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Abstract

In sickle cell disease (SCD), abnormal microvascular function combined with chronic anaemia 

predisposes patients to perfusion-demand mismatch. We hypothesized that skeletal muscle and 

myocardial perfusion, normalized to the degree of anaemia, is reduced at basal-state compared to 

controls, and that this defect is ameliorated by hydroxycarbamide (HC; also termed hydroxyurea) 

therapy.

Twenty-one SCD patients, of whom 15 were treated with HC, and 27 controls underwent contrast-

enhanced ultrasound (CEU) perfusion imaging of the forearm as well as the myocardium.

HC treatment was associated with lower white cell and reticulocyte counts, and higher fetal 

haemoglobin and total haemoglobin levels. When corrected for the degree of anaemia in SCD 

patients, skeletal flow in HC-treated patients was significantly higher than in untreated SCD 

patients (217.7±125.4 vs 85.9±40.2, p=0.018). Similarly, when normalized for both anaemia and 

increased myocardial work, resting myocardial perfusion was also significantly higher in HC-

treated patients compared with untreated SCD patients (0.53±0.47 vs 0.13±0.07, p=0.028). 

Haemoglobin F (HbF) levels correlated with skeletal muscle microvascular flow (r=0.55, p=0.01).

In conclusion, patients with SCD not on HC therapy have resting flow deficits in both skeletal 

muscle and myocardial flow. HC therapy normalizes flow and there is a direct correlation with 

HbF levels.
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INTRODUCTION

Sickle cell disease (SCD) is a genetic condition caused by a point mutation in the beta-

globin gene (HBB), producing haemoglobin S (HbS). HbS polymerizes upon deoxygenation 

resulting in changes in the rheology of sickled erythrocytes. The pathophysiology of tissue 

ischaemia in SCD is multifactorial (Rees et al, 2010;Gladwin, 2016;Piel et al, 2017;Ware et 
al, 2017) involving (i) microvascular loss (from repetitive vaso-occlusive events or increased 

endothelial adhesion of leucocytes and erythrocytes), (ii) abnormal rheology in the distal 

microcirculation and (iii) functional abnormalities of the microcirculation which are partly 

attributable to haemolysis and loss of nitric oxide (NO) bioavailability. Cumulatively, these 

functional or structural abnormalities could lead to either overt hyoperfusion of key tissues, 

such as the myocardium or skeletal muscle, or to a lack of ability to augment perfusion as a 

compensatory response that normally occurs with non-SCD forms of anaemia (Kubes et al, 
1988;Piel et al, 2017;Ware et al, 2017). Recent studies have suggested that 

hydroxycarbamide (HC), also called hydroxyurea, a cornerstone in the treatment of SCD, 

can have beneficial effects by increasing the level of non-polymerizing HbF and by 

increasing NO availability (Poillon et al, 1993;Charache et al, 1995;McGann & Ware, 2015). 

However, little is known about the effects of HC on tissue perfusion in SCD.

In this study we hypothesized that microvascular flow impairment may be present in skeletal 

muscle or myocardium in patients with SCD even under non-crisis conditions and that HC 

therapy ameliorates perfusion deficits. To test this hypothesis, quantitative microvascular 

perfusion imaging with contrast enhanced ultrasound (CEU) was performed due to its ability 

to quantify perfusion at the capillary level in both the myocardium and skeletal muscle. 

Given that the left ventricle in SCD is likely to have higher basal oxygen demand due to 

adaptive increases in cardiac output that occur with anaemia and increased left ventricular 

(LV) end-systolic wall stress (Lamers et al, 2006), we corrected for these haemodynamic 

factors. In addition, we characterized the balance between myocardial work and myocardial 

perfusion, and assessed the ability to augment myocardial perfusion using vasodilator stress 

in controls and SCD patients.

METHODS

Study Population

The study was approved by the National Heart, Lung and Blood Iinstitute (NHLBI) 

Institutional Review Board (ClinicalTrials.gov Identifier: NCT01602809), and subjects gave 

written informed consent. Twenty-two adult African-American patients with SCD (21 HbSS, 

one with sickle β°-thalassemia) who were free of acute crisis for the previous four weeks 

were prospectively recruited and completed study procedures. Sixteen of these patients were 

on HC therapy at the discretion of their referring physicians. Thirty-five healthy African-
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American control subjects with no history of SCD or sickle cell trait were also studied 

(Figure 1).

Exclusion criteria included a history of obstructive coronary or peripheral artery disease, 

heart failure, uncontrolled hypertension, uncontrolled diabetes, pregnancy and allergy or 

intolerance to ultrasound contrast agent or adenosine-related vasodilators. Subjects were 

excluded for the presence of wall motion abnormality or moderate or greater valve stenosis 

or regurgitation during the study echocardiogram. Beyond the prospective inclusion and 

exclusion criteria, four control subjects with a body mass index (BMI) ≥40 kg/m2 were 

excluded because there was a substantial difference in BMI between the two groups. One 

SCD patient with a fasting glucose level >22.2 mmol/l was also excluded. As obesity and 

diabetes can decrease microvascular blood volume, exclusion of these subjects from both 

groups represented a conservative approach to data analysis. The final study population 

consisted of 27 controls, 6 SCD patients not taking HC and 15 SCD patients on HC (Figure 

1). Analysis of all data without exclusions did not change study findings and conclusions.

Study Design

Subjects were studied after an overnight fast and blood was drawn that morning for 

electrolytes and blood counts. Transthoracic echocardiography was performed for evaluation 

of cardiac structure and function. Brachial artery ultrasound was performed to assess 

macrovascular blood flow. Forearm skeletal muscle and myocardial perfusion imaging with 

contrast-enhanced ultrasound was performed at rest and during vasodilator stress produced 

by regadenoson (0.4 mg intravenously over 10 s).

Echocardiographic Measurements

Transthoracic 2-dimensional echocardiography (IE33, Philips Medical System, Andover, 

MA) was performed by a single sonographer using a phased-array probe. Quantitative 

measurements of LV dimension and thickness were performed according to American 

Society of Echocardiography guidelines (Lang et al, 2015). Stroke volume (SV) was 

calculated as the product of LV outflow tract cross-sectional area and velocity time integral, 

and cardiac output was calculated as the product of stroke volume and heart rate. LV end-

systolic wall stress was calculated as: (0.334*SBP*LVESD) /[PWTs (1+PWTs/LVESD)] 

where SBP=systolic blood pressure, LVESD=LV end-systolic diameter and PWTs=posterior 

wall thickness in systole (Reichek et al, 1982). LV stroke work was calculated as the product 

of SBP and SV and LV total work was calculated as the product of LV stroke work and heart 

rate.

Ultrasound Imaging

Ultrasound of the brachial artery was performed above the antecubital fossa with a linear 

array probe (Acuson Sequoia C512, Mountainview, CA). Brachial artery diameter was 

measured and pulse-wave spectral Doppler was used to obtain peak flow velocities in the 

artery. Brachial artery flow was calculated as the product of the cross-sectional area and the 

average velocity time integral.
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Contrast-Enhanced Ultrasound

CEU can parametrically assess microvascular blood volume (MBV) and microvascular flux 

rate and is particularly useful for parsing flow abnormalities that may be caused by abnormal 

haemorheology, increased arterial tone, or functional or structural loss of terminal 

microvascular units. For CEU perfusion imaging, a transaxial view of the proximal forearm 

deep flexor group was used for skeletal muscle and an apical 4-chamber view was used for 

myocardium. One vial of lipid-shelled octafluoropropane microbubbles (Definity, Lantheus 

Medical Imaging, North Billerica, MA) diluted to a total volume of 30 ml was infused 

intravenously at a rate of 1.5–2.0 ml/min. A multipulse contrast-specific imaging protocol 

(IE33, Philips Ultrasound, Andover, MA) was performed at a transmission frequency of 1.8 

MHz with a phased-array transducer at a mechanical index (MI) of 0.1–0.2 for myocardium 

and 0.8–0.9 for skeletal muscle. Skeletal muscle images were acquired at end-diastole 

during incremental prolongation of the pulsing interval from one to 15 cardiac cycles. For 

the myocardium, microbubbles within the sector were destroyed with a 5 frame sequence 

(MI 1.0–1.1) and end-systolic frames were subsequently recorded for 10–15 consecutive 

cardiac cycles.

Image analysis was performed off-line as previously described (Wei et al, 1998). 

Videointensity was measured from a large region of interest placed over the forearm flexor 

muscles. For skeletal muscle imaging, averaged frames from a pulsing interval (PI) of one 

cardiac cycle were digitally subtracted from averaged frames at longer PIs to eliminate 

signal from the majority of non-capillary vessels(Dawson et al, 2002). For myocardial flow, 

videointensity was measured from a region of interest placed over the mid-septum as 

previously described (Le et al, 2002;Wei et al, 1998). Time versus videointensity (VI) data 

were fit to the function y=A(1-e−βt), where y is the VI at time or pulsing interval t, A is the 

plateau of the VI curve and reflects relative microvascular blood volume, and β is the mean 

microvascular blood flux rate. Muscle perfusion was calculated as the product of myocardial 

blood volume (A) and microvascular flow velocity (β). Perfusion analysis was not possible 

in two control subjects due to poor images.

Statistics

Statistical analyses were performed with GraphPad Prism (version 6.00 for Windows, 

GraphPad Software, La Jolla, California). Data are expressed as mean ± standard deviation 

unless otherwise specified. Differences were considered significant at p<0.05. One way 

analysis of variance using the non-parametric Kruskal-Wallis test and Dunn’s post-test for 

multiple comparisons were used to compare differences between control subjects, SCD 

patients not on HC, and SCD patients taking HC. Differences in HbF and HbS levels 

between the SCD groups were compared with the non-parametric Mann-Whitney test. The 

association between HbF and measures of perfusion was assessed using the Spearman rank 

correlation.
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RESULTS

Demographic and Laboratory Results

Demographic variables were similar between controls and SCD patients with the exception 

of lower BMI in the HC-treated SCD cohort (Table I). Haemodynamics at baseline and with 

regadenoson showed no significant differences between groups. A chronic haemolytic state 

in SCD subjects was evident by anaemia and increased total bilirubin, lactate dehydrogenase 

(LDH) and reticulocyte count. The control subjects were on no medications other than oral 

contraceptives (2 subjects). In the SCD group, 4 patients (19%) were on an ace-inhibitor or 

an angiotensin receptor blocker, 2 (10%) were on a calcium channel blocker, one was on a 

beta-blocker and one was on the endothelin receptor antagonist bosentan. The majority of 

SCD patients (17/21 or 81%) had a history of fewer than 3 vaso-occlusive crises yearly and a 

similar number had a history of <10 lifetime transfusions (Supplementary Table I).

In the SCD patients taking HC, the average daily dose was 18±8 mg/kg/day (range 6 to 31 

mg/kg/day). All patients had been taking HC for longer than one year and the average 

duration of treatment was 4.5 years. The daily timing of HC administration was not recorded 

or altered for this study. Compared with patients not on HC, HC-treated patients had higher 

mean corpuscular volume (MCV), and a trend towards lower white blood cell (WBC) count, 

lower reticulocyte count and higher haemoglobin (Table I). HC-treated patients had higher 

levels of HbF (15.0 ± 8.3 % vs 5.9 ± 4.4 %, p=0.014) and lower levels of HbS (78.7 ± 8.5 % 

vs 87.9 ± 3.0 %, p=0.018) compared with untreated patients.

Echocardiography and Brachial Artery Flow

On echocardiography, SCD patients were characterized by larger LV dimensions and greater 

LV mass index compared to controls consistent with pathological eccentric hypertrophy 

(Table II). Routine parameters of LV systolic function, including ejection fraction and global 

longitudinal strain, showed no group-wise differences. Stroke work, total myocardial work 

and cardiac output, however, were significantly increased in SCD patients, consistent with 

expected cardiac adaptation to a high cardiac output state. SCD patients treated with HC 

showed no significant differences in LV structure or function compared to untreated patients 

other than a mild decrease in E/A ratio (1.9±0.7 vs 2.8±0.5, p=0.022).

Brachial artery diameter and flow was not significantly different between controls and SCD, 

nor were there any differences within the SCD group based on HC therapy (Table II, Figure 

2).

Skeletal Muscle Perfusion

CEU of skeletal muscle demonstrated that the HC-treated SCD patients had significantly 

higher muscle perfusion than controls (Figure 3A). Parametric analysis of CEU data 

indicated a trend toward improvement in both functional microvascular blood volume and 

microvascular flux rate in SCD subjects treated with HC. This finding suggests both an 

improvement in the regulation of functional patency of capillary units, which has been 

shown to be largely under the regulatory control of NO (Vincent et al, 2003), and 
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improvement in rheology (Rim et al, 2001), possibly due to the increased HbF level and 

decreased HbS polymerization.

Muscle and myocardial perfusion are under tight metabolic control so that oxygen delivery 

meets demand under various working conditions. Accordingly, all of our measurements of 

tissue blood flow were normalized to the degree of anaemia in order to assess true efficiency 

of perfusion (perfusion efficiency = A×β×haemoglobin level). Skeletal muscle perfusion 

efficiency remained high in sickle cell patients treated with HC and was significantly higher 

than in the untreated SCD patients (Figure 3B). There was a good correlation between HbF 

levels and measurements of skeletal muscle perfusion (r=0.55, p=0.01, Figure 4A) and 

perfusion efficiency (r=0.60, p=0.007). With vasodilator stress, skeletal muscle perfusion 

measurements increased to a similar extent in controls and SCD patients (Supplementary 

Figure 1A).

Myocardial Blood Flow

Resting myocardial perfusion in HC-treated SCD patients was significantly higher than in 

untreated patients (Figure 5A). With normalization for haemoglobin levels, resting flow in 

untreated SCD patients was lower than in healthy controls, but HC therapy appeared to 

restore myocardial perfusion to the same level as controls (Figure 5B).

Given that resting myocardial blood flow is closely coupled to myocardial oxygen 

consumption, which in turn is determined by heart rate, load and contractility, CEU 

measurements of myocardial perfusion were also normalized for myocardial work 

((A×β×haemoglobin)/(stroke volume×systolic blood pressure×heart rate)). Normalized 

myocardial microvascular flow was significantly lower in untreated SCD patients compared 

with controls (Figure 5C). Microvascular flow in the myocardium was significantly higher in 

HC-treated patients, which again was attributable to increases in both functional 

microvascular blood volume and flux rate. However, there was no significant correlation 

between HbF levels and myocardial perfusion measurements (r=0.31, p=0.191, Figure 4B). 

Myocardial perfusion during vasodilator stress improved to a similar extent in both controls 

and SCD patients (Supplementary Figure 1B).

DISCUSSION

Cardiovascular complications are common in SCD patients with no evidence of disease in 

conduit vessels (Manci et al, 2003;Fitzhugh et al, 2010). Microvascular occlusion or 

dysfunction has been implicated as an important contributor to these complications (Desai et 
al, 2014) but direct measurements of this in SCD patients has been difficult due to 

inadequate techniques to measure microvascular flow. We used ultrasound to assess flow in 

the brachial artery; however, brachial artery blood flow is not an adequate surrogate for 

muscle perfusion because many other non-muscle tissue types are supplied by the brachial 

artery and because non-nutritive intramuscular vascular pathways that exist (Vincent et al, 
2006). Hence, CEU perfusion imaging was performed to quantify microvascular flow in 

skeletal muscle and the myocardium. In our study of SCD patients, we found that perfusion 

measurements in SCD patients not taking HC were comparable to those of healthy controls. 

By normalizing blood flow to the degree of anaemia and disease-related increases in 
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myocardial work, we demonstrated resting myocardial perfusion deficits in SCD patients not 

taking HC. In addition, we have shown a clear increase in both skeletal muscle and 

myocardial microvascular flow with HC therapy and a significant correlation between HbF 

levels and skeletal muscle microvascular flow.

Skeletal muscle blood flow is regulated by a complex interplay of factors that match oxygen 

and nutrient delivery with metabolic demand. Haemoglobin level is a critical component of 

this process. Leg blood flow studies in young healthy men following acute lowering of 

haemoglobin concentration have demonstrated increased systemic and muscle blood flow 

(Koskolou et al, 1997;Gonzalez-Alonso et al, 2006) ). Studies using strain gauge 

plethysmography (Eberhardt et al, 2003)and near infra-red spectroscopy (Waltz et al, 2012) 

have consistently shown increased resting overall forearm blood flow in SCD patients 

compared with controls. Animal studies of non-SCD anaemia show that resting skeletal 

muscle microvascular flow is significantly higher in the anaemic state compared with 

controls (Kubes et al, 1988). For patients with the level of anaemia found in our study, the 

lack of increased microvascular flow in SCD patients not treated with HC may represent an 

important and abnormal finding showing an inability to compensate for the anaemia at the 

microvascular level.

Beneficial effects of HC treatment in SCD have been attributed to ATP- and NO-mediated 

vasodilation and improvements in erythrocyte rheology, membrane deformability and cell 

hydration, possibly related to increases in HbF (Cokic et al, 2006;Cokic et al, 2008;Gladwin 

et al, 2002). Given that intracellular levels of HbF may not rise for one to two weeks after 

initiation of therapy(Rodgers et al, 1990), it is possible that other mechanisms also play an 

important role. HC-treatment also decreases soluble vascular adhesion molecule 1 levels, 

resulting in reduced adhesion of endothelial cells to sickled erythrocytes (Saleh et al, 1999), 

and inhibits neutrophil recruitment and activation through the NO/cyclic guanosine 

monophosphate (GMP) pathway (Canalli et al, 2008;Almeida et al, 2012). Improvements in 

erythrocyte hydration status and cell deformability have also been seen with HC treatment 

(Halsey & Roberts, 2003). Previous in vivo investigations of blood flow in relation to 

hydroxycarbamide therapy in SCD have involved assessment of transcranial flow (Helton et 
al, 2014;Zimmerman et al, 2007) or forearm blood flow (Gladwin et al, 2003). Assessment 

of microvascular flow in SCD has only been possible in the skin (Charlot et al, 2016) and 

the retina (Minvielle et al, 2016) to a limited degree. To our knowledge, this is the first study 

to directly evaluate differences in muscle and myocardial perfusion at the microvascular 

level associated with HC treatment in SCD patients.

Our CEU measurements of microvascular perfusion in skeletal muscle are novel with 

regards to the assessment of muscle blood flow and flux rate in a quantitative fashion. 

Investigations into structural alterations have been more common. Muscle biopsies in 

patients with SCD indicate capillary rarefaction in the skeletal muscle(Ravelojaona et al, 
2015). Ravelojaona et al (2015) showed that despite the presence of capillary rarefaction, 

there is an increase in the number of non-capillary microvessels >5 µm in diameter. 

Importantly, the morphological appearance or density of microvessels does not necessary 

reflect functional status in terms of the number of microvascular units that are actively 

perfused as there may be dissociation between the degree of abnormalities in skeletal muscle 
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microvascular structural and functional density(Clerk et al, 2007). Given that only a minority 

of skeletal muscle capillaries are open at rest in normal subjects, capillary recruitment to 

increase microvascular blood volume is a normal skeletal muscle response to increased 

oxygen requirements and low oxygen carrying capacity. Our parametric analysis of blood 

flow suggests that improvements in microvascular blood flow in HC-treated patients are a 

manifestation of improvements in both microvascular blood volume and blood flow velocity.

In the myocardium, we found that microvascular flow in HC-treated SCD patients is similar 

to that of controls at rest and following regadenoson infusion. In normal hearts, resting 

myocardial blood flow is closely coupled to myocardial oxygen consumption (MVO2), 

which is determined by multiple parameters including heart rate, blood pressure, 

contractility and wall stress. As expected, sickle cell patients had higher levels of stroke 

work and total myocardial work compared with controls. When we normalized myocardial 

blood flow for anaemia and increased myocardial work, we again found no significant flow 

abnormalities overall in HC-treated SCD patients. In contrast, we saw significant perfusion 

deficits in SCD patients not treated with HC. Our findings are in agreement with an earlier 

CEU study in SCD patients which found normal indices of microvascular flux rate and 

volume at baseline (Almeida et al, 2008), however, that study did not delineate differences in 

flow associated with HC-treatment.

Limitations

Our study’s sample size is small and we excluded two initial patients with poor quality data 

for perfusion assessment. The controls were significantly overweight compared with SCD 

patients and although this may have affected their microvascular flow, fasting glucose levels 

were similar in both groups. Although we adjusted perfusion measurements for the severity 

of anaemia and normalized for differences in cardiac work, it was not possible to normalize 

for efficiency of oxygen delivery.

The timing and dosing of HC administration and other medications that may affect perfusion 

haemodynamics were not controlled in our non-randomized observational study. The SCD 

subjects in the current study reported few yearly vaso-occlusive events and lifetime 

transfusion numbers and may represent a relatively stable group. We had a small number of 

patients not taking HC, therefore, these findings are hypothesis-generating and should be 

investigated further with larger patient numbers.

When we compared laboratory parameters in Table 1 between HC untreated and treated 

groups, only MCV reached statistical significance using the Kruskal-Wallis non-parametric 

ANOVA test. This is probably due to the small sample size because haemoglobin improved 

with HC-treatment as expected, and there were trends towards normalization of numerous 

other laboratory parameters (total bilirubin, alkaline phosphatase, LDH, WBC count, 

reticulocyte count).

Conclusions

Quantitative assessment of skeletal muscle and myocardial perfusion with CEU imaging 

shows that resting perfusion in SCD patients treated with HC is significantly better than in 

untreated patients and is similar to that of controls. Flow improvements in HC-treated 
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patients were related to increases in both blood volume and flux rate and skeletal flow 

directly correlated with HbF levels. More definitive evidence of HC-related microvascular 

flow improvements will be needed through larger studies that evaluate temporal changes in 

perfusion occurring after HC administration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Study Enrolment Diagram
A total of 57 subjects signed consent and completed study procedures. Two had no 

interpretable contrast data for technical reasons. Six controls were excluded for a BMI > 40 

kg/m2. One SCD patient was excluded for a glucose level of > 22.2 mmol/l. There were 48 

evaluable patients in the study (27 controls, 21 SCD patients of whom 15 were on HC). 

BMI: body mass index; HC: hydroxycarbamide; SCD: sickle cell disease.
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Figure 2. Brachial artery flow
Calculated brachial artery flow in controls, SCD patients not on HC and SCD patients on 

HC therapy demonstrates no significant differences between groups. HC: 

hydroxycarbamide; ns: not significant; SCD: sickle cell disease.
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Figure 3. Skeletal Muscle Microvascular Flow
A. Resting contrast-enhanced ultrasound-derived skeletal muscle flow data is shown in 

controls, SCD patients not on HC and SCD patients on HC therapy. B. Skeletal muscle flow 

normalized to haemoglobin levels is shown in all three groups. HC: hydroxycarbamide; ns: 

not significant; SCD: sickle cell disease.
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Figure 4. HbF levels and Skeletal Muscle and Myocardial Flow
A. There was a direct correlation between HbF levels and skeletal muscle flow (r=0.55, 

p=0.01). B. No significant correlation was seen between HbF levels and myocardial flow 

(r=0.31, p=0.191).
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Figure 5. Myocardial Blood Flow
A. Myocardial perfusion data is shown in controls, SCD patients not on HC and SCD 

patients on HC therapy. B. Myocardial perfusion is normalized to haemoglobin levels. C. 

Myocardial perfusion is normalized to both haemoglobin and myocardial work. HC: 

hydroxycarbamide; ns: not significant; SCD: sickle cell disease.
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Table I

Clinical Characteristics and Laboratory Data

Controls
n=27

SCD - HC
n=6

SCD + HC
n=15

Age (median, years [IQR]) 27 (23–44) 32 (24–35) 35 (27–46)

Gender (%female) 41 50 53

BMI (kg/m2) 27 ± 5 23 ± 7 23 ± 3*

Baseline heart rate (/min) 62 ± 12 71 ± 10 66 ± 9

Baseline systolic BP (mmHg) 117 ± 11 113 ± 14 114 ± 12

Baseline diastolic BP (mmHg) 63 ± 10 59 ± 6 63 ± 9

Creatinine (µmol/l) 88.4 ± 17.7 53.0 ± 8.8* 61.9 ± 35.4***

Glucose (mmol/l) 5.3 ± 0.8 5.1 ± 1.1 5.3 ± 0.9

Total bilirubin (µmol/l) 8.6 ± 5.1 53.0 ± 12.0*** 44.5 ± 30.8***

Alkaline phosphatase (u/l) 65 ± 16 122 ± 39** 82 ± 21

LDH (u/l) 181 ± 33 513 ± 156*** 427 ± 135***

WBC (109/l) 4.9 ± 1.3 10.0 ± 2.1*** 6.7 ± 2.1 *

Hemoglobin (g/l) 132 ± 13 79 ± 11*** 94 ± 14***

MCV (fl) 84.9 ± 6.1 82.5 ± 8.6 103.6 ± 11.5***^^

Reticulocyte Count (%) 1.4 ± 0.4 15.7 ± 5.6*** 9.3 ± 3.4***

*
p<0.05,

**
p<0.01,

***
p<0.001 for controls vs SCD

^
p<0.05,

^^
p<0.01 for SCD vs SCD+HC

BMI: body mass index; BP: blood pressure; HC: hydroxycarbamide; IQR: interquartile range; LDH: lactate dehydrogenase; MCV: mean 
corpuscular volume; SCD: sickle cell disease; WBC: white blood cell.
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Table II

Ultrasound Data

Controls
n=27

SCD
n=6

SCD + HC
n=15

LVED dimension (mm) 46 ± 4 52 ± 2* 53 ± 4***

LVES dimension (mm) 31 ± 4 35 ± 3 35 ± 4*

LVED volume index (ml/m2) 53 ± 16 70 ± 17 68 ± 13*

LVES volume index (ml/m2) 21 ± 7 30 ± 10 27 ± 9

LVES wall stress (103 dynes/cm2) 63 ± 14 58 ± 14 60 ± 13

LVMI (g/m2) 67 ± 13 84 ± 16 94 ± 22***

E/A ratio 2.1 ± 0.7 2.8 ± 0.5 1.9 ± 0.7^

Septal e' (cm/s) 10.9 ± 2.9 11.5 ± 2.3 10.3 ± 1.7

Septal E/e' 6.4 ± 1.7 9.6 ± 1.3** 9.2 ± 3.0***

RVSP (mmHg) 23 ± 4 27 ± 6 28 ± 7

Ejection fraction (%) 62 ± 5 61 ± 3 61 ± 6

Stroke volume (ml) 62 ± 13 76 ± 13 78 ± 17**

Stroke work (×10−3), (ml · mmHg) 7.2 ± 1.7 8.7 ± 1.7 9.1 ± 2.6*

Total cardiac work (ml · mmHg/min) 413 ± 123 609 ± 80** 568 ± 129**

Cardiac output (l/min) 3.5 ± 0.9 5.4 ± 0.6*** 5.0 ± 0.8***

Cardiac index (l/min/m2) 1.9 ± 0.5 3.1 ± 0.6*** 2.8 ± 0.3***

Global longitudinal strain(%) −19 ± 3 −19 ± 3 −20 ± 2

Brachial diameter (cm) 3.4 ± 0.5 3.2 ± 0.6 3.2 ± 0.4

*
p<0.05,

**
p<0.01,

***
p<0.001 for controls vs SCD

^
p<0.05,

^^
p<0.01 for SCD vs SCD+HC

e': tissue Doppler mitral annular velocity; E/A: ratio of early (E) to late (A) left ventricular filling; HC: hydroxycarbamide; LVED: left ventricular 
end-diastolic; LVES: left ventricular end-systolic; LVMI: left ventricular mass index; RVSP: right ventricular systolic pressure; SCD: sickle cell 
disease.
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