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Abstract
Background/Objectives Sickle cell disease (SCD) complications mostly result from vascular dysfunction, concerning systemic
microvasculature and cerebral large vessels. The aim of this cohort study was to identify potential circulating biomarkers
predictive for further vascular event occurrence in pediatric SCD.
Methods We consecutively enrolled 108 children with SCD at steady state, aged 3–18 years old (median 9.8 years). Hematology,
coagulation, hemolysis, endothelial, platelet and vascular activation parameters were recorded at inclusion. Neurovascular and
systemic vascular events were prospectively recorded during a mean follow-up period of 27 months.
Results Patients at steady state displayed significantly higher hemolysis and platelet activation markers, higher leukocyte,
CD34+ hematopoietic stem cell and microvesicle counts, and a pro-coagulant profile compared to controls matched for age
and ethnicity. Circulating endothelial cell or nucleosome level did not differ. During the follow-up period, 36 patients had at least
one neurovascular (n = 12) or systemic vascular event (n = 25). In a multivariate model, high CD34+ cell count was the best
predictor for the occurrence of a vascular event (OR 1.2 for 1000 cell/mL increase, 95% CI [1.049–1.4], p = 0.013, sensitivity
53%, specificity 84% for a threshold of 8675 cells/mL).
Conclusion CD34+ cell count at steady state is a promising biomarker of further vascular event in children with SCD.
Keywords Sickle-cell disease . Children . Vascular disease . Prognostic factors . CD34+ hematopoietic stem cell . Stroke

Introduction
Sickle cell disease (SCD) complications usually result from
induced vascular dysfunction. Among them, severe

complications such as acute chest syndrome and stroke represent important causes of mortality, further handicap, or altered
quality of life in children with the most severe SCD genotypes
(i.e. hemoglobin SS or Sβ0). Therefore, identifying relevant
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predictive markers for clinical vascular events is of utmost
importance.
Systemic complications, i.e. bone/organ vaso-occlusive
event (VOE), acute chest syndrome (ACS), pulmonary hypertension, acute splenic sequestration (ASS) or glomerular nephropathy, are attributed to microvasculature injury, while cerebral complications are related to both microvasculature and
large vessel involvement. A combination of hypercoagulability, hemolysis, chronic arterial wall injury with altered regeneration pathways, and activation of circulating cells are hypothesized. To date, most studies focused on predictors of
neurovascular events. Transcranial Doppler (TCD) velocities
have been proven to be a very efficient predictor of overt
stroke [1], but not of silent cerebral infarct or systemic vascular event. [2] On the contrary, no general marker has been
proven predictive for systemic vascular events, although
higher leukocyte count and markers of hemolysis suggested
higher disease severity [3], while fetal hemoglobin (HbF) was
suggested as a protective factor. [4, 5] Interestingly, reticulocyte count is known to be associated with ACS, with higher
TCD velocities, and was proven to be an independent predictive risk factor for stroke, suggesting that a common marker
may account for both systemic and neurovascular risks. [6–8]
Actually, it may be hypothesized that injury mechanisms and
excessive regenerative and scarring pathways could be similar
in both small and large vessels in SCD patients, both in brain
or in systemic organs (including bone). [9–12]
The aim of this study was to identify a predictive marker for
the occurrence of vascular events in children with SCD included
at steady state, using an original approach in considering together systemic and neurological vascular events, as they may have
common pathophysiological determinants and risk factors.

Materials and Methods
Study Population
Children with major SCD syndromes followed in the sickle-cell
clinic of the University Hospital Necker-Enfants malades, Paris,
France, and aged between 3 and 18 years old were consecutively
included at steady state. Steady state was defined as the absence
of a history of SCD complication leading to hospitalization or
blood transfusion during the past two months. Patients were
included during an 18 months period and were followed
for the present study 18 to 36 months. During this period, all participants received standard age-appropriate
care for SCD, including annual TCD, and screening for
proteinuria and retinopathy. [13, 14] (Fig. 1).
The local institutional ethical review committee approved
the study protocol (registered protocol 2011–01-04, Comité
de Protection des Personnes Ile-de-France 2). Parents and children aged above 12 years old gave written informed consent.

Characteristics at Steady State
Clinical, vascular, and biological data were collected at
inclusion.
Patients’ personal and familial history of vascular condition, clinical parameters, and ongoing treatments were
recorded.
Vascular data included TCD data according to the STOP
study / NIH criteria [13, 14], issued from the patients’ most
recent routine TCD procedure, and systemic vascular parameters, such as blood pressure, markers of pulmonary hypertension (tricuspid regurgitation velocity) and mechanical functions (distensibility, elasticity). [11, 15] Transcranial
Doppler: TCD procedure was performed annually with a
Toshiba® Aplio 500 Ultrasound system with a probe sector
transducer PST-25BT (3 MHz frequency), as recommended
[13, 14]. Patients were classified in two categories at inclusion, i.e. normal or abnormal TCD, according to the results of
their most recent routine TCD procedure. Normal TCD was
defined according to the STOP study / NIH criteria (Time
Averaged Mean Maximum Velocity TAMMV in the middle
cerebral artery, anterior cerebral artery and internal carotid
artery <170 cm/s). Patients with incomplete TCD procedure
but with available velocities within normal values were also
included in the normal TCD group. [13, 14] Abnormal TCD
group comprised patients with STOP / NIH conditional
(TAMMV ≥170 cm/s) or abnormal (TAMMV ≥200 cm/s)
TCD. Systemic vascular parameters: Maximal tricuspid regurgitation velocity (TRV) at echocardiography, an indirect
marker of pulmonary hypertension when TRV > 2.8 m/s,
was reported. Blood pressure and vascular function parameters, including intima-media thickness, mechanical properties
of the common carotid artery (distensibility, elastic incremental modulus), endothelium-dependent vasodilation, and
endothelium-independent vasodilation, were measured using
previously described methods. [11, 15]
Comprehensive biological testing was performed, including biochemical, hematology, and coagulation explorations.
The following specific parameters were quantified: circulating
endothelial cells, circulating CD34+ hematopoietic stem cells,
leukocyte-platelet complexes, nucleosome level, and
microvesicles derived from endothelial and blood cells (including subpopulations derived from platelets, erythrocytes,
and leukocytes). Peripheral blood samples were collected into
EDTA, citrate and lithium heparinate pediatric tubes.
Biochemical, hematology, hemostasis explorations, and nitric
oxide bioavailability estimation were performed. Basic hematology and hemolysis parameters were recorded. Coagulation
tests were performed on ACLTop (Instrumentation
Laboratory, Bedford, MA, USA) using reagents from
Siemens® for Prothrombin time (PT), Factor VIII, and
Factor IX, from Diagnostica Stago® (Asnières, France) for
activated-partial prothrombin time (aPTT, CKPrest), von
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Fig. 1 Study flowchart

Willebrand factor antigen (VWF), antithrombin, protein C,
and protein S activities, and from Hyphen Biomed®
(Neuville-sur-Oise, France) for Factor VII + X coagulant activities. D-dimer count and free Protein S antigen quantification used ELISA kit (Asserachrom Stago®). The ABO blood
group, which is known to influence VWF level, was also
determined. Thromboelastogram® (TEG Haemonetics,
Brain tree, MA, USA) was performed using kaolin-activated
citrated blood and provided the following data: R time (min)
representing the enzymatic portion of coagulation, K time
(min) representing clot kinetics, and maximum amplitude
MA (mm) depending on platelet function/aggregation and fibrinogen level. A set of parameters generated from the mathematical first derivative of the standard TEG® tracing related
to thrombin generation were obtained: thrombin generation
(TEG G), time to maximum rate of thrombus generation
(TMRTGG), maximum rate of thrombus generation
(MRTGG), total thrombus generated (TGG). Circulating
Endothelial Cells: CECs were counted after immunomagnetic
separation using a monoclonal antibody raised against the
endothelial antigen CD146 as recommended and described
elsewhere. [16, 17] Circulating Hematopoietic CD34+ stem
Cells (CPCs) were quantified by flow cytometry as recommended [18], and expressed as cells/mL, as detailed elsewhere. [19] Leukocyte-platelet complexes (LPC) were counted by flow cytometry (FACScalibur, Becton Dickinson) with
CD45-CD41 labelling (Beckman Coulter and Caltag antibodies) and were expressed as a percentage of total leukocytes, as
described elsewhere. [20] Microparticles (MP) derived from
blood cells and endothelial cells were quantified by flow

cytometry using Annexin V labelling and cell-specific labelling. Platelet-derived MPs, erythrocyte-derived MPs,
leukocyte-derived MPs and endothelial cell-derived MPs
were quantified (mp/μL) using high-sensitivity flow cytometry, as previously described. [21] Nucleosome quantification,
reflecting partly NETosis, was performed by ELISA (Cell
death detection kit; Roche) as described by Fuchs et al. [22]
One unit of nucleosomes referred to the average amount of
nucleosomes quantified in plasma of the controls. Vascular
markers were quantified using ELISA kits from R&D
Systems (Minneapolis, MN, USA) for soluble E Selectin,
and soluble P Selectin.
As pediatric laboratory reference values for most of these
parameters were missing, especially for children with African
or Caribbean ethnicity, a group of controls matched for age
and ethnicity was concomitantly recruited.

Follow-Up
The following vascular events occurring during the follow-up
period were recorded: i) significant neurovascular events including stroke, transient ischemic event, intracranial hemorrhage, cerebral venous thrombosis, TCD switching from normal to abnormal categories, and intracranial aneurysm diagnosis, ii) significant systemic vascular events including ACS,
ASS, priapism, symptomatic femoral osteonecrosis, proteinuria or retinopathy occurrence, and deep vein thrombosis, iii)
significant treatment modification (i.e. initiating a transfusion
program or hydroxycarbamide treatment) during the followup period because of neurologic clinical symptoms or TCD
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abnormality was also considered as a neurovascular event,
while significant treatment modification because of repeated
VOE/ACS/ASS was considered as a systemic event. Bone
and abdominal VOEs not leading to treatment modification
were not considered as significant events, as they are common
complications in patients with SCD.

Statistical Analysis
All analyses were made using R and additional package coin
[23] for exact inference with ties when using non-parametric
tests. Confidence intervals are given for a 95% confidence level; tests were made with a maximal type I error set at
5% (p < 0.05).
Characteristics of the Study Populations Differences between
steady-state patients and controls were assessed using MannWhitney test. Association of parameters was evaluated using
Spearman’s rank correlation coefficient for quantitative predictors and Kruskal-Wallis test for qualitative predictors.
Predictivity A univariate analysis evaluated predictivity of parameters, corrected p-values for multiplicity were calculated
according to Bonferroni’s method. Then, a multivariate model, including selected parameters collected at inclusion was
designed. Parameters selection relied on both previously published data and results found in the univariate analysis.
Significance of these parameters was tested using likelihood ratio tests according to the nested models theory.
The ability of the final model to predict the outcome was
checked using the area under the ROC curve, and the model
sensitivity and specificity.

Results
The study enrolled 108 patients with SCD at steady state, 41
males and 67 females (sex ratio 0.61), aged 3.27–17.75 years
old (median 9.76) (Fig. 1).

Characteristics at Steady State (Supplemental Table 1)
As previously reported, compared with controls, patients with
SCD displayed significantly higher levels of hemolysis and
platelet activation markers, and higher leukocyte, CD34+ hematopoietic stem cell, and total microvesicle counts. Children
with SCD had a pro-coagulant profile with an increased whole
blood coagulant activity according to thromboelastography
parameters, higher D-dimer, factor VIII, and von Willebrand
Factor (VWF) levels. They also had lower levels of coagulation inhibitors.
Interestingly, patients with SCD did not differ from controls in terms of circulating endothelial cells (p = 0.88),

although an endothelial activation was suggested by the increase in soluble (s) E-selectin level (p = 0.0032) associated
with a VWF increase. Cell nucleosomes, known as a leukocyte activation marker and a reflection of NETosis, did not
differ between the two groups.
Patients with SCD had altered endothelial-dependent vasodilation (data obtained in 43 patients). No patient had pulmonary hypertension. Most patients (n = 102, 94.4%) had a normal TCD, while only six patients (5.6%) had an abnormal
TCD (conditional n = 3, abnormal n = 3).

Follow-Up
Mean follow-up was 27 months (range 18–34.6 months), with
data available for 104 patients, as four patients were lost
to follow-up. During this period, 36 patients (35%) had at least
one vascular event: 25 patients (24%) had one systemic vascular event or more, 12 patients (11.5%) had one
neurovascular event or more, and one patient had both a
neurovascular and a systemic event (Fig. 1, Table 1).
Median delay for vascular event occurrence was 277 days
from inclusion. Neurovascular events occurred at a younger
age than systemic vascular events (median age 6.45 [4.65–
10.2] vs 10.96 [8.61–14.18] years old, p = 0.0071).
Interestingly, patients treated with hydroxycarbamide at inclusion had significantly more systemic vascular events during
the follow-up period (p = 0.021).

Predictive Factors for Vascular Events
The multivariate model was designed, including the following
parameters selected both from the preliminary univariate analysis results and previously published data: age, reticulocyte
count, treatment with hydroxycarbamide at inclusion, history
of abnormal TCD, soluble E-selectin count, and CD34+ cell
count at inclusion. In this model, higher total CD34+
cell count was the best predictor for the occurrence of
a vascular complication (OR 1.2 for 1000/mL increase,
95%CI [1.049–1.4], p = 0.013, sensitivity 52.9%, specificity 84.6% for a threshold of 8675/mL) (Fig. 2, and
Supplemental Fig. 1).
Potential association of this marker with abovementioned
previously published risk factors, including markers of hemolysis and TCD values, was verified. As expected, an association with other markers of hemolysis was found, with hemoglobin level (negative association) and LDH (positive association). An association between reticulocyte and CD34+ cell
counts was found but did not remain linear, i.e. CD34+ continued to increase when reticulocyte count had reached a
steady state. (Supplemental Fig. 2). A non-significant association between higher TCD velocity and elevated CD34+ cell
count was observed (p = 0.072).
See Table 2.
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Table 1 First vascular
complication recorded during the
follow-up period

Type of first complication

Number of patients

NEUROVASCULAR EVENTS
Ischemic stroke or transient ischemic event

N = 12, median age of occurrence
6.45 yrs. old (25–75 perc 4.65–10.2)
N=4

Intracranial hemorrhage and/or Intracranial aneurysm

N=2

Cerebral venous thrombosis
Transfusion program or HU started because
of TCD abnormality

N=1
N=5

PERIPHERAL VASCULAR EVENTS
Acute chest syndrome (ACS)

N = 25, median age of occurrence
10.96 yrs. old (25–75 perc: 8.61–14.18)
N = 13 (1 with concurrent deep vein
thrombosis)

Priapism
Acute splenic sequestration (ASS)

N=2
N=1

Femoral head osteonecrosis

N=1

Proteinuria occurrence
Retinopathy

N=5
N=0

HU started because of frequent VOE or repeated ACS/ASS

N=3

Clinical data were available for 104/108 patients
HU Hydroxycarbamide

Discussion
The main goal of this study was to identify a predictive marker
for the occurrence of vascular events in children with SCD,
using an original approach considering the occurrence of both
neurovascular events and systemic events. We observed that a
CD34+ hematopoietic stem cell count higher than 8675 cell/
mL was a predictive factor of vascular complications.
The increase in CD34+ cells in SCD is usually thought to
result from bone marrow stimulation due to chronic hemolysis
and anemia. But in our patients with SCD, the association
between reticulocyte and CD34+ cell counts did not remain
Fig. 2 CD34+ cell count predicts
vascular event occurrence.
Event-free survival is
significantly different for patients
with CD34+ cell count >8675
cells/mL, p ~ 0.0001
(log-rank test)

linear, and CD34+ continued to increase when reticulocyte
count had reached a steady state. This pattern suggests that
other mechanisms than hemolysis are involved in chronic
CD34+ progenitor mobilization, such as hypoxia and regenerative pathways. While hematopoietic CD34+ cell mobilization through hypoxia-inducible angiogenic growth factor
SDF-1 was found beneficial in acute hypoxic conditions (for
example in the acute phase injury after stroke) [24] [25],
chronic CD34+ cell mobilization may conversely have a detrimental effect in chronic vascular conditions. Circulating
CD34+ cell population contains a scarce subpopulation of
so-called endothelial progenitor cells, known to participate
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Table 2

Clinical and biological features associated with further clinical event occurrence, multivariate model

Parameters included in the
multivariate model

Prediction of global vascular events
(neurovascular + peripheral)

Prediction of neurovascular events

Age

ns

Reticulocyte count
E-selectin dosage

ns
OR = 1.03 [1.01–1.05] for 1 ng/mL
decrease, p = 0.0044
OR = 1.2 [1.049–1.4], for 1000/mL
increase p = 0.013
ns

OR = 0.61 [0.38–0.86] for 1 year older, p = 0.018*
OR = 2.03 [1.31–4.09] for 0.5.109/L increase, p = 0.034*
OR = 1.04 [1.01–1.09] for 1 ng/mL decrease, p = 0.027

Total CD34+ cell count
Ongoing hydroxycarbamide
treatment at inclusion
History of abnormal TCD
at inclusion

ns

ns
ns
OR = 1.905 [1.46–1.99] for no history
of abnormal TCD, p = 0.018*

Bold font: significant result, ns: non significant, *: previously published significant association/predictivity

in endothelium regeneration and stabilization. Those CD34+
cells in high number or with blocked maturation (as is the case in
chronic hypoxic conditions), may display abnormal reparative
functions and promote neointimal hyperplasia and arterial stenosis. [24–26] They are associated with poorer prognostic in heart
failure adult patients. [27] Among these circulating CD34+ cell
population, there is a subpopulation of very small embryonic-like
stem cells (VSELs). [28, 29] VSELs are pluripotent stem cells
with the phenotype of Lin-, CD34 ± , CD133 +, CD45-, CXCR4
+, SSEA-4 +, AP +, c-Met+, LIF-R +, HLA-DR-, MHC I −,
CD90-, CD29-, CD105-, they can be isolated from the bone
marrow, umbilical cord blood and peripheral blood. These small
cells are deposited during embryogenesis in bone marrow and
other organs as a backup population for adult tissue-committed
stem cells and are involved in several processes related to tissue
or organ regeneration. We and others have previously described
that VSELs are able to give rise to endothelial cells and also
perivascular cells, harboring the CD34 surface marker
[30–32]. Thus, in patients with SCD, VSELs subset in total
CD34+ cells may be associated to vascular events as a consequence of a multilineage differentiation of potential cells that
would modify vascular structure and/or remodeling process leading to vascular adverse events. In line with this, Croizat et al.
showed that patients with SCD (SS hemoglobin) had a chronically mobilized hematopoietic progenitor phenotype, probably
related to exposure to elevated levels of IL-3, GM-CSF, etc.
[33] These chronically detrimental effects might be a potential
explanation of the predictive role of CD34+ cell count for clinical
vascular events in our study population. Interestingly, it was recently shown that, in patients with SCD with vascular damage,
the high count of hematopoietic and progenitor cells may be
reduced by angiotensin II inhibitors, suggesting a potential therapeutic strategy. [34]
Most of our results confirmed previous reports, as TCD
data distribution. [2, 35] Predictive factors or neurovascular
events only replicated previously published results in children
with SCD, i.e. abnormal TCD, younger age, increased hemolysis (especially elevated reticulocyte count), and history of

stroke or abnormal TCD. [1, 6, 7] Interestingly, some other
factors that may be hypothesized or have been reported involved in vascular complications in children with SCD were
not significant in this study. First, considering markers of endothelial function, lower soluble E-selectin was pointed by
univariate analysis but was not retained in the multivariate
analysis (Supplemental Table 1). No increase in Circulating
Endothelial Cell (CEC) count was found in children with SCD,
contrary to what Solovey et al. found in adults with SCD. [36]
The technique we used for CEC count is the recommended
method published by Woywodt et al. in 2006 [16], relying on
CEC count after immunomagnetic separation using a monoclonal antibody recognizing a different epitope than the P1H12
mAb used by Solovey et al. We have also chosen to present
results as median values rather than means, because the values
were not normally distributed, which is, to our opinion, another
cause of difference between our results and those reported by
Solovey et al. Finally, they quantified cells in buffy coat and
might have included progenitor endothelial cells as well as circulating endothelial cells in their count. [36] The absence of CEC
count elevation in SCD patients highlights the potential of CEC
count to differentiate endothelial lesion from endothelial regeneration. In previous studies, our team found that CEC count
reflected more a strong remodeling process than endothelial lesion. In pulmonary artery hypertension (idiopathic or associated
with congenital cardiopathy), CEC count elevation was related to
intimal proliferation and subsequent PAH non-reversibility. [17,
37, 38] In oncology, CEC count is considered as a surrogate
biomarker of angiogenic activity, especially in lung and colorectal cancers, and has potential therapeutic interest for the monitoring of anti-angiogenic treatments. [39–41] In the present study,
normal CEC count observed either during vaso-occlusive event
(data not shown) or not, suggests that SCD patients actually have
endothelial activation, with increased soluble E-selectin and
VWF levels, but no vascular remodeling or intima proliferation
process. Second, no parameter of hemolysis reached
significance in this study. The use of multiplicity corrections,
although necessary when analyzing multiple parameters, may
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have limited statistical power. Third, although hypercoagulability and thrombin generation activation were observed in
more than 90% of children with SCD enrolled in the present
study, they were not predictive of vascular event occurrence.
Results published by Noubouossie et al. [42] were not replicated in our study, as increase in thrombin generation parameters was not associated with further neurovascular event occurrence, although patients’ characteristics were comparable.
Finally, in a subgroup of patients with available results (n =
43), parameters reflecting a loss of arterial wall distensibility
were found to be predictive of systemic vascular event occurrence. As they represent chronic vascular changes since childhood, which may lead to early atherosclerosis [43], further
explorations may be encouraged.

5.

6.

7.

8.

Conclusion
CD34+ cell count appears as a promising marker of global
vascular event occurrence in children with SCD, including
both systemic and neurovascular events. A large prospective
study including CD34+ count in the biological followup of patients with SCD is now warranted to validate
these findings. Risk stratification in these patients is
challenging and could lead to modify treatments in order to
prevent severe complications leading to pain, irreversible organ damage, or handicap.
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