.70 to 18.87; p < 0.01 in
SS and SC respectively) remained independently associated with blood viscosity.

Discussion

This report is the largest cross-sectional study to date that focuses on blood rheological charac-
teristics of patients with sickle cell anaemia and sickle cell haemoglobin C disease from birth to
50-60 yrs old. Our main findings were that 1) RBC deformability peaks during the early years
of life in SS and SC populations, mainly because HbF level is also at its peak, 2) during child-
hood and adulthood, hydroxycarbamide treatment, HbF level and gender modulate RBC
deformability in SS patients, 3) blood viscosity is higher in older SS and SC patients than in
younger ones and 4) haematocrit is affected by age category in SS patients.

HDF is the predominant haemoglobin from early gestation until 2 months after birth in
individuals without haemoglobinopathy. In SS, the replacement of HbF by abnormal haemo-
globin (i.e., HbS) is delayed and HbF levels usually remain elevated compared to healthy indi-
viduals [24], with higher HbF levels in SS females than in SS males [25] as detected in our
study. The switch from HbF to abnormal haemoglobin in the early years in both SS and SC
patients is usually concomitant with the first clinical expressions of the disease [24,26]. Our
findings demonstrated that the decrease of HbF within the first age categories is also accompa-
nied by a decrease in RBC deformability. After 10 yrs old, age was no longer a predictor of RBC
deformability in SS patients, instead this hemorheological parameter was primarily affected by
the level of HbF, gender, and hydroxycarbamide treatment. Of note, even after removal of
patients under hydroxycarbamide medication, HbF level remains independently associated
with RBC deformability in SS patients (data not shown). Therapies promoting the synthesis of
HDbF and the production of F-cells are of particular interest in decreasing the clinical severity of
the complications experienced by SS patients [27]. Our findings showing that SS patients
treated with hydroxycarbamide had higher HbF levels than those who were not treated are in
agreement with previous studies [27,28]. The increased HbF levels caused by hydroxycarba-
mide treatment are the root cause of the increase in RBC deformability found in treated versus
untreated patients, underlining the beneficial haemorheological effects of this drug, which ulti-
mately improve tissue perfusion and decrease the risk of vaso-occlusive events [29].

Blood viscosity is a key determinant of peripheral vascular resistance. In SS, blood hyper-
viscosity has been found to predict the frequency of vaso-occlusive crises because vascular
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reactivity is completely blunted and cannot compensate for any elevation in blood viscosity
[3,11,12,30]. In SS patients, the lower levels of Hct observed in the oldest age category would
theoretically result in lower blood viscosity during this period of life. However, we observed
higher blood viscosity in the oldest age categories in SS, as well as in SC. In multivariate analy-
ses, age remained the only factor independently associated with blood viscosity. This higher
blood viscosity observed in older patients could play a role in the progressive development of
chronic disorders such as osteonecrosis and retinopathy, whose prevalence increases with age
in both SS and SC patients [10,31]. The reasons for the higher blood viscosity in older SS and
SC patients compared to younger ones are unknown, but the results from the multivariate anal-
yses also suggest that the lower RBC deformability observed in older patients is, at least partly,
responsible for the high blood viscosity.

Previous studies reported RBC aggregation abnormalities in SCD compared to controls
[3,32]. The present work confirms in a large group of SS and SC patients that pre-formed SCD
RBC aggregates are stickier and more robust than those in AA controls. While RBC aggregate
strength differed between the different age categories in AA, none of the factors tested in this
study affected this parameter in SS and SC patients. The role of abnormal RBC aggregation in
SCD pathophysiology has been poorly studied, but Lamarre et al [9] found increased RBC
aggregate strength in SS patients with glomerulopathy compared to those without. In another
study, Lamarre et al [30] also found increased RBC aggregate robustness in SC patients who
had previously developed acute chest syndrome compared to those who had never exhibited
this complication. Elevated RBC aggregate strength is thought to increase flow resistance at the
entry of capillaries as RBC aggregates need to be completely dispersed before they can enter
and negotiate small capillaries [33].

In conclusion, to the best of our knowledge, our study is the first to describe the haemorheo-
logical profile of large groups of SS and SC patients at different ages. Delaying age-related hae-
morheological impairments, via the use of drugs such as hydroxycarbamide, may help
minimize the risks of vaso-occlusive events and chronic disorders.

Author Contributions

Conceived and designed the experiments: CR MR PJ NL YL XW CM MDHD VP PC. Per-
formed the experiments: CR MR PJ CR PJ SF EN CF NL SS YL XW MDHD PC. Analyzed the
data: CR MR P] NL CM VP PC. Wrote the paper: CR MR P] CM VP PC. Recruited the
patients: NL NG ME] YB MP GC AH LDD DC AG KK. Carefully revised the draft: SF CF NL
SSNG ME] YB MP GC LDD DC YL AG XW AH KK MDHD. Approved the submitted final
version: CR MR PJ SF CF NL SS NG ME]J YB MP GCLDD DC YL AH EN AG XW KK CM
MDHD VP PC.

References

1. Chirico EN, Pialoux V (2012) Role of oxidative stress in the pathogenesis of sickle cell disease. [UBMB
Life 64: 72-80. doi: 10.1002/iub.584 PMID: 22131167

2. ColinY,Le Van Kim C, El Nemer W (2014) Red cell adhesion in human diseases. Curr Opin Hematol
21:186-192. doi: 10.1097/MOH.0000000000000036 PMID: 24572988

3. Connes P, Alexy T, Detterich J, Romana M, Hardy-Dessources MD, Ballas SK (2015) The role of blood
rheology in sickle cell disease. Blood Rev.

4. Ferrone FA (2015) The delay time in sickle cell disease after 40 years: A paradigm assessed. Am J
Hematol 90: 438—445. doi: 10.1002/ajh.23958 PMID: 25645011

5. Kato GJ, Gladwin MT, Steinberg MH (2007) Deconstructing sickle cell disease: reappraisal of the role
of hemolysis in the development of clinical subphenotypes. Blood Rev 21: 37—47. PMID: 17084951

6. Noubouossie D, Key NS, Ataga Kl (2015) Coagulation abnormalities of sickle cell disease: Relationship
with clinical outcomes and the effect of disease modifying therapies. Blood Rev.

PLOS ONE | DOI:10.1371/journal.pone.0158182 June 29, 2016 9/11


http://dx.doi.org/10.1002/iub.584
http://www.ncbi.nlm.nih.gov/pubmed/22131167
http://dx.doi.org/10.1097/MOH.0000000000000036
http://www.ncbi.nlm.nih.gov/pubmed/24572988
http://dx.doi.org/10.1002/ajh.23958
http://www.ncbi.nlm.nih.gov/pubmed/25645011
http://www.ncbi.nlm.nih.gov/pubmed/17084951

@’PLOS ‘ ONE

Blood Rheology in Sickle Cell Disease

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

Connes P, Lamarre Y, Hardy-Dessources MD, Lemonne N, Waltz X, Mougenel D, et al. (2013)
Decreased hematocrit-to-viscosity ratio and increased lactate dehydrogenase level in patients with
sickle cell anemia and recurrent leg ulcers. PLoS One 8: €79680. doi: 10.1371/journal.pone.0079680
PMID: 24223994

Cita KC, Brureau L, Lemonne N, Billaud M, Connes P, Ferdinand S, et al. (2016) Men with Sickle Cell
Anemia and Priapism Exhibit Increased Hemolytic Rate, Decreased Red Blood Cell Deformability and
Increased Red Blood Cell Aggregate Strength. PLoS One 11: e0154866. doi: 10.1371/journal.pone.
0154866 PMID: 27145183

Lamarre Y, Romana M, Lemonne N, Hardy-Dessources MD, Tarer V, Mougenel D, et al. (2014) Alpha
thalassemia protects sickle cell anemia patients from macro-albuminuria through its effects on red
blood cell rheological properties. Clin Hemorheol Microcirc 57: 63-72. doi: 10.3233/CH-131772 PMID:
24004554

Lemonne N, Lamarre Y, Romana M, Hardy-Dessources MD, Lionnet F, Waltz X, et al. (2014) Impaired
blood rheology plays a role in the chronic disorders associated with sickle cell-hemoglobin C disease.
Haematologica 99: 74—75. doi: 10.3324/haematol.2014.104745 PMID: 24633868

Charlot K, Romana M, Moeckesch B, Jumet S, Waltz X, Divialle-Doumdo L, et al. (2016) Which side of
the balance determines the frequency of vaso-occlusive crises in children with sickle cell anemia:
Blood viscosity or microvascular dysfunction? Blood Cells Mol Dis 56: 41-45. doi: 10.1016/j.bcmd.
2015.10.005 PMID: 26603723

Nebor D, Bowers A, Hardy-Dessources MD, Knight-Madden J, Romana M, Reid H, et al. (2011) Fre-
quency of pain crises in sickle cell anemia and its relationship with the sympatho-vagal balance, blood
viscosity and inflammation. Haematologica 96: 1589—-1594. doi: 10.3324/haematol.2011.047365
PMID: 21750084

Morris J, Dunn D, Beckford M, Grandison Y, Mason K, Higgs D, et al. (1991) The haematology of homo-
zygous sickle cell disease after the age of 40 years. Br J Haematol 77: 382-385. PMID: 1707292

Serjeant GR, Grandison Y, Lowrie Y, Mason K, Phillips J, Serjeant BE, et al. (1981) The development
of haematological changes in homozygous sickle cell disease: a cohort study from birth to 6 years. BrJ
Haematol 48: 533-543. PMID: 7272216

Stevens MC, Maude GH, Beckford M, Grandison Y, Mason K, Serjeant BE, et al. (1985) Haematologi-
cal change in sickle cell-haemoglobin C disease and in sickle cell-beta thalassaemia: a cohort study
from birth. Br J Haematol 60: 279-292. PMID: 4005180

Simmonds MJ, Detterich JA, Connes P (2014) Nitric oxide, vasodilation and the red blood cell. Bior-
heology 51:121-134. doi: 10.3233/BIR-140653 PMID: 24819865

Tarer V, Etienne-Julan M, Diara JP, Belloy MS, Mukizi-Mukaza M, Elion J, et al. (2006) Sickle cell ane-
mia in Guadeloupean children: pattern and prevalence of acute clinical events. Eur J Haematol 76:
193-199. PMID: 16451394

Baskurt OK, Boynard M, Cokelet GC, Connes P, Cooke BM, Forconi S, et al. (2009) New guidelines for
hemorheological laboratory techniques. Clin Hemorheol Microcirc 42: 75-97. doi: 10.3233/CH-2009-
1202 PMID: 19433882

Renoux C, Parrow N, Faes C, Joly P, Hardeman M, Tisdale J, et al. (2015) Importance of methodologi-
cal standardization for the ektacytometric measures of red blood cell deformability in sickle cell anemia.
Clin Hemorheol Microcirc.

Hardeman MR, Dobbe JG, Ince C (2001) The Laser-assisted Optical Rotational Cell Analyzer
(LORCA) as red blood cell aggregometer. Clin Hemorheol Microcirc 25: 1—11. PMID: 11790865

Gurses D, Parlaz N, Bor-Kucukatay M, Kucukatay V, Erken G (2014) Evaluation of Oxidative Stress
and Erythrocyte Properties in Children with Henoch-Shoenlein Purpura. Iran J Pediatr 24: 166—172.
PMID: 25535535

Mackintosh TF, Walker CH (1973) Blood viscosity in the newborn. Arch Dis Child 48: 547-553. PMID:
4719111

Tancer-Elci H, Isik-Balci Y, Bor-Kucukatay M, Kilic-Toprak E, Kilic-Erkek O, Senol H, et al. (2015) Inves-
tigation of hemorheological parameters at the diagnosis and the follow-up of nutritional vitamin B12
deficient children. Clin Hemorheol Microcirc 60: 273-282. doi: 10.3233/CH-131740 PMID: 23719423

Akinsheye |, Alsultan A, Solovieff N, Ngo D, Baldwin CT, Sebastiani P, et al. (2011) Fetal hemoglobin in
sickle cell anemia. Blood 118: 19-27. doi: 10.1182/blood-2011-03-325258 PMID: 21490337

Steinberg MH, Hsu H, Nagel RL, Milner PF, Adams JG, Benjamin L, et al. (1995) Gender and haplotype
effects upon hematological manifestations of adult sickle cell anemia. Am J Hematol 48: 175-181.
PMID: 7532353

Serjeant GR (2013) The natural history of sickle cell disease. Cold Spring Harb Perspect Med 3:
a011783. doi: 10.1101/cshperspect.a011783 PMID: 23813607

PLOS ONE | DOI:10.1371/journal.pone.0158182 June 29, 2016 10/11


http://dx.doi.org/10.1371/journal.pone.0079680
http://www.ncbi.nlm.nih.gov/pubmed/24223994
http://dx.doi.org/10.1371/journal.pone.0154866
http://dx.doi.org/10.1371/journal.pone.0154866
http://www.ncbi.nlm.nih.gov/pubmed/27145183
http://dx.doi.org/10.3233/CH-131772
http://www.ncbi.nlm.nih.gov/pubmed/24004554
http://dx.doi.org/10.3324/haematol.2014.104745
http://www.ncbi.nlm.nih.gov/pubmed/24633868
http://dx.doi.org/10.1016/j.bcmd.2015.10.005
http://dx.doi.org/10.1016/j.bcmd.2015.10.005
http://www.ncbi.nlm.nih.gov/pubmed/26603723
http://dx.doi.org/10.3324/haematol.2011.047365
http://www.ncbi.nlm.nih.gov/pubmed/21750084
http://www.ncbi.nlm.nih.gov/pubmed/1707292
http://www.ncbi.nlm.nih.gov/pubmed/7272216
http://www.ncbi.nlm.nih.gov/pubmed/4005180
http://dx.doi.org/10.3233/BIR-140653
http://www.ncbi.nlm.nih.gov/pubmed/24819865
http://www.ncbi.nlm.nih.gov/pubmed/16451394
http://dx.doi.org/10.3233/CH-2009-1202
http://dx.doi.org/10.3233/CH-2009-1202
http://www.ncbi.nlm.nih.gov/pubmed/19433882
http://www.ncbi.nlm.nih.gov/pubmed/11790865
http://www.ncbi.nlm.nih.gov/pubmed/25535535
http://www.ncbi.nlm.nih.gov/pubmed/4719111
http://dx.doi.org/10.3233/CH-131740
http://www.ncbi.nlm.nih.gov/pubmed/23719423
http://dx.doi.org/10.1182/blood-2011-03-325258
http://www.ncbi.nlm.nih.gov/pubmed/21490337
http://www.ncbi.nlm.nih.gov/pubmed/7532353
http://dx.doi.org/10.1101/cshperspect.a011783
http://www.ncbi.nlm.nih.gov/pubmed/23813607

@’PLOS ‘ ONE

Blood Rheology in Sickle Cell Disease

27.

28.

29.

30.

31.

32.

33.

Charache S, Terrin ML, Moore RD, Dover GJ, Barton FB, Eckert SV, et al. (1995) Effect of hydroxyurea
on the frequency of painful crises in sickle cell anemia. Investigators of the Multicenter Study of
Hydroxyurea in Sickle Cell Anemia. N Engl J Med 332: 1317—-1322. PMID: 7715639

Ware RE (2010) How | use hydroxyurea to treat young patients with sickle cell anemia. Blood 115:
5300-5311. doi: 10.1182/blood-2009-04-146852 PMID: 20223921

Lemonne N, Charlot K, Waltz X, Ballas SK, Lamarre Y, Lee K, et al. (2015) Hydroxyurea treatment
does not increase blood viscosity and improves red blood cell rheology in sickle cell anemia. Haemato-
logica 100: e383—-386. doi: 10.3324/haematol.2015.130435 PMID: 26137960

Lamarre Y, Romana M, Waltz X, Lalanne-Mistrih ML, Tressieres B, Divialle-Doumdo L, et al. (2012)
Hemorheological risk factors of acute chest syndrome and painful vaso-occlusive crisis in children with
sickle cell disease. Haematologica 97: 1641-1647. doi: 10.3324/haematol.2012.066670 PMID:
22689686

Serjeant GR (1995) Natural history and determinants of clinical severity of sickle cell disease. Curr
Opin Hematol 2: 103—108. PMID: 9371979

Tripette J, Alexy T, Hardy-Dessources MD, Mougenel D, Beltan E, Chalabi T, et al. (2009) Red blood
cell aggregation, aggregate strength and oxygen transport potential of blood are abnormal in both
homozygous sickle cell anemia and sickle-hemoglobin C disease. Haematologica 94: 1060—-1065. doi:
10.3324/haematol.2008.005371 PMID: 19644138

Baskurt OK, Meiselman HJ (2008) RBC aggregation: more important than RBC adhesion to endothelial
cells as a determinant of in vivo blood flow in health and disease. Microcirculation 15: 585-590. doi: 10.
1080/10739680802107447 PMID: 18608991

PLOS ONE | DOI:10.1371/journal.pone.0158182 June 29, 2016 11/11


http://www.ncbi.nlm.nih.gov/pubmed/7715639
http://dx.doi.org/10.1182/blood-2009-04-146852
http://www.ncbi.nlm.nih.gov/pubmed/20223921
http://dx.doi.org/10.3324/haematol.2015.130435
http://www.ncbi.nlm.nih.gov/pubmed/26137960
http://dx.doi.org/10.3324/haematol.2012.066670
http://www.ncbi.nlm.nih.gov/pubmed/22689686
http://www.ncbi.nlm.nih.gov/pubmed/9371979
http://dx.doi.org/10.3324/haematol.2008.005371
http://www.ncbi.nlm.nih.gov/pubmed/19644138
http://dx.doi.org/10.1080/10739680802107447
http://dx.doi.org/10.1080/10739680802107447
http://www.ncbi.nlm.nih.gov/pubmed/18608991

