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Abstract
Sickle cell disease (SCD) is a hemoglobinopathy that affects one in 500 African Americans.
Although it is well established that patients with SCD have left ventricular (LV) diastolic
dysfunction, it is not clear whether they have subtle LV systolic dysfunction despite preserved
ejection fraction (EF). We used three-dimensional speckle tracking echocardiography (3D STE) to
assess changes in both systolic and diastolic LV function in SCD.

Methods—Transthoracic real-time 3D images were obtained (Philips iE33) in 56 subjects,
including 28 stable outpatients with SCD (age 33±7 years) and 28 normal controls (age 35±9
years). 3D-STE was performed using prototype software (4DLV Analysis, TomTec) to obtain LV
volume and deformation time-curves, from which indices of systolic and diastolic LV function
were calculated.

Results—In SCD patients, 3D-STE derived LV filling parameters were significantly different
from normal controls, reflecting an increase in both rapid and atrial filling volumes and prolonged
active relaxation, depicted by a decrease in filling volume fractions at fixed times and an increase
in rapid filling duration. Global LV systolic function was not only preserved but increased
compared to controls, as reflected by significantly increased global longitudinal strain.
Importantly, twist angle and torsion as well as radial and circumferential components of 3D strain
were similar in both groups.

Conclusions—3D-STE was able to confirm diastolic dysfunction, as expected in some patients
with SCD. However, 3D-STE strain analysis did not reveal any changes in LV systolic function.
These findings provide novel insight into the pathophysiology of the cardiovascular complications
of SCD.
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Introduction
Sickle cell disease (SCD) is a hemoglobinopathy that affects one in 500 African Americans.
The cardiovascular complications associated with this disease are underappreciated because
these patients are not routinely evaluated by cardiologists and because of the lack of
experience with older SCD patients, whose survival rates have significantly improved in
recent decades [1]. Accordingly, the effects of SCD on the cardiovascular system need to be
better understood in order to optimally manage these patients. It is well established that
patients with SCD frequently develop left ventricular (LV) diastolic dysfunction [2, 3] and/
or pulmonary hypertension [4], both of which are independent predictors of mortality [2, 4].
Although in the majority of these patients overall LV systolic performance is preserved [5,
6], there may be subtle changes in LV contractility that may be caused by microvascular
occlusions due to red blood cell sickling, as is known to occur in other organ systems. These
changes may not necessarily manifest themselves early in the disease process as a reduced
ejection fraction, but rather as abnormalities in individual components of myocardial
deformation [7–10].

In the past decade, multiple studies have demonstrated the ability of echocardiography to
accurately assess myocardial deformation in a variety of disease states. Specifically, tissue
Doppler imaging (DTI) and more recently two-dimensional (2D) speckle tracking
echocardiography (STE) were used to detect subtle changes in LV systolic function in the
presence of preserved ejection fraction [7–10], and also changes in LV filling [11, 12]. Since
real-time three-dimensional (3D) echocardiography (RT3DE) has evolved as a useful
modality for the imaging of cardiac chambers [13], its ability to provide accurate estimates
of LV volume throughout the cardiac cycle has been well established [14–17], including the
ability to quantitatively evaluate LV filling. Moreover, recent developments in RT3DE
imaging technology allow automated tracking and dynamic measurements of not only LV
volume, but also of myocardial deformation [18].

Accordingly, we hypothesized that 3D speckle tracking echocardiography (3D-STE) could
be used to identify both LV systolic and diastolic dysfunction in patients with SCD who had
preserved LV ejection fraction (EF), as reflected by changes in both myocardial deformation
and LV filling. To test this hypothesis, we compared 3D-STE derived indices of systolic and
diastolic LV function in adult patients with SCD and in normal subjects.

Methods
Study population

Sixty-one patients were initially screened for the study, and 5 subjects in whom adequate
endocardial visualization was not achieved in at least 2 of the 16 LV segments were
excluded. We studied 56 subjects, including 28 stable African American outpatients with
SCD (age 33±7 years, 12 males) and 28 normal African American controls (age 35±9 years,
13 males). All SCD patients were free of vaso-occlusive crisis at least one month prior to
imaging. The clinical characteristics of the patients with SCD are shown in Table 1, whereas
the conventional echocardiographic indices of LV systolic and diastolic function of the
entire study group are summarized in Table 2. The protocol was approved by the
Institutional Review Board, and each subject provided informed consent.

Echocardiographic imaging
Transthoracic imaging was performed by an experienced cardiac sonographer using an iE33
cardiac ultrasound system (Phillips Healthcare, Andover, Massachusetts) with the patient in
the left lateral decubitus position. First, standard 2D and Doppler images were acquired
using the S5 transducer. Then, RT3DE datasets were acquired using the X5 matrix-array
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transducer from the apical position. To ensure inclusion of the entire left ventricle within the
pyramidal scan volume, datasets were acquired using the wide-angled full-volume mode
over four consecutive cardiac cycles during a single breath-hold. After gain settings were
optimized for endocardial visualization, three datasets were obtained for each patient.

Image analysis
2D and Doppler images were reviewed and analyzed off-line by an experienced investigator
using the Xcelera workstation (Philips) to obtain standard measurements of left ventricular
and atrial volumes, mitral flow E/A ratio and deceleration time, as well as septal and lateral
mitral annular velocities to assess LV diastolic function according to the recent guidelines of
the American Society of Echocardiography [19]. LV ejection fraction (EF) was calculated
from the end-systolic and end-diastolic volumes (ESV, EDV) using standard formula. The
best RT3DE dataset with minimal amount of drop-out was analyzed using pre-commercial
prototype software which utilizes 3D-STE (4D LV Analysis, TomTec, Unterschleissheim,
Germany). After the LV long axis was manually aligned in three apical views (four-, three-,
and two-chamber), the software automatically identified the LV endocardial border, while
including the papillary muscles in the LV cavity, and tracked it throughout the cardiac cycle,
resulting in a dynamic cast of the LV cavity (figure 1). Endocardial contours were manually
adjusted when necessary to optimize boundary position and tracking. Finally, a time-curve
of LV volume was obtained. In addition, using the standard 16-segment model, time-curves
of segmental 3D strain, as well as its 3 principal components (longitudinal, radial and
circumferential) were obtained. All time curves were interpolated using the standard cubic
spline technique, resulting in effective temporal resolutions of 150–200 samples per second.
These data were saved digitally for further analysis.

3D-STE indices of systolic function
The following parameters of LV deformation were obtained using the TomTec analysis
software: (1) global longitudinal strain (GLS), (2) twist angle, defined as the maximum
difference between basal and apical rotation, and (3) torsion, defined as the twist angle
divided by the end-diastolic LV length. In addition, 3D strain and its radial, longitudinal and
circumferential components were averaged over the 16 segments. The peak value of each
index was defined as its maximum absolute value with the sign.

3D-STE indices of diastolic function
Volume time curves were analyzed using Microsoft Excel software. First, the time
derivative of the LV volume was calculated in order to determine the timing of the different
phases of the cardiac cycle, including rapid filling, diastasis and atrial filling. Using these
data, LV volume curves were analyzed (figure 2) to measure the following parameters of LV
filling: rapid and atrial filling volumes (RFV, AFV), and volumes at 25 and 50% of LV
filling duration (FD) which were expressed in percent of end-diastolic volume, and referred
to as volume index, LVVi at 25 and 50% of FD.

Statistical analysis
For each parameter, unpaired two-tailed student’s t-tests were used to test differences
between patients with SCD and normal controls. P-values <0.05 were considered significant.

Reproducibility analysis
To determine the reproducibility of the 3D-STE derived indices of systolic and diastolic
function, image analysis was repeated by an independent observer in 30 study subjects,
including randomly selected 15 patients with SCD and 15 controls. Inter-measurement
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variability was calculated for each index as an absolute difference between each pair of
repeated measurements in percent of their mean, and averaged over the 30 subjects.

Results
The mean frame rate of the RT3DE datasets in our study subjects was 18±3 frames per
second. Table 2 shows the non-STE derived echocardiographic parameters in the two study
groups. All study subjects were in sinus rhythm. Of the 28 patients with SCD, 7 had normal
diastolic function, 7 had grade I, 11 had grade II and 3 had grade III diastolic dysfunction
using the current classification guidelines recommended by the ASE [19]. All normal
controls had normal diastolic function, when evaluated using the same criteria.

Figure 3 shows examples of LV volume curves obtained in a normal control subject and a
patient with SCD. These curves depicted the increased volumes noted in patients with SCD
(Table 2). Despite the fact that LV volume time-curves had similar general shape in subjects
with SCD and normal controls, indices of LV diastolic function derived from these curves
were significantly different in the two study groups (figure 4). Both rapid and atrial filling
volumes were increased in patients with SCD compared to controls, in keeping with the
increased LV volumes. In addition, LV volume index at 25 and 50% of FD was decreased in
patients with SCD compared to controls (Table 3), reflecting a decrease in the rate of rapid
filling.

Global LV systolic function was not only preserved in patients with SCD (Table 2), but
increased compared to controls, as reflected by a significant increase in GLS (Table 3).
Figure 5 shows longitudinal, radial and circumferential components of the 3D-STE derived
strain obtained in a normal subject and a patient with SCD. As expected, the shape of the
strain curves was similar to that of LV volume curves, except that the radial strain curves
were inverted. In other words, radial strain was positive throughout the cardiac cycle,
reflecting a systolic increase in myocardial thickness, while the longitudinal and
circumferential strains were negative reflecting systolic shortening of the ventricle in these
two dimensions. Importantly, there were no obvious differences in the strain curves between
the patient with SCD and the normal subject shown in figure 5. Mean values of the 3D-STE
derived indices of LV systolic function also showed no significant differences between the
two groups for either twist angle or torsion (Table 3). In addition, patients with SCD showed
a trend towards an increase in both radial and circumferential strains.

Table 4 summarizes the results of the reproducibility analysis of both systolic and diastolic
3D-STE derived indices. While diastolic indices were reasonably reproducible, systolic
deformation indices generally showed higher levels of variability. Among these systolic
indices, the longitudinal components were the most reproducible, while the radial
components showed higher levels of both inter- and intra-observer variability, and twist
angle and torsion were the least reproducible.

Discussion
This is the first study to use 3D STE for the evaluation of systolic and diastolic LV function
in patients with SCD. Several studies have used tissue Doppler imaging and/or 2D-STE to
assess myocardial strain in a variety of cardiac disorders [20–23]. Since tissue Doppler
methodology is known to be angle-dependent [24], and 2D-STE can only track motion
within the imaging plane, while through-plane motion adversely affects tracking when
speckles move out of the imaging plane [25, 26], the accuracy of these techniques is limited.
In contrast, 3D-STE is likely better suited for the assessment of myocardial deformation,
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because it is mostly angle-independent and moving speckles remain in the imaging volume
and can thus be tracked from frame to frame.

Accordingly, our hypothesis was that this novel methodology could identify not only
diastolic dysfunction known to be present in patients with SCD, but also detect subtle
changes in systolic myocardial deformation, which may presumably be present in these
patients despite preserved EF. If confirmed, such early signs of systolic dysfunction could
have potentially be used to predict which patients are likely to develop more overt systolic
dysfunction. To test this hypothesis, we studied a group of patients with moderate to severe
SCD, as evidenced by the high number of patients experiencing episodes of acute chest
syndrome, hepatic iron overload, and the large number of blood transfusions and sickle cell
crises per year (Table 1).

We used prototype software that tracks ultrasound speckles frame-by-frame in 3D space to
reconstruct a beating endocardial surface, from which LV volume over time is calculated
[17], and also to measure the three principal components of myocardial strain throughout the
cardiac cycle [27]. We analyzed the diastolic portion of the LV volume time-curves to
identify the timing of events during LV filling, including rapid filling and atrial contraction,
and to measure LV volumes at different phases of LV filling, as well as the duration of rapid
and atrial filling. The systolic function was assessed using myocardial deformation indices
derived by 3D-STE, which is capable of separating the different spatial components of
strain.

Because in patients with SCD, the left ventricle is frequently enlarged, LV volumes
measured at different phases of LV filling were normalized by end-diastolic LV volume,
thus eliminating the confounding effects of LV dilatation. In addition, to eliminate the
confounding effects of differences in heart rate, rapid and atrial filing duration indices were
heart-rate adjusted (i.e. expressed in %RR rather than milliseconds).

Our 3D-STE based LV volume analysis confirmed the known differences in LV dimensions
between patients with SCD and normal subjects, in agreement with previous studies [6]. In
addition, this analysis revealed differences in LV filling patterns, specifically a decrease in
the rate of rapid filling (figure 4), thus confirming the presence of diastolic dysfunction in
the SCD group. Of note, the majority of these patients (21 of 28, 75%) had diastolic
dysfunction based on current ASE guidelines using 2D and Doppler criteria, and the
prevalence of diastolic dysfunction was considerably higher than reported in previous
studies using older criteria (approximately 20%) [2, 3]. Assuming that this difference was
due to an increase in left atrial volume, which may be unrelated to diastolic dysfunction in
patients with SCD, we reclassified our patients using previous criteria, including E/A<1
indicating abnormal relaxation, E/A>1 indicating pseudo-normalized filling patterns if either
septal e’ velocity or lateral e’ velocity was abnormally low: <8 cm/sec and <10 cm/sec,
respectively [18]. Interestingly, the result was that the incidence of diastolic dysfunction was
the same (21/28), despite the fact that septal e’ velocity could potentially be affected by right
ventricular dysfunction. However, two patients were reclassified. On the other hand, when
requiring both septal and lateral e’ velocities to be abnormal for the diagnosis of diastolic
dysfunction, only 9/28 patients had diastolic dysfunction. While the high prevalence of
diastolic dysfunction may reflect the advanced stages of SCD in our cohort, our findings
also indicate that the choice of criteria is crucial in terms of determining the prevalence of
diastolic dysfunction in this population, which affects predicting outcomes in individual
patients. This issue will need to be further evaluated in future studies.

As in several prior studies that reported normal systolic function in patients with SCD [5, 6],
in our patients, global systolic function was not only preserved as evidenced by the
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conventional echocardiographic indices (Table 2), but even increased when compared to
normal controls, as reflected by a significant increase in global longitudinal strain (Table 3).
This can probably be explained by compensatory mechanisms within the cardiovascular
system aimed at maintaining adequate oxygenation in the anemic patients [28]. However,
our analysis did not confirm the hypothesis of possible subtle changes in systolic LV
function, as reflected by similar values in both radial and rotational myocardial deformation
(including circumferential strain, twist angle and torsion) in patients with SCD and a normal
control group of similar age and gender. This is despite the fact that our patients had
advanced SCD.

Of note, the wide inter-measurement variability of the radial and rotational deformation
indices (Table 4) may raise concerns regarding the reliability of these measurements. This
variability is likely the result of suboptimal tracking, which depends on image quality and
may indeed affect the calculated strains. One may expect however, that with the continuing
improvement in RT3DE image quality and the fine-tuning of tracking algorithms, the
reproducibility of 3D-STE strain measurements would improve as well.

Limitations
Despite the recent improvements in RT3DE image quality and frame rates, the two
limitations of the 3D-STE technique are still the relatively low temporal and spatial
resolution, compared to the 2D techniques previously used to study myocardial deformation.
Both these factors are likely to affect the frame-to-frame correlation of local image features,
and thus affect the quality of tracking. However, the issue of low temporal resolution was
partially addressed by interpolating the time curves and thus effectively reducing noise and
allowing analysis that relies on their time derivatives.

One limitation of our study population is that the SCD group is mixed in terms of presence
and degree of diastolic dysfunction, resulting in mean values of some of the diastolic indices
that are not significantly different from the normal controls. However, our SCD group was
not large enough to be subdivided according to the severity of diastolic dysfunction.

One might view as a limitation of our study the lack of an independent reference technique
to compare the 3D-STE derived measurements. However, 3D echocardiography derived
regional LV volume time curves have been validated against cardiac magnetic resonance
[14]. As far as myocardial strain is concerned, there is no noninvasive “gold standard”
technique that can be used in humans to validate strain in three dimensions. Although
cardiac magnetic resonance imaging is widely used as a reference technique for LV
function, it is not a true 3D imaging technique, but a fundamentally 2D, albeit a multislice,
imaging modality. In addition, there are no widely accepted tools to quantify radial,
longitudinal and circumferential strain from cardiac magnetic resonance images.

Conclusion
This is the first study that used current RT3DE technology, which allows the combined
quantitative evaluation of myocardial deformation and LV filling, to study patients with
SCD. Our findings confirmed the presence of diastolic dysfunction in these patients, as
demonstrated by prolonged rapid filling. However, this novel analysis of principal LV
strains has not confirmed the hypothesis that there may be subtle systolic dysfunction that
does not manifest in global parameters of LV performance. These findings not only
contribute to the growing understanding of the cardiovascular pathophysiology in SCD, but
suggest that the RT3DE assessment of LV diastolic dysfunction may become a useful
addition to the current criteria recommended by the ASE guidelines.
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Figure 1.
3D speckle tracking analysis. Example of three apical (left) and one short-axis views (right,
top) of the left ventricle with the automatically detected endocardial borders. These borders
are tracked throughout the cardiac cycle, resulting in a dynamic LV endocardial cast (right,
bottom), from which volume time curve is obtained. In addition, three components of 3D
myocardial strain are calculated in 16 segments and reported over time as well. See text for
details.
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Figure 2.
Volume time curve based analysis of LV function. Detailed analysis of the diastolic portion
of the LV volume time curve provides a variety of indices of LV filling, including: filling
volume (FV) and filling duration (FD), rapid filling volume and duration (RFV, RFD), atrial
filling volume and duration (AFV, AFD), diastasis (DIA), as well as filling volumes at 25
and 50% of FD.
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Figure 3.
Examples of LV volume over time throughout the cardiac cycle from 0 to 100% of the RR
interval, obtained in a normal control subject (left) and a patient with SCD (right). See text
for details.

Ahmad et al. Page 11

Echocardiography. Author manuscript; available in PMC 2013 April 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Summary of RT3DE indices of LV diastolic function extracted from the volume time
curves, averaged for the normal controls and the patients with SCD, including rapid and
atrial filling volumes (RFV, AFV), as well as volumes at 25 and 50% of filling duration
(FD) normalized by the end-diastolic volume (EDV). *p<0.05. See text for details.
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Figure 5.
Examples of time curves of the longitudinal, radial and circumferential components of 3D
strain obtained in the same two subjects as in figure 3: a normal control subject (top) and a
patient with SCD (bottom). See text for details.

Ahmad et al. Page 13

Echocardiography. Author manuscript; available in PMC 2013 April 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Ahmad et al. Page 14

Table 1

Clinical characteristic of the 28 patients with sickle cell disease (data refers to events over lifetime).

mean±SD

Body surface area (m2) 1.73±0.16

Systolic blood pressure (mmHg) 120±13

Diastolic blood pressure (mmHg) 67±10

Heart rate (bpm) 73±16

Hemoglobin (gr/dL) 7.8±1.5

Creatinine (mg/dL) 0.7±0.2

Glomerular filtration rate (mL/min) 101±23

median [range]

Blood transfusions 19 [3–82]

Sickle cell crises/year 5 [0–30]

# of patients

Hemoglobin SS 23

Iron overload 14

History of acute chest syndrome 18

Iron chelation 7

Hydroxyurea 15

Exchange transfusion 5
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Table 3

3D-STE derived indices of diastolic (top) and systolic (bottom) LV function measured in a group of 28
patients with sickle cell disease (SCD) and 28 normal controls.

Normal SCD

RFV (ml) 42 ± 10 56 ± 15*

AFV (ml) 14 ± 6 18 ± 7*

LVVi (25%FD) 69 ± 7 62 ± 7*

LVVi (50%FD) 85 ± 7 81 ± 6*

3D strain

GLS (%) −14.2 ± 2.9 −16.0 ± 2.9*

Twist angle (°) 8.8 ± 4.6 8.2 ± 5.0

Torsion (°/cm) 1.14 ± 0.65 1.06 ± 0.69

--Longitudinal (%) −15.9 ± 2.8 −17.2 ± 2.3*

--Radial (%) 70 ± 21 78 ± 20

--Circumferential (%) −19.8 ± 3.0 −20.7 ± 3.6

Abbreviations: RFV, AFV – rapid and atrial filling volumes; LVVi(25%FD), LVVi(50%FD) – LV volumes at 25 and 50% time of total filling
duration (FD), normalized by end-diastolic volumes; GLS – global longitudinal strain;

*
p<0.05.
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Table 4

Intra- and inter-observer variability of the 3D-STE derived indices of diastolic (top) and systolic (bottom)
function, expressed in percent of the mean of each pair of repeated measurements. Values in the table
represent mean±SD of a group of 30 randomly selected study subjects (15 normals and 15 patients with SCD).

Inter-observer
variabilty (%)

Intra-observer
variabilty (%)

RFV 15 ± 17 17 ± 21

AFV 23 ± 20 22 ± 15

LVVi (25%FD) 10 ± 8 7 ± 6

LVVi (50%FD) 5 ± 4 4 ± 4

3D strain

GLS 17 ± 12 10 ± 8

Twist angle 57 ± 37 58 ± 40

Torsion 58 ± 40 59 ± 40

--Longitudinal 17 ± 10 10 ± 8

--Radial 30 ± 30 30 ± 29

--Circumferential 24 ± 11 9 ± 9

Abbreviations: RFV, AFV – rapid and atrial filling volumes; LVVi(25%FD), LVVi(50%FD) – LV volumes at 25 and 50% time of total filling
duration (FD), normalized by end-diastolic volumes; GLS – global longitudinal strain.
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