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320 BIOLOGICAL AND FUNCTIONAL MARKERS IN SICKLE CELL ANAEMIA
biomarkers are needed to predict SCA clinical expression to adapt patient manage-
ment, especially in Africa, where healthcare resources are scarce.

KEYWORDS
blood viscosity, haemoglobinopathies, haemolysis, sickle cell anaemia, sub-Saharan Africa, vascular
complications

INTRODUCTION Our project combines an epidemiological approach to

Sickle cell disease (SCD) is the most common monogenic
disease in the world due to a single mutation in the $-globin
gene. Under deoxygenated conditions, the abnormal hae-
moglobin S (HbS) polymerizes and causes the red blood
cells (RBCs) to distort into a crescent-like shape.1 The loss
of RBC deformability participates in vaso-occlusion events.
Still, other key cellular actors, such as activated vascular
endothelium, adherent reticulocytes, activated neutrophils,
monocytes and platelets, and mastocytes, are involved in
the pathophysiology of SCD.> In addition, chronic hae-
molytic anaemia leads to reduced oxygen-carrying capacity
and tissue hypoxia. Through its effects on vascular function,
inflammation and oxidative stress,” increased chronic hae-
molysis may play a role in progressive multi-organ damage,
such as cerebral vasculopathy, pulmonary hypertension,
kidney disease, leg ulcers, and priapism.” The high inter-
individual variability of SCD clinical manifestations is no-
torious, even in patients of similar genotypes.

More than 230000 children with SCD are born each year
in sub-Saharan Africa, compared to 2600 in North America
and 1300 in Europe.® In Africa and India, the numbers of
newborns with sickle cell anaemia (SCA), the most frequent
and severe phenotype due to the homozygous SS genotype,
are projected to increase by 30% by 2050.° Until recently, it
was estimated that 50%-90% of these children died before
5years of age because of the lack of newborn screening pro-
grams and appropriate clinical care.” However, mortality is
decreasing dramatically in Africa, at least in the urban pop-
ulation,® allowing patients to reach adulthood and develop
long-term organ damage.

Although genetic, epigenetic, and environmental factors
may be involved in SCD phenotype variability,” " very few
studies have been conducted in sub-Saharan Africa, where
the socio-economic, environmental, and medical con-
texts are dramatically different from European countries
and the United States, where most studies have been con-
ducted. We built the collaborative CADRE (Coeur, Artéres
et DREpanocytose) study as a large cohort of patients with
SCD in five countries of West and Central Africa (Cameroon,
Gabon, Ivory Coast, Mali and Senegal) to gather reliable data
on SCD-related organ damage. The main objectives of the
CADRE cohort were (1) to estimate the incidence of micro-
and macrovascular complications of SCD and (2) to identify
predictive factors of these complications in these countries.
Between 2011 and 2013, 3627 patients, 3years of age and
over, were included and investigated in the five centres.'*"

identify specific patterns of organ damage with experimen-
tal studies. For the 5-year follow-up of the CADRE patients,
we designed a cross-sectional study, BIOCADRE, nested in
cohort CADRE, based on severe phenotypes of SCA in two
African countries, Mali and Senegal. We aimed to identify
biological markers and functional tests associated with vas-
cular disease, particularly those related to haemolysis. Here,
we present the association of the main SCD-related organ
damage with blood viscosity, classical plasma markers of
haemolysis and peripheral arterial tonometry in the sub-
Saharan context.

PATIENTS AND METHODS
Patient selection and biological analysis

BIOCADRE is a cross-sectional study nested in the CADRE
cohort. Two centres participating in the CADRE cohort were
selected for the BIOCADRE study: the “Centre National de
Transfusion Sanguine” in Dakar, Senegal and the “Centre de
Recherche et de Lutte contre la Drépanocytose” in Bamako,
Mali. Dakar and Bamako were chosen among the five partic-
ipating countries for practical reasons. First, BBOCADRE re-
quired local medical doctors or scientists ready to be trained
in France for a few weeks on the special experimental tech-
niques which had to be carried out in the field. Second, the
laboratory where the experiments took place had to be close
to the clinical setting so that the blood samples could be pro-
cessed very quickly.

The CADRE inclusion database contained 699 patients
from Bamako, including 377 with a SS phenotype and 719 pa-
tients from Dakar, including 662 with a SS phenotype. First,
we identified subsets of adult patients with SS phenotype and
specific organ complications: five groups of 40 patients (20 in
each centre) with at least one of the following complications
at inclusion: tricuspid regurgitant jet velocity (TRV) >2.5m/s
(which may indicate pulmonary hypertension), albuminuria/
creatininuria >300mg/g, leg ulcer, priapism and aseptic os-
teonecrosis. We selected the youngest patients with binary
(i.e. present or absent) clinical complications or the patients
with the most severe phenotype for quantitative traits (TRV
and macroalbuminuria). We also selected the oldest 20 adult
patients from each centre without any previous complica-
tions among those who had been extensively investigated.
The total numbers of patients from Bamako and Dakar diag-
nosed with each of these complications at the inclusion in the
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CADRE study are available in Table S1. These 240 patients
were recalled for a specific medical visit, that took place
5-7years after their inclusion in the CADRE study.

Patients were investigated at steady-state, that is, 15 days
or more after a vaso-occlusive crisis, 8 days or more after
fever or infectious disease, and 3 months after the last blood
transfusion. Laboratory tests included complete blood
counts, reticulocyte counts, foetal haemoglobin (HbF)
levels, serum bilirubin and lactate dehydrogenase (LDH)
concentrations, and urine creatinine and albumin concen-
trations. The estimated glomerular filtration rate was cal-
culated using the CKD epi formula without correction for
the African origin.'® Microalbuminuria and macroalbu-
minuria were defined by a urinary albumin/creatinine ratio
>30 and >300mg/g, respectively. Echocardiography was
also performed using a predefined protocol. Retinopathy
was evaluated based on dilated fundoscopy in Bamako
only, because of the lack of ophthalmologists available in
Dakar to participate in the study. The leg ulcer and pria-
pism diagnosis were based on clinical inquiry and exam-
ination. Osteonecrosis was suspected in the case of chronic
articular pain and confirmed by radiological criteria (Arlet
and Ficat classification). Patients were categorized in the
“no complication” group only if they had no missing data
regarding the five complications of selection.

Local investigators were trained by the French teams to
measure blood viscosity and study microcirculation func-
tion. Blood viscosity was measured with fresh blood samples
using a cone-plate viscometer (Pro DV-II+, with CPE40 spin-
dle; Brookfield) at native haematocrit, 37°C and several shear
rates (4.5, 11.5, 22.5, 45, 90 and 225s™}). Microcirculation
function was assessed by measuring changes in index fin-
ger pulse amplitude during reactive hyperaemia, using non-
invasive peripheral arterial tonometry (EndoPAT2000°%
Itamar Medical). Low scores of the Reactive Hyperaemia
Index (RHI), an endothelial vasodilatation marker, reflected
endothelial dysfunction. The reactive endothelial response
was measured in a quiet room in low light, at 20-25°C.

Relevant ethics committees approved the BIOCADRE
protocol: Mali (008/MSHP-CNESS/2014) and Senegal (35/
MSAS/DPRS/CNERS).

Statistical methods

The sample size was designed to demonstrate a difference of
at least one standard deviation of the quantitative biological
values between groups: at least 30 patients with each specific
condition were required.

The investigated parameters were described in the studied
population, country and complication group. We assessed
potential clusters of clinical complications and biomarkers
by multiple correspondence analyses. Then, different mul-
tivariate logistic regression analyses assessed the association
between the presence of each vascular complication and
the studied markers, with adjustment for age, sex and cen-
tre. Quantitative explanatory variables were standardized
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(divided by their mean) to ensure comparability of the odds
ratios.

Statistical significance was defined as p <0.05. All analy-
ses were two-sided and conducted using R version 3.5.2.

RESULTS

We recalled 240 patients selected in the inclusion CADRE
database: 17 were not reachable, and 21 were deceased.
Among the 202 patients who could attend the BIOCADRE
visit, 62 had developed at least one additional complica-
tion (Table S1). In particular, among the oldest 37 patients
of the CADRE cohort with no complications who were in-
vestigated after the initial selection, 31 had developed one
of the six studied complications between the inclusion and
BIOCADRE visits. Therefore, we recalled 56 other adult pa-
tients without any complications mentioned in the CADRE
inclusion database and 36 were eventually able to join the
control group of patients. The oldest patient without any
complication was 43 years old in Bamako and 53 years old in
Dakar. Finally, 235 SCA adult patients were investigated, 107
from Bamako and 128 from Dakar.

The clinical and biological characteristics of the in-
cluded patients are reported in Table 1. Their average age
was 28.8years (£11.0). Among them, 58 had a high TRV
(>2.5m/s), 46 had aseptic osteonecrosis, 43 had priapism, 33
had leg ulcers, 87 had microalbuminuria, 22 had macroal-
buminuria, and 31 had retinopathy, whereas 36 patients had
none of these vascular complications.

Among 199 patients with at least one complication, 86
(43%) had more than the one they were selected for (Table 2).

Multiple correspondence analysis of the whole cohort did
not reveal any cluster of complications (Figure S1). For ex-
ample, 42 of 57 (74%) patients exhibiting a so-called “hyper-
viscous” phenotype (retinopathy or osteonecrosis) also had
at least one “hyper-haemolytic” complication (high TRV,
albuminuria, leg ulcer, or priapism). Conversely, 42 of 120
(36%) patients with a “hyper-haemolytic” phenotype also
had at least one “hyper-viscous” complication.

The association between the various SCD-related vascu-
lar complications and the investigated markers is shown in
Table 3 and graphically summarized in Figure 1. Although
higher levels of LDH were associated with elevated TRV (OR
2.07 [1.02;4.3], p=0.025), neither LDH nor bilirubin levels
were associated with the other complications usually as-
signed to the “hyper-haemolytic” phenotype (albuminuria,
priapism or leg ulcer), nor with osteonecrosis or retinopathy.
Lower haemoglobinemia was associated with microalbu-
minuria (OR 0.7 [0.01;0.62], p=0.011). Osteonecrosis was as-
sociated with higher haemoglobinemia (OR 4.78 [1.70;27.7],
p=0.027) and lower leucocyte counts (OR 0.04 [0.00;0.41],
»=0.007).

High HDF percentage was only associated with the ab-
sence of leg ulcers (OR 0.14 [0.04;0.42], p=0.002).

Blood viscosity was positively associated with retinop-
athy (for example, at 11.55 " adjusted OR 3.04 [1.10;11.54],
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TABLE 1 Clinical and biological characteristics of patients with SCA selected in Bamako, Mali and Dakar, Senegal.
All Bamako Dakar
N=235 N=107 N=128 N
Age (mean, SD) 28.8 (11.0) 28.8 (10.6) 28.0 (11.3) 235
Female sex 63 (49%) 63 (58%) 53 (41%) 235
Osteonecrosis 46 (22%) 26 (25%) 20 (19%) 208
Retinopathy 31 (44%) 31 (44%) NA 77
TRV >2.5m/s 58 (27%) 12 (14%) 46 (37%) 208
Priapism (males only) 43 (41%) 21 (50%) 22 (34%) 106
Leg ulcers 33 (16%) 22 (21%) 11 (10%) 211
Microalbuminuria 86 (49%) 70 (71%) 26 (33%) 177
Macroalbuminuria 22 (15%) 17 (18%) 6 (8%) 177
eGFR <60 mL/min 7 (4%) 2 (2%) 5 (4%) 216
No vascular complication 36 (16%) 6 (6%) 30 (25%) 214
More than one complication 86 (38%) 60 (56%) 26 (21%) 235
Haemoglobin (g/dL) 8.25 [7.5;9.4] 8.55 [7.80;9.78] 8.09 [7.30;8.89] 219
Leukocytes (G/L) 11.2 [8.9;13.8] 10.7 [8.68;12.6] 12.3 [9.20;15.8] 219
Platelets (G/L) 470 [363;556] 494 [383;582] 453 [339;512] 216
Reticulocytes (G/L) 270 [200;358] 270 [200;358] NA 108
Lactate dehydrogenase (iu/L) 897 [676;1023] 1097 [776;1438] 659 [504;861] 208
Foetal haemoglobin (%) 10.9 [7.20;15.3] 10.6 [7.40;15.7] 11.2 [6.80;14.0] 119
RHI 1.53 [1.30;1.88] 1.43 [1.29;1.76] 1.56 [1.36;2.02] 211
Log RHI 0.42 [0.2650.63] 0.36 [0.25;0.57] 0.45 [0.31;0.70] 211
Viscosity (cP)
4557 11.8 [7.41;16.1] 11.0 [7.41;16.1] 12.5 [11.2;13.2] 213
11.557" 8.60 [5.52;9.57] 7.10 [5.52;9.57] 9.9 [9.1;11.8] 216
22.557" 7.02 [4.96;7.74] 5.82 [4.96;7.74] 8.54 [7.84;10.1] 216
4557 6.14 [4.25;6.30] 5.07 [4.25;6.30] 7.24 [6.53;8.88] 216
905! 5.70 [4.09;5.75] 4.70 [4.09;5.75] 6.66 [6.19;7.20] 216
22557 4.81 [3.90;5.25] 4.41 [3.905.25] 5.21 [5.0655.84] 216
Note: Quantitative variables are presented as median [interquartile range].
Abbreviations: eGFR, estimated glomerular filtration rate; SCA, sickle cell anaemia; TRV, tricuspid regurgitant jet velocity.
TABLE 2 Matrix of micro- and macro-vascular complications in the BIOCADRE population.
Age
(years) Osteonecrosis  Retinopathy® TRV>2.5m/s  Priapism” Legulcer  Microalbuminuria
Median
(Q1-Q3) N (%) N (%) N (%) N (%) N (%) N (%)
Osteonecrosis (n=46) 32 (22-42) 46 (100%) 9 (47%) 12 (29%) 3 (20%) 7 (16%) 16 (49%)
Retinopathy (n=31) 31 (25-40) 9 (29%) 31 (100%) 2 (6%) 4 (44%) 9 (30%) 17 (59%)
TRV >2.5m/s (n=58) 28 (22-37) 12 (23%) 2 (29%) 58 (100%) 11 (34%) 8 (14%) 15 (37%)
Priapism (n=43) 26 (21-31) 3 (7%) 4 (40%) 11 (28%) 43 (100%) 8(19%) 21 (58%)
Leg ulcers (n=33) 30 (23-38) 7 (22%) 9 (53%) 8 (25%) 8 (47%) 33 (100%) 15 (60%)
Microalbuminuria (n=86) 27 (21-35) 16 (20%) 17 (39%) 15 (20%) 21 (58%) 15 (19%) 86 (100%)
Macroalbuminuria (n=22) 26 (22-35) 2 (10%) 4 (57%) 2 (10%) 2 (29%) 4 (20%) 22 (100%)

Abbreviations: Ql, first quartile; Q3, third quartile; TRV, tricuspid regurgitant jet velocity.

“In Bamako only.

°In males only.
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Associations between classical blood biomarkers, viscosity and clinical complications of sickle cell anaemia: odds ratios and their 95% confidence intervals after adjustment for age, sex and

TABLE 3

centre.

RHI

Leucocyte (G/L) Foetal haemoglobin (%) Blood viscosity (cP)*

Bilirubin (iu/L) LDH (iu/L)

Haemoglobin (g/dL)

Complication

0.72 [0.16;3.07]

1.36 [0.50;3.75]
3.04 [1.1;11.54]
1.22 [0.34;4.30]
2.35 [0.55;11.41]
0.90 [0.30;2.57]
0.90 [0.34;2.43]
0.32[0.04;0.92]
0.53 [0.08;2.98]

1.89 [0.84;4.33]
1.41 [0.43;4.77]
1.40 [0.57;3.42]
0.51 [0.19;1.26]
0.14 [0.04;0.42]
0.38 [0.13;1.05]

0.35[0.8;1.37]

0.04 [0.0050.41]
1.04 [0.10;16.46]
1.70 [0.67;5.34]
0.53 [0.04;2.43]
0.92 [0.08;4.42]
1.07 [0.18;3.95]

0.76 [0.37;1.34] 0.94 [0.45;1.82]
0.97 [NA;1.04]

0.86 [0.22;1.85]

4.78 [1.70;27.7]

Osteonecrosis

4.6 [0.4;61.36]
0.97 [0.28;3.32]
1.12 [0.26;4.85]
1.37 [0.26;7.08]
1.19 [0.26;5.62]

17.29 [1.56;141.1]

1.37 [0.6;3.19]
2.07 [1.02;4.3]
1.26 [0.53;3.01]

1.14 [0.03;38.4]
0.59 [0.08;4.17]
0.83 [0.09;7.57]
0.26 [0.02;2.90]
0.07 [0.01;0.62]
0.22 [0.01;4.09]
0.21 [0.01;2.24]

Retinopathy

1.33 [0.86;2.10]
0.76 [0.37;1.34]

TRV >2.5m/s

Priapism

1.15 [0.53;2.29]
1.11 [0.5-2.31]
0.72 [0.42;1.77)
0.60 [0.17-1.6]

1.13 [0.5;2.13]
0.95 [0.5;1.73]

Leg ulcers

Microalbuminuria

0.98 [0.34;2.19]

Macroalbuminuria

0.71 [0.15;3.15]

1.96 [0.96:4.81]

0.34 [0.03;1.79]

0.61 [0.28;1.10]

No complication

Note: Odds ratios and 95% confidence intervals are issued from multivariate logistic regression analysis with adjustment for age, sex and centre. Statistically significant odds ratios (p < 0.05) are in bold. All variables have been

standardized (divided by their mean) to ensure comparability of the odds ratios.

Abbreviations: LDH, lactate dehydrogenase; RHI, Reactive Hyperaemia Index measured by peripheral arterial tonometry; TRV, tricuspid regurgitant jet velocity measured by echography.

-1

*Blood viscosity measured at 11.5s™.
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p=0.043) and negatively associated with macro-albuminuria
(OR 0.32 [0.04;0.92], p=0.047).

The microvascular dysfunction assessed by peripheral ar-
terial tonometry was not associated with any of the selected
complications.

DISCUSSION

The extreme variability of the clinical expression of SCD in
patients has been known for decades. Our study produced
the first clinical report with a fine characterization of long-
term organ damage in a large cohort of African patients
with SCA. While selected on the presence of one specific
type of organ damage, most patients had at least one other
complication.

The BIOCADRE data confirmed previous observations
made in the CADRE study, using different experimental
processes and cross-sectional patient inclusion data, that
failed to detect any cluster of patients based on the different
types of vascular complications.

The BIOCADRE study also failed to support the “hyper-
haemolysis phenotype paradigm” previously proposed by
Kato et al.” Indeed, we did find an association between plasma
LDH levels and the occurrence of high TRV, a poorly specific
surrogate marker of pulmonary hypertension,'® as previously
reported.'*** However, LDH levels were neither associated
with other “hyper-haemolytic” complications (ulcers, pria-
pism or nephropathy) nor inversely associated with “hyper-
viscous” complications (retinopathy or osteonecrosis). Other
indirect classical markers of haemolysis did not correlate with
a history of vascular complications either. Another recent
study performed on 166 patients with SCA from central Africa
(Democratic Republic of Congo) could not find an association
between indirect haemolysis markers in the blood (reticulo-
cytes, LDH and bilirubin) and a global clinical severity score.”"

One explanation may be that haemolytic markers like
LDH are sensitive to infectious diseases (such as viral hep-
atitis or malaria) and may lose specificity in African pop-
ulations where the infectious burden is high. BIOCADRE
patients were included without overt clinical signs of in-
fection, but the presence of subclinical infection (e.g. para-
sitaemia) was not verified because of the limited resources
available. In future studies, it will be important to confront
the studied parameters with signs of infectious diseases.

One hypothesis regarding the development of SCD vas-
culopathy driven by chronic haemolysis is related to the re-
lease of cell-free haemoglobin responsible for a decreased
NO bioavailability, endothelial dysfunction and excessive
vasoconstriction.”>*® To investigate this hypothesis, we as-
sessed microvascular reactivity using peripheral arterial to-
nometry. Using this method, a low RHI (<1.67 according to
Itamar information) indicates endothelial dysfunction®* and
is a risk factor for vascular complications.”” In our study, 61%
of patients exhibited an RHI < 1.67. Our observation corrob-
orates the only other publication reporting RHI data in pa-
tients with SCD, which found an RHI<1.67 in two third of
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FIGURE 1 Radar plots of the main biological parameter distribution in patients with a vascular complication of sickle cell disease. For each group
of patients with a specific clinical complication, median values of biological parameters were plotted on a scale between the first and third quartiles of
the same parameters in the whole population, except for retinopathy for which only the patients from Bamako were considered. The number of patients
in each group were: 36 with no complication, 33 with leg ulcers, 86 with microalbuminuria, 43 with priapism, 58 with high Tricuspid Regurgitation
Velocity, 46 with osteonecrosis, 31 with retinopathy. Note that patients may have more than one clinical complication.

36 paediatric patients with SCA from the Western world.*
Although previous work suggested impaired endothelium-
dependent vasodilation in the finger of SCA patients,” the
extent of vasomotor reactivity in fingertips was not associ-
ated with any studied vascular complications.

It may be noted that we also failed to identify a subgroup of
hyper-haemolytic complications in the same population, using
more elaborate markers of haemolysis, namely the measure-
ment of circulating red blood cell-derived microparticles.*®

On the other hand, blood viscosity was not inversely cor-
related to complications commonly associated with “hyper-
haemolysis”, such as high TRV or leg ulcers, nor positively
correlated to osteonecrosis, frequently considered a “hyper-
viscous complication”. The lack of association between blood
viscosity and osteonecrosis agrees with a previous study from
our group in a French Caribbean cohort.”” We found a pos-
itive association between blood viscosity and sickle cell ret-
inopathy, in agreement with earlier reports in patients with
SCA**>* or sickle cell-haemoglobin C disease.* In addition,
our results confirm a previous study showing a negative as-
sociation between blood viscosity and macro-albuminuria.*

Finally, we investigated the associations between organ
damage and HbF levels. In our study, the mean HDF level
was around 11% in Mali and Senegal, consistent with the
wide predominance of the Senegal HBB haplotype in West
African countries. Indeed, although HDbF is increased in
nearly all HbS homozygotes, each HBB haplotype is asso-
ciated with a distinctive mean HbF level. In sub-Saharan
Africa, adult patients with Senegal haplotype have an HbF

level of ~10%, whereas patients with Benin, Bantu, and
Cameroon haplotypes have lower HbF levels.”> The eryth-
rocyte HbF concentration modifies the rate and extent of
polymerization. It is noteworthy that blood HbF level or F-
cell percentage are poor predictors of disease severity for an
individual because neither accounts for the variable distri-
bution of HbF levels among F-cells. The number of F-cells
with polymer-inhibiting concentrations of HbF is likely to
be a more important determinant of the features of SCA.*

Nevertheless, high HbF levels were strongly associated with
fewer acute painful episodes, acute chest syndromes and lower
mortality.** Therefore, higher HbF expression appears to have
the most beneficial to acute clinical events that result directly
from vaso-occlusions. However, HbF has also been associated
with a reduced risk of leg ulcers,® which are classically part
of the “hyper-haemolysis phenotype”,” as we observed in our
study. Therefore, the protective role of higher HbF expression
in SCA cannot be fully explained by the opposition between
hyper-viscous and hyper-haemolysis sub-phenotypes.

We acknowledge some weaknesses in our study. First,
because of the cross-sectional design, we could only assess
patients who have survived the disease to date, leading to mor-
tality bias. Although the mean age was similar in both centres,
we observed differences in the prevalence of some clinical
complications between the two centres, in accordance with our
previous observations in the same countries."!” We performed
sensitivity analyses in each country and adjusted our tests to the
centre to overcome this heterogeneity. We also deplore a high
proportion of missing data in one of the centres concerning
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three complications due to technical issues: retinopathy (100%
missing data in Dakar), TRV (15% missing data in Bamako),
and microalbuminuria (33% missing data in Dakar).

Our study encompassed many unique features and
strengths. First, the large CADRE cohort allowed us to
screen SCA patients with extreme phenotypes: we selected
patients with the most severe quantitative phenotypes (i.e.
albuminuria or elevated TRV), the youngest patients with a
given qualitative phenotype (i.e. leg ulcers, retinopathy, os-
teonecrosis and priapism) and the oldest patients without
any of those complications. As a consequence, the preva-
lence and characteristics of the complications studied in the
BIOCADRE study were not representative of those of the
whole CADRE cohort, but those patients represented the
best candidates to manifest distinct biological patterns.

Furthermore, to our knowledge, the BIOCADRE study is
the first to assess an extensive panel of biomarkers and func-
tional tests in SCA patients who live in sub-Saharan Africa.
Most of the previous literature focused on one type of SCD-
related organ damage and/or looked for bivariate associa-
tions between specific clinical complications and a restricted
number of biomarkers. These strategies are more likely to
favour the publication of positive associations only. In con-
trast, BIOCADRE explored the relationship between multiple
SCD-related vascular complications and various biological or
functional tests, and we adjusted analyses for country and age
since most complications become more prevalent with ageing.

CONCLUSION

The BIOCADRE study provided the first comprehensive bi-
ological and functional characterization of a large selection
of sub-Saharan African patients with specific SCD-related
long-term organ damages.

It reveals that the measurement of routine haemolysis
markers, endothelial-dependent vasomotor reactivity or blood
viscosity does not facilitate segmenting patients with SCA into
clinically relevant clusters in Sub-Saharan Africa. New predic-
tive markers of long-term complications of SCD are needed to
optimize the follow-up of these patients. To be clinically use-
ful in low resources settings, biomarkers need to be easily and
reproducibly measurable, even under non-optimal measuring
conditions (high temperature and humidity, frequent electric-
ity shortages, long time to ship the biological samples to the lab,
presence of dust and insects, etc.). They also have to be cheap,
which reduces considerably the number of good candidates.
Moreover, given the absence of a clear pattern of complications
combinations, it is unlikely that one marker will be able to pre-
dict the global severity of SCD. Therefore, several markers spe-
cific to one complication pathological process probably have to
be combined to build a global prognostic score.

Since some determinants of SCA severity may be specific
to the African context, we would also like to highlight the
importance of acquiring datasets with comprehensive phe-
notypes of patients living in Africa in addition to the exis-
tent Caribbean, European and American cohorts.

BRITISH JOURNAL OF HAEMATOLOGY

AUTHOR CONTRIBUTIONS

Brigitte Ranque, Marc Romana, Philippe Connes, Sylvain
Le Jeune, Olivier Blanc-Brude, Xavier Jouven, Pierre-Louis
Tharaux and Caroline Le Van Kim designed the research study.
Brigitte Ranque, Marc Romana, Philippe Connes, Sylvain
Le Jeune, Yves Colin-Aronovicz, Claudine Lapoumeroulie
and Caroline Le Van Kim trained the African investigators.
Dapa Diallo and Saliou Diop organized the recruitment of
the patients, the clinical assessment and the research in Mali
and Senegal respectively. The research was performed by
Mor Diaw and Serigne Mourtalla Gueye (in Senegal), Abdoul
Karim Dembele and Oumar Tessougue (in Mali), Claudine
Lapoumeroulie, Marc Romana and Abdoul Karim Dembele
(in France). Brigitte Ranque and Lucile Offredo did the statisti-
cal analyses. Brigitte Ranque wrote the first draft of the paper.
Brigitte Ranque, Pierre-Louis Tharaux, Marc Romana, Philippe
Connes, Sylvain Le Jeune, Olivier Blanc-Brude and Caroline Le
Van Kim analysed the data and contributed to the manuscript.

ACKNOWLEDGEMENTS

This work (clinical trials.gov identifier NCTO3114137)
was supported by the Institut National de la Santé et de la
Recherche Médicale (Inserm), the Agence National pour
la Recherche (ANR) and the Laboratory of Excellence GR-
Ex, reference ANR-11-LABX-0051. The labex GR-Ex is
funded by the program “Investissements d'avenir” of the
French National Research Agency, reference ANR-11-IDEX-
0005-02. Abdoul Karim Dembélé was supported by a doc-
toral fellowship from the Fondation Pierre Fabre.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The datafile of the study is available upon request (to the cor-
responding author: brigitte.ranque@aphp.fr).

ETHICS STATEMENT

Relevant national ethics committees approved the BIO-
CADRE protocol: Mali (008/MSHP-CNESS/2014) and
Senegal (35/MSAS/DPRS/CNERS).

ORCID
Brigitte Ranque © https://orcid.org/0000-0001-8549-2275
Philippe Connes (2 https://orcid.org/0000-0002-9232-0268

Marc Romana  https://orcid.org/0000-0002-8715-9836
Caroline Le Van Kim © https://orcid.
org/0000-0002-3251-1310

REFERENCES

1. Ingram VM. A specific chemical difference between the globins
of normal human and sickle-cell anaemia haemoglobin. Nature.
1956;178(4537):792-4.

2. Kaul DK, Finnegan E, Barabino GA. Sickle red cell-endothelium in-
teractions. Microcirculation. 2009;16(1):97-111.

3. Allali S, Maciel TT, Hermine O, de Montalembert M. Innate im-
mune cells, major protagonists of sickle cell disease pathophysiology.
Haematologica. 2020;105(2):273-83.

85UB017 SUOWILIOD 3A 1D 3|edldde 8Ly Ag pausenob a1 saolfe WO ‘8sn JO SaIn1 10} Aig1T 8UIIUO AB|IM UO (SUO IPUOD-pUR-SWR}LI0D A8 | 1M ARe4q | BU1|UO//STNY) SUORIPUOD PUe SWLB L 38U} 39S *[£202/TT/82] Uo AriqITauluo AB|IM ‘151 981Q Wwiesu| Ag 9006T UQ/TTTT OT/I0PAL0D A8 | Im AReiq Ul |UO//SONY WO1) papeouMOq ‘2 ‘€202 ‘THTZSIET


mailto:brigitte.ranque@aphp.fr
https://orcid.org/0000-0001-8549-2275
https://orcid.org/0000-0001-8549-2275
https://orcid.org/0000-0002-9232-0268
https://orcid.org/0000-0002-9232-0268
https://orcid.org/0000-0002-8715-9836
https://orcid.org/0000-0002-8715-9836
https://orcid.org/0000-0002-3251-1310
https://orcid.org/0000-0002-3251-1310
https://orcid.org/0000-0002-3251-1310

326

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

BIOLOGICAL AND FUNCTIONAL MARKERS IN SICKLE CELL ANAEMIA

Nader E, Conran N, Romana M, Connes P. Vasculopathy in sickle cell
disease: from red blood cell sickling to vascular dysfunction. Compr
Physiol. 2011;11:1785-803.

Kato GJ, Gladwin MT, Steinberg MH. Deconstructing sickle cell dis-
ease: reappraisal of the role of hemolysis in the development of clini-
cal subphenotypes. Blood Rev. 2007;21(1):37-47.

Piel FB, Patil AP, Howes RE, Nyangiri OA, Gething PW, Dewi M,
et al. Global epidemiology of sickle haemoglobin in neonates: a con-
temporary geostatistical model-based map and population estimates.
Lancet. 2013;381(9861):142-51.

Grosse SD, Odame I, Atrash HK, Amendah DD, Piel FB, Williams
TN. Sickle cell disease in Africa: a neglected cause of early childhood
mortality. Am ] Prev Med. 2011;41(6 Suppl 4):S398-S405.

Ranque B, Kitenge R, Ndiaye DD, Ba MD, Adjoumani L, Traore H,
et al. Estimating the risk of child mortality attributable to sickle cell
anaemia in sub-Saharan Africa: a retrospective, multicentre, case-
control study. Lancet Haematol. 2022;9(3):¢208-16.

Mekontso Dessap A, Contou D, Dandine-Roulland C, Hemery F,
Habibi A, Charles-Nelson A, et al. Environmental influences on
daily emergency admissions in sickle-cell disease patients. Medicine
(Baltimore). 2014;93(29):e280.

Nagel RL, Fabry ME, Pagnier ], Zohoun I, Wajcman H, Baudin V,
et al. Hematologically and genetically distinct forms of sickle cell ane-
mia in Africa: the Senegal type and the Benin type. N Engl ] Med.
1985;312(14):880-4.

Lettre G, Sankaran VG, Bezerra MAC, Aratjo AS, Uda M, Sanna S,
et al. DNA polymorphisms at the BCL11A, HBSIL-MYB, and -globin
loci associate with fetal hemoglobin levels and pain crises in sickle cell
disease. Proc Natl Acad Sci U S A. 2008;105(33):11869-74.

Bae HT, Baldwin CT, Sebastiani P, Telen MJ, Ashley-Koch A,
Garrett M, et al. Meta-analysis of 2040 sickle cell anemia patients:
BCLI11A and HBS1L-MYB are the major modifiers of HbF in African
Americans. Blood. 2012;120(9):1961-2.

Habara A, Steinberg MH. Minireview: genetic basis of heterogeneity
and severity in sickle cell disease. Exp Biol Med. 2016;241(7):689-96.
Ranque B, Menet A, Boutouyrie P, Diop IB, Kingue S, Diarra M, et al.
Arterial stiffness impairment in sickle cell disease associated with
chronic vascular complications: the multinational African CADRE
study. Circulation. 2016;134(13):923-33.

Ranque B, Menet A, Diop IB, Thiam MM, Diallo D, Diop S, et al.
Early renal damage in patients with sickle cell disease in sub-Saharan
Africa: a multinational, prospective, cross-sectional study. Lancet
Haematol. 2014;1(2):e64-e73.

Arlet J-B, Ribeil J-A, Chatellier G, Eladari D, de Seigneux S,
Souberbielle JC, et al. Determination of the best method to estimate
glomerular filtration rate from serum creatinine in adult patients
with sickle cell disease: a prospective observational cohort study.
BMC Nephrol. 2012;13:83.

Dubert M, Elion J, Tolo A, Diallo DA, Diop S, Diagne I, et al. Degree
of anemia, indirect markers of hemolysis, and vascular complications
of sickle cell disease in Africa. Blood. 2017;130(20):2215-23.

Parent F, Bachir D, Inamo J, Lionnet F, Driss F, Loko G, et al. A he-
modynamic study of pulmonary hypertension in sickle cell disease. N
Engl ] Med. 2011;365(1):44-53.

Kato GJ, McGowan V, Machado RF, Little JA, Taylor J VI, Morris CR,
et al. Lactate dehydrogenase as a biomarker of hemolysis-associated ni-
tric oxide resistance, priapism, leg ulceration, pulmonary hypertension,
and death in patients with sickle cell disease. Blood. 2006;107(6):2279-85.
Aliyu ZY, Gordeuk V, Sachdev V, Babadoko A, Mamman Al,
Akpanpe P, et al. Prevalence and risk factors for pulmonary artery
systolic hypertension among sickle cell disease patients in Nigeria.
Am ] Hematol. 2008;83(6):485-90.

Lumbala PK, Mbayabo G, Ngole MN, Lumaka A, Race V, Matthijs
G, et al. Clinical and laboratory characterization of adult sickle cell
anemia patients in Kinshasa. PLoS One. 2022;17(12):e0278478.
Belhassen L, Pelle G, Sediame S, Bachir D, Carville C, Bucherer C,
et al. Endothelial dysfunction in patients with sickle cell disease is

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

related to selective impairment of shear stress—mediated vasodilation.
Blood. 2001;97(6):1584-9.

Gladwin MT, Schechter AN, Ognibene FP, Coles WA, Reiter CD,
Schenke WH, et al. Divergent nitric oxide bioavailability in men and
women with sickle cell disease. Circulation. 2003;107(2):271-8.
Schnabel RB, Wild PS, Schulz A, Zeller T, Sinning CR, Wilde S, et al.
Multiple endothelial biomarkers and noninvasive vascular function
in the general population: the Gutenberg health study. Hypertension.
2012;60(2):288-95.

Rubinshtein R, Kuvin JT, Soffler M, Lennon RJ, Lavi S, Nelson RE,
et al. Assessment of endothelial function by non-invasive peripheral
arterial tonometry predicts late cardiovascular adverse events. Eur
Heart J. 2010;31(9):1142-8.

Sivamurthy KM, Dampier C, MacDermott M, Maureen M, Cahill
M, Hsu LL. Peripheral arterial tonometry in assessing endothelial
dysfunction in pediatric sickle cell disease. Pediatr Hematol Oncol.
2009;26(8):589-96.

Mohan JS, Lip GYH, Blann AD, Bareford D, Marshall JM.
Endothelium-dependent and endothelium-independent vasodi-
latation of the cutaneous circulation in sickle cell disease: skin
microvascular dilatation in sickle cell disease. Eur ] Clin Invest.
2011;41(5):546-51.

Dembélé AK, Lapoumeroulie C, Diaw M, Tessougue O, Offredo L,
Diallo DA, et al. Cell-derived microparticles and sickle cell disease
chronic vasculopathy in sub-Saharan Africa: a multinational study.
Br ] Haematol. 2021;192(3):634-42.

Lemonne N, Lamarre Y, Romana M, Mukisi-Mukaza M, Hardy-
Dessources MD, Tarer V, et al. Does increased red blood cell deform-
ability raise the risk for osteonecrosis in sickle cell anemia? Blood.
2013;121(15):3054-6.

Serjeant BE, Mason KP, Acheson RW, Maude GH, Stuart J, Serjeant
GR. Blood rheology and proliferative retinopathy in homozygous
sickle cell disease. Br ] Ophthalmol. 1986;70(7):522-5.

Lemaire C, Lamarre Y, Lemonne N, Waltz X, Chahed S, Cabot F, et al.
Severe proliferative retinopathy is associated with blood hyperviscos-
ity in sickle cell hemoglobin-C disease but not in sickle cell anemia.
Clin Hemorheol Microcirc. 2013;55(2):205-12.

Lamarre Y, Romana M, Lemonne N, Hardy-Dessources MD, Tarer V,
Mougenel D, et al. Alpha thalassemia protects sickle cell anemia pa-
tients from macro-albuminuria through its effects on red blood cell
rheological properties. Clin Hemorheol Microcirc. 2014;57(1):63-72.
Steinberg MH. Fetal hemoglobin in sickle cell anemia. Blood.
2020;136(21):2392-400.

Klings ES, Steinberg MH. Acute chest syndrome of sickle cell dis-
ease: genetics, risk factors, prognosis, and management. Expert Rev
Hematol. 2022;15(2):117-25.

Minniti CP, Eckman J, Sebastiani P, Steinberg MH, Ballas SK. Leg
ulcers in sickle cell disease. Am ] Hematol. 2010;85(10):831-3.

SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

How to cite this article: Ranque B, Diaw M, Dembele
AK, Lapoumeroulie C, Offredo L, Tessougue O, et al.
Association of haemolysis markers, blood viscosity
and microcirculation function with organ damage in
sickle cell disease in sub-Saharan Africa (the
BIOCADRE study). Br ] Haematol. 2023;203(2):319-
326. https://doi.org/10.1111/bjh.19006

85U807 SUOWIWOD aA 81D 3(qeot|dde au Aq pausenob afe e VO 8sn JO s 104 Akeiq1 8UlUQ A1 UO (SUONIPUOD-pUe-SLLRIALIOY" A3 | 1m° Afelq 1 jaut|UO//SANY) SUONIPUOD pue sw.e | 8y} 89S *[£202/TT/8z] Uo AriqiTauliuo A8|IM ‘1 951 Wissu| Aq 9006T Ula/TTTT OT/I0p/L0Y A3 1M AReiq iUl |uo//SANY WO. papeo|umod ‘g ‘€202 ‘TrTZS9ET


https://doi.org/10.1111/bjh.19006

	Association of haemolysis markers, blood viscosity and microcirculation function with organ damage in sickle cell disease in sub-­Saharan Africa (the BIOCADRE study)
	Summary
	INTRODUCTION
	PATIENTS AND METHODS
	Patient selection and biological analysis
	Statistical methods

	RESULTS
	DISCUSSION
	CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


