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Abstract

Background. Left ventricular (LV) diastolic dysfunction in patients with sickle cell disease
(SCD) is associated with increased mortality. However, its mechanisms are not well known,
preventing the development of effective therapies. We hypothesized that patients with SCD
have altered aortic properties despite normal blood pressure, which may contribute towards
the development of diastolic dysfunction. Methods. We studied 31 stable adult patients with
SCD (3247 yrs) and 12 healthy controls of similar age (29+10 yrs) who underwent
echocardiography and cardiovascular magnetic resonance (CMR) imaging on the same day.
Echocardiographic measurements of mitral inflow and mitral annulus velocities were used to
evaluate LV diastolic function. CMR imaging included standard LV function evaluation and
myocardial tissue characterization as well as velocity-encoded images of the ascending aorta
to measure aortic diastolic cross-sectional area, distensibility, as well as peaks and volumes of
the global, forward and backward blood flow rate. Results. Compared to controls, SCD
patients had increased aortic diastolic area, global stroke volume, and both forward and
backward flow, while aortic distensibility and peripheral blood pressure were similar.
Furthermore, peak backward flow rate and volume were able to discriminate between patients
with and without diastolic dysfunction. Conclusions. Our findings show that some aortic
properties are altered in SCD patients and may be associated with diastolic dysfunction
despite normal systolic blood pressure. If confirmed in larger studies, these aortic changes
could be a novel therapeutic target to prevent or delay the development of LV diastolic

dysfunction in SCD and thus potentially improve outcomes in these patients.
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Introduction

Sickle cell disease (SCD), which is a group of inherited blood disorders characterized by red
blood cells that assume an abnormal, rigid, sickle shape and contain abnormal hemoglobin, is
one of the most common genetic diseases worldwide and an important cause of morbidity and
mortality!. SCD is associated with anemia, small vessel occlusion and tissue ischemia?, which
can occur in different organs including the heart?, as well as progressive vasculopathies,

including pulmonary hypertension® and peripheral arterial endothelial dysfunction®.

Left ventricular (LV) alterations in SCD have been widely described, including LV dilation*-
13 an increase in LV mass>"144810-13 a5 \well as diastolic dysfunction”1%315 Today, up to
25% of SCD deaths are related to cardiovascular causes!® and diastolic dysfunction is a
known independent risk factor for mortality in SCD patients'’. However, the etiology of LV
diastolic dysfunction in SCD remains unclear, preventing the development of effective
therapies. In fact, previous work published by our group has suggested that the development
of diastolic dysfunction in SCD may be independent of mechanisms such as myocardial iron

overload, fibrosis, and abnormal microvascular perfusion®?,

Several studies have focused on the effects of SCD on large central arteries, based on aortic
size*® or arterial stiffness*!2141819 In these studies, arterial stiffness was found to be related
to indexed LV mass*'* and indices of LV diastolic dysfunction*'2. However, other potential
determinants of LV diastolic dysfunction, such as proximal aortic blood flow hemodynamics,
have never been investigated in SCD patients. Indeed, the only previously reported
hemodynamics indices were either cardiac output®!31° or blood flow measured in peripheral
arteries?®22, We hypothesized that patients with SCD have abnormalities in aortic properties
despite the presence of normal blood pressure, which may contribute towards the

development of diastolic dysfunction.



Accordingly, our aims were: 1) to perform a comprehensive evaluation of SCD-related
changes in aortic size and function, and 2) to study the interaction between changes in the
aorta and LV diastolic function. To achieve these aims, we used a multimodality approach
that involved echocardiography and cardiovascular magnetic resonance (CMR) imaging,
providing a thorough evaluation of LV systolic and diastolic function, myocardial tissue

characteristics, as well as size, stiffness and blood flow patterns in the ascending aorta.

Materials and methods

Study group

Subjects from the University of Chicago Medical Center were recruited from the adult SCD
outpatient program. Details of trial registration are provided at the following website:

http://clinicaltrials.gov/ct2/show/NCT01044901. A total of 31 clinically stable African-

American patients with SCD (including individuals with hemoglobin SS, SC, and -
thalassemia demonstrated by high-performance liquid chromatographic separation or gel
electrophoresis) and 12 healthy subjects of a similar age were enrolled in this study. Each
subject underwent transthoracic echocardiography (TTE) and CMR imaging within 4 hours.
Subjects were excluded if they were clinically unstable, defined as having vaso-occlusive
crisis, acute chest syndrome or unscheduled blood transfusions within 3 weeks of the study, or
had standard contra-indications to CMR. Each subject provided written informed consent to

participate in this study, which was approved by the Institutional Review Board.

Echocardiography
TTE images were obtained using an iE33 ultrasound imaging system with an S5 transducer
(Philips Healthcare, Andover, MA). Digital cine loops were acquired by a single experienced

sonographer and subsequently reviewed off line following current guidelines?, to measure


http://clinicaltrials.gov/ct2/show/NCT01044901

left atrial volume, transmitral flow early filling and atrial filling peak velocities (E and A,
respectively), as well as mitral annular early peak longitudinal velocity on the septal and
lateral walls (e’) from tissue Doppler imaging. These parameters were used to diagnose LV
diastolic dysfunction, according to the current guidelines of the American Society of

Echocardiography?*,

Acquisition of CMR data

CMR imaging was performed using a 1.5 T scanner (Achieva, Philips, Best, Netherlands)
with a 5-element phased array cardiac coil. It included assessments of myocardial and hepatic
iron, cardiac function, replacement myocardial fibrosis, as well as acquisition of velocity-

encoded data in the ascending aorta.

First, to assess for myocardial iron deposition, T2* imaging using a single breath-hold, black-
blood multi echo (2.3 to 14 msec) cardiac-triggered spin echo pulse sequence was performed
in one mid-ventricular short axis slice and one coronal slice through the liver to assess
myocardial and hepatic iron content, respectively. Then, to assess cardiac function,
retrospectively gated cine images were acquired using a steady-state free precession (SSFP)
sequence with the following acquisition parameters: repetition time (TR) = 2.9 msec, echo
time (TE) = 1.5 msec, flip angle = 60°, acquisition matrix = 192x168, pixel spacing = 1.3 mm
and temporal resolution < 40 msec. Standard long-axis including four-chamber, two-chamber,
and three-chamber views, as well as short-axis slices (thickness = 8 mm, gap = 2 mm)
covering the entire heart were obtained. Subsequently, to assess for myocardial fibrosis, late
gadolinium enhancement (LGE) images were further acquired in the aforementioned short-
and long-axis views, 10 minutes after the administration of 0.15 mmol/kg of gadolinium-
DTPA-BMA (Omniscan™) using a T1-weighted gradient echo pulse sequence with a phase
sensitive inversion recovery reconstruction (TR = 4.5 msec, TE = 2.2 msec, inversion time =

250-300 msec, voxel size = 2x2x10 mm?®, SENSE factor = 2). An inversion time typically



between 250 and 300 msec was used to achieve nulling of normal myocardium. Finally, axial
phase-contrast images were acquired in the mid-ascending aorta perpendicular to the aorta at
the level of the center of the right pulmonary artery, using a 2D through-plane velocity-
encoded sequence with retrospective gating during breath-holding. Typical acquisition
parameters were: TR = 4.2 msec, TE = 2.6 msec, flip angle = 15°, number of excitation = 1,
voxel size = 1.4x1.4x10 mm?, acquisition matrix = 140x133, temporal resolution = 29 msec
and encoding velocity = 200 cm/sec. The aorta was always at the centre of the acquired image
to minimize background offset effects. Heart rate, blood pressure, and symptoms were

monitored throughout the entire examination.

Analysis of CMR data

T2*, SSFP and LGE images were analyzed using commercial software (Philips ViewForum,
Best, Netherlands). First, tissue T2* signal intensity was measured in a homogenous region of
interest in the LV septum and in the liver at two separate echo times (TE): T2* = - ATE/In
(Slte2o/ Slte1), where ATE represents the time difference between the two echo times and Slte1
and Slte2 represent signal intensity at these echo times. Then, SSFP short-axis images were
used to measure LV end-diastolic and end-systolic volumes, mass, and ejection fraction by the
Simpson method of disks?. All volumes and mass were indexed for body surface area (BSA).
Finally, LGE was considered to be present in the LV myocardium if the signal intensity was
above 5 x standard deviations of the mean signal intensity of a remote normal myocardial

segment and if it was seen in 2 adjacent slices or transverse imaging planes.

Analysis of aortic CMR data

Each aortic phase-contrast CMR dataset contained both modulus anatomical and velocity
images throughout the cardiac cycle, which were processed using previously validated
software (ArtFun, U1146 Inserm / UPMC)®. First, ascending aorta contours were

automatically segmented on each phase of the cardiac cycle on modulus images, resulting in



aortic lumen area variations throughout the cardiac cycle (Figure 1A). Furthermore,
superimposition of the aortic contours on velocity images provided aortic flow variations
(Figure 1B). Temporal curves were then processed using automated peak detection and area

under curve calculation.

First, ascending aorta diastolic (Ap) and systolic (As) areas (cm?) were calculated,
respectively as the minimum and maximum of the aforementioned cross-sectional area
variation curve. The stiffness-related aortic distensibility was then estimated as: (As — Ap) /
(Ap x PP), where PP is the pulse pressure (mmHg) calculated as the difference between
systolic and diastolic brachial blood pressures recorded during the CMR exam?’. Ap indexed

for BSA was also reported.

Then, ascending aortic flow rate curves were used to estimate aortic global flow peak (ml/sec)
and stroke volume (ml). Global net flow (Vn) and regurgitant (Vr) volumes were also
calculated to measure aortic regurgitation fraction as 100*Vr/Vn (%). We further studied the
separate contributions of forward and backward flow components to the global flow by using
the CMR velocity data?. To this effect, for each velocity-encoded image collected during the
cardiac cycle, pixels corresponding to the velocities encoded in the direction of blood flow
ejected from the left ventricle (‘positive’ pixels) were used to calculate forward flow, while
pixels corresponding to the velocities encoded in the direction opposite to the ejected flow
(‘negative’ pixels) were used to calculate backward flow (Figure 1B). Then, aortic forward
and backward flow curves throughout the cardiac cycle were used to compute, respectively:

1) peak forward flow rate (ml/sec) and volume (ml),

2) peak backward flow rate (ml/sec) and volume (ml) as well as its onset time (msec) .

All peak flow rate and volume indices were normalized by BSA. Finally, ratios of backward

to peaks forward flow and volumes were computed.



Statistical analysis

Mean values and standard deviations (SD) were provided for continuous variables. For
comparison of baseline characteristics, TTE and CMR indices of LV function as well as CMR
parameters of aortic geometry, stiffness and flow between SCD patients and healthy controls,
a nonparametric Mann—Whitney test was used. Differences in aortic indices between SCD
patients with and without LV diastolic dysfunction were illustrated using box plots and
statistical significance was studied using a Mann—-Whitney test. All reported p-values are two-
sided and a p-value <0.05 indicated statistical significance. Statistical analysis was performed

using Stata 10 IC (StataCorp LP, College Station, Texas, USA).

Results

Healthy subjects’ and SCD patients’ baseline characteristics along with TTE and CMR
indices of LV function are summarized in Table 1. Age, gender distribution, and body surface
area did not differ between the two groups. There was also no difference in blood pressure
between the two groups. While LV ejection fraction was similar, indexed LV volumes and
mass were significantly increased in SCD patients, as compared to controls. LGE was noted
in 5 SCD patients, indicating myocardial fibrosis. Liver T2* was significantly decreased in
SCD patients, indicating hepatic iron overload, whereas only one patient had a reduced
myocardial T2*, indicating myocardial iron overload. Regarding LV diastolic function, E and
A velocities were significantly increased in SCD patients when compared to controls;
however the observed decrease in E/A ratio was not statistically significant. Finally, septal
and lateral mitral annulus velocities, e’, were reduced in SCD patients, resulting in a

significant increase in E/e’ ratio. Diastolic dysfunction was found in 5 (16%) patients with



SCD, and was classified as Grade 2 in all of them. None of these 5 patients had either

myocardial fibrosis or iron overload.

Aortic changes in SCD patients

Table 2 summarizes CMR indices of aortic geometry, stiffness and hemodynamics for SCD
patients and controls. While no significant differences in ascending aortic distensibility were
found between these two groups, aortic area global peak flow rate and stroke volume were
significantly higher in SCD patients when compared to controls. When looking at separate
contributions of forward and backward flow, we found that both components were

significantly elevated in SCD patients, in terms of peak flows and volumes.

Associations of aortic indices with LV diastolic function

In the SCD group, the aforementioned differences in aortic indices were even more prominent
in patients with diastolic dysfunction (age: 35+8 years), when compared to patients with
normal diastolic function (age: 31+7 years, p=0.22 vs. patients with diastolic dysfunction),
and were significant for backward flow indices (Figures 2 and 3). Of note, aortic
distensibility was considerably reduced in patients with diastolic dysfunction, although this

difference was not statistically significant.

Discussion

In this multimodality imaging study involving echocardiography and CMR imaging, we
found differences in aortic geometry and hemodynamics between SCD patients and normal
controls despite the absence of differences in age or blood pressure. We also found that SCD-
related changes were more pronounced in the presence of diastolic dysfunction. Our main
findings were that: 1) the proximal aorta was dilated with all global, forward and backward

flow components were increased without elasticity changes in SCD patients, as compared to



controls, 2) indices of aortic backward flow volumes were able to discriminate between SCD

patients with and without diastolic dysfunction.

Cardiac alterations in SCD have been previously studied. In agreement with published
literature, we found in our SCD patients a preserved LV ejection fraction>%81113 along with
LV dilation®> 748101113 and an increase in LV mass® 71448101113 'gych LV enlargement has
been hypothesized to reflect a remodeling mechanism to adapt to the elevation in stroke
volume induced by the chronic anemia-related decrease in blood oxygenation in such disease
to match metabolic demand®®. Consistently, we observed in SCD patients an elevation in

stroke volume measured in the ascending aorta from velocity-encoded CMR data.

Previous studies focusing on the dilating and stiffening effects of SCD on large central
arteries resulted in conflicting findings. Indeed, investigators have not only shown that aortic
size was paradoxically unchanged* or increased®®, but also that arterial stiffness was either
decreased®° or increased*!*3! in SCD patients. In the current study, we found that aortic area
was significantly increased and that central aortic stiffness was unchanged in SCD patients
when compared to controls. These discrepancies might be due to differences in study
populations as well as in techniques and specific arterial beds used to measure arterial
stiffness. Indeed, we calculated local distensibility in the proximal ascending aorta while in
most previous studies 12143031 arterial stiffness was assessed from measurements performed
in the carotid, brachial, radial and femoral arteries. Furthermore, the previously used stiffness-
related brachio-radial'®, carotid-radial®® or carotid-femoral®® pulse wave velocities measure
global distensibility, since they include arterial segments that have different elasticity, and
therefore do not always reflect central aortic elasticity, which is known to decrease towards
peripheral arteries®’. However, we found that distensibility was highly decreased in SCD

patients with LV diastolic dysfunction, when compared to those with a normal diastolic
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function. This difference was not statistically significant, likely reflecting the relatively small

sample size.

We further evaluated SCD-related changes in aortic hemodynamics, while studying separately
the forward and backward flow components obtained from CMR velocity-encoded data.
Indeed, aortic blood flow includes a forward (=antegrade) flow originating from the left
ventricle and going through the aorta, and a backward (=reverse) flow, reflecting back to the
heart from branching sites and affected by differences in aortic geometry. This general
physiological phenomenon has been described in the literature previously®; it can be
amplified in case of various cardiovascular diseases such as aortic aneurysms®* or ischemic
heart disease®, but it is always present even in healthy subjects. In a recent study?® including
96 healthy subjects, it was observed that such backward flow increased in terms of peak flow
rate and volume with aging, and that it appeared earlier in the cardiac cycle. It was also shown
that aortic geometry, namely aortic cross-sectional dilation and aortic arch elongation, was the
major determinant of backward flow. Thus, backward flow might mostly represent local flow
disorganization due to aortic geometric changes. In our SCD patients, we found that aortic
dilation was accompanied by increased backward flow peak and volume when compared to

healthy subjects.

Importantly, indices of backward flow volume were significantly higher in SCD patients with
diastolic dysfunction when compared to those with a normal diastolic function. Thus, chronic
anemia in SCD might induce an increase in stroke volume, which in turn may result in aortic
dilatation along with an increase in aortic backward flow. This increased afterload may

ultimately lead to a further impairment of LV diastolic function.

Our study has several limitations. First, we calculated aortic distensibility using brachial

blood pressure rather than central pressure, which could have confounded potential changes in

11



the true proximal aortic local stiffness. Also, the cross-sectional feature of our study does not
allow identifying causes and effects involved in the changes in LV-aortic interactions in SCD.
Finally, this is a small, single center study and the findings need to be confirmed in a larger
SCD patient population, that would allow multiple regression analysis to identify factors
associated with diastolic dysfunction. Importantly, however, in our previous study, we found
no association between diastolic dysfunction and myocardial fibrosis, myocardial iron

overload or microvascular dysfunction 2.

Despite these limitations, we found a significant increase in ascending aortic area, as well as
alterations in global, forward and backward flow peak velocities and volumes in SCD
patients. These differences were noted even though peripheral arterial blood pressure was
normal. This finding underscores the importance of the search for new diagnostic markers of
aortic function, because LV diastolic dysfunction is not associated with hypertension in these
patients. Interestingly, in our study, the elevation in backward flow was even more
pronounced in patients with diastolic dysfunction. If confirmed in larger and longitudinal
studies, these aortic changes could become useful as they may allow an early detection of LV
diastolic dysfunction and could ultimately be targets for specific therapies, as a way to prevent
or delay the development of diastolic dysfunction in SCD and thus potentially improve

outcomes in this patient population.

Disclosures: None of the authors have any potential conflicts of interest to disclose.
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Figures

Figure 1. A. Segmentation (left, white contours) of ascending aortic borders showed on

several systolic phase-contrast modulus CMR images, used for the estimation of aortic cross-

sectional area variations throughout the cardiac cycle (right). B. Superimposition of ascending

aortic borders (left, white contours) on the simultaneous systolic velocity images used for the

estimation of aortic global, forward and backward flow variations throughout the cardiac

cycle (right). Positive velocities pertaining to forward flow are color-coded in hot tones while

negative velocities pertaining to backward flow are color-coded in cold tones.
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Figure 2. Box plots of indices of aortic geometry and stiffness in SCD patients without and
with diastolic dysfunction. Horizontal solid lines represent median values while dashed lines

represent first and third quartiles.
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Figure 3. Box plots of indices of aortic hemodynamics in SCD patients without and with
diastolic dysfunction. Horizontal solid lines represent median values while dashed lines

represent first and third quartiles. * p<0.05.

E £
2300 E60
@ )
z =
E 250 Ss0 |
X L] o [ ]
[ >
[ ()]
2200 £ 40
= —- _. =1 —— - —
5 --8-- 7 - -
«;_;150 === < 30
E --9-- . o - - --e-
o
2 ! =) ' °
100 220
% k=]
Q
50 - 10 -
° ®
(0] x
3 0 8o
< g 2
£ Without DD With DD QE\ Without DD With DD
3 < 3
£ 300 £60 4 835 -
£ = % £ *
250 R 950 - . %30 .
a € 9]
= =] H . 225 - e -2 _
8200 240 --8 - - z . e ==
b --4- -- 8- B __:__ =20 -
S 150 === 30 i TTe T ] N
©100 220 - g __a
g ‘g glO’
@ © = e
< 50 - 510 - S 5
1} 153 8
B 3 °
E 0 2 0 % 0
E
Without DD With DD Without DD With DD — Without DD With DD
< S S
£7, 520 - g20 - .
£ * S1g | * . 018 1
o6 L] » . O - -
£ : __2 _. <16 - ° ---- £16 - L4
—_—r =}
5 ... 814 - __{__ - 314 H M
T, s 212 - 212 | - e
[ . = . o
E . - 10 =10 - H)
O 3 L] I °
8 s 8 . gsf
L2 _s - . L 6 - T8 5 6 - . .
£ 2 ¢ s
4 - 2 4 -
51 H 5 © '
D E 2 1 T 2
by 2
50 g0 S 0
= o ©
£ 2 g
Without DD With DD 5 Without DD With DD £ Without DD With DD
< (=]
<

18



Table 1 — Baseline characteristics as well as CMR and TTE indices of LV function and iron

overload for healthy subjects and patients with SCD.

Healthy subjects SCD patients

(n=12) (n=31)
Baseline characteristics
Age, years 29+10 327
Gender, females n (%) 7 (58) 18 (58)
Body surface area, m?2 1.92 +0.30 1.80+0.19
Heart rate, bpm 74 +14 70+ 15
Systolic blood pressure, mmHg 125+ 19 121+ 20
Diastolic blood pressure, mmHg 71+12 66 + 18
Hemoglobin level, g/dL - 85+25
LV ejection fraction, % 62+5.9 58 +5.0
Indexed LV end-diastolic volume, ml/m2 79+ 12 123 + 2811t
Indexed LV end-systolic volume, ml/m2 31+7.2 53 + 15T
Indexed LV mass, g/m2 50 + 13 78 + 20T
Presence of LGE, n (%) - 5(16)
Myocardial T2*, msec 3B5+7.7 42 + 121
Liver T2*, msec 32+95 16 + 1277
TTE indices of LV diastolic function
E velocity, cm/sec 85+ 13 97 + 15"
A velocity, cm/sec 51+21 60 + 16"
E/A ratio 1.9+0.6 1.7+£0.5
Septal €', cm/sec 10.6+1.9 9.1+1.4"
Lateral €', cm/sec 145+ 3.2 13.3+3.2
Ee’ s ratio 82+15 10.8 23"
Ele' ratio 6.1+2.0 76+22f
Indexed left atrial volume, ml/m2 41+9 66 + 1711t
t: p<0.05
t: p<0.005

1. p<0.0001



Table 2 — CMR indices of aortic geometry, stiffness and hemodynamics for healthy subjects

and patients with SCD.

Healthy subjects SCD patients

(n=12) (n=31)

Geometry
Indexed aortic diastolic area, cm2/m2 2.7+0.3 3.4 +0.7*%*

Aortic distensibility, 10° kPa 24+ 15 27 +20
Hemodynamics

Indexed aortic global flow rate peak, ml/sec/m? 120 + 22 157 + 28**
Indexed aortic stroke volume, ml/m2 22+39 31 £ 5.9%+*
Aortic regurgitation fraction, % 1.0+0.6 12+12
Indexed aortic forward flow rate peak, ml/sec/m?2 120 £ 22 158 + 28**
Indexed aortic forward flow volume, ml/m2 25+43 36 £ 6.6***
Indexed aortic backward flow rate peak, ml/sec/m2 11+2.2 16 £ 6.4*
Indexed aortic backward flow volume, ml/m? 2.0+0.9 3.3+1.6*
Aortic backward flow appearance time, msec 261 + 20 277 + 29*
Aortic backward to forward flow peaks ratio, % 91+22 10.0+4.0
Aortic backward to forward flow volumes ratio, % 7.7+31 9.1+4.2
* p<0.05

**: p<0.005

*** p<0.0001



