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Myocardial ischemia and right ventricular dysfunction
in adult patients with sickle cell disease
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Background and Objectives. Patients with sickle cell disease (SCD) have multi-organ
manifestations of microvascular disease, though cardiac manifestations have been
poorly characterized in vivo. This study sought to characterize myocardial characteris-
tics in adult patients with SCD.

Design and Methods. Twenty-two consecutive outpatients and 11 age-matched controls
underwent magnetic resonance imaging to assess myocardial perfusion reserve as well
as left and right ventricular size and function and myocardial iron. Computed tomogra-
phy of the coronary arteries was performed to assess epicardial coronary stenosis.

Results. Three of 22 outpatients with clinically stable SCD and no controls had abnor-
mal myocardial perfusion reserve limited to the subendocardium, consistent with
microvascular disease. Coronary arteries were free of disease as detectable by com-
puted tomography angiography. Myocardial T2* was normal in all subjects (29 + 5ms,
median 29ms), consistent with absence of cardiac iron deposition despite a high preva-
lence of hepatic iron overload (liver T2* 14 + 9ms, median 12.0ms). SCD patients had
right ventricular enlargement and dysfunction (right ventricular ejection fraction 45+15
in SCD patients vs. 58+5% in controls, p=0.001) even in the absence of overt pul-
monary hypertension.

Interpretation and Conclusions. A subset of adult SCD patients may have myocardial
ischemia in the absence of infarcted myocardium, myocardial iron overload, or coronary
artery disease. Right ventricular dysfunction is present in stable SCD patients, despite
normal resting pulmonary artery pressures. These findings could represent under-rec-
ognized mechanisms for chest pain and mortality in this population, and warrant fur-
ther investigation in SCD crises.
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of people of various ethnicities around

the world, with protean clinical mani-
festations due to vascular occlusion by sick-
led red blood cells."” Case series have also
identified a spectrum of cardiac complica-
tions including ischemia, left ventricular
hypertrophy, and heart failure. Myocardial
infarction also occurs as previously described
in isolated case reports.* Historically, nuclear
scintigraphic imaging using isotopes such as
thallium have been used to detect myocar-
dial perfusion abnormalities in children with
SCD, although reduced sensitivity to detect
subendocardial myocardial perfusion abnor-
malities may have limited the utility of such
techniques in adequately identifying
myocardial disease in SCD patients. Recent
advances in magnetic resonance perfusion
imaging have allowed in vivo identification of
microvascular disease which cannot be
appreciated with nuclear techniques, in
other populations®. Recognition of myocar-
dial ischemia in SCD patients would moti-
vate more aggressive use of cardiovascular
therapeutics that have proven to be effective

Sickle cell disease (SCD) affects millions

in reducing symptoms and acute events in
other populations with ischemic heart dis-
ease.*” We sought to characterize the
myocardium of adult patients with SCD
using a comprehensive noninvasive diagnos-
tic strategy:.

Design and Methods

Study population

We prospectively recruited 22 patients
from the Adult Comprehensive Sickle Cell
Program of the Ohio State University, which
includes both tertiary care and community
sites. Criteria for inclusion consisted of SCD
documented by hemoglobin electrophoresis
and age 218 years. Patients were excluded
from enrollment if they had any of the fol-
lowing contraindications to magnetic reso-
nance examination: ferromagnetic metal
anywhere in the body, severe claustropho-
bia, or an active implant such as a pacemak-
er or neurostimulator. Additional study
exclusion criteria included: transfusion
requirement over the preceding 8 weeks to
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Table 1. Clinical characteristics of sickle cell patients. Patients with myocardial ischemia are highlighted in bold.

Subject Age Sex HBE Mean  Xfn  RVSP CP Hydroxyurea Ulcers/ ~ LDH Ferritin ~ Irreversibly Myo  Liver Ischemia
No.  (years) Hb Priapism — (U/L) ~ (ng/mL)  sickled — T2*  T2*
cells
1 20 F SS 114 Y 21 N Y N 316 267 1+ 27 33 N
2 21 F SS 9.9 Y 21 N N N 233 576 1+ 26 5.0 N
3 31 F SS 75 Y 34 Y N N 129 >1000 2+ 32 35 N
4 20 M SS 6.9 Y 41 N Y N 423 >1000 2+ 33 12.0  adenosine stopped
due to dyspnea
5 45 M SS 7.0 Y 73 N N Y 1103 551 2+ 25 18.3  perfusion not completed
due to AF w/RVR
6 25 F  Sthal 94 N N/A Y N N N/A 753 0 24 6.7 N
7 20 F SS 8.7 Y N/A N N N 282 >1000 1+ 27 3.7 SE Ischemia
8 49 M SS 5.3 Y 21 N N N 434 >1000 3+ 37 71 SE Ischemia
9 25 M SC 148 N N/A Y N Y N/A 189 0 36 260 N
10 25 F SS 8.9 Y 33 N N N 429 765 2+ 29 110 N
1 2 M SSIF 126 Y N/A N Y N 462 253 0 n/a n/a n/a
12 21 F SS 7.8 N 21 Y N N N/A 53 1+ 33 230 SE ischemia
13 33 F SC 8.3 Y 37 N N N 238 958 2+ 22 8.0 N
14 47 M SS 8.9 Y 23 Y N N 190 169 1+ 2 210 N
15 28 F S 113 Y 21 Y Y N 334 n/a 2+ 34 240 N
16 31 F SS 8.2 Y N/A Y N N 316 >1000 2+ 32 6.0 n/a
17 27 F  Sthal 74 Y 34 N N N 538 491 1+ 32 160 P
18 3% M SC 133 Y N/A Y N N 514 94 0 28 280 N
19 21 M SS 1.7 Y 30 N N N N/A >1000 1+ 32 2.0 N/A
20 3B F SS 8.6 Y 33 N N N 316 >1000 3+ 33 5.5 N
21 19 F SS 9.1 Y N/A N N N 233 591 1+ 21 160 N
22 28 F SSIF 82 Y 30 N N N 129 116 2+ 26 250 N

HBE: hemoglobin electrophoresis; Hb: hemoglobin; Xfn: transfusion; RVSP: right ventricular systolic pressure; CP: chest pain; Myo: myocardial, LDH: serum lactate
dehydrogenase level in IU/L; AF: atrial fibrillation; RVR: rapid ventricular response; SS-IF: SS with increased hemoglobin F; N/A: not available.

maintain hemoglobin levels 26 mg/dL, monthly
exchange transfusions, creatinine above 1.5 mg/dL, his-
tory of allergy to radiocontrast agents, pregnancy, active
use of calcium channel blockers or nitrates, and a docu-
mented history of epicardial coronary artery disease.
Each subject was assessed by one of the investigators to
document the presence of any cardiovascular signs and
symptoms as well as a history of cardiovascular events,
and all subjects underwent routine 12-lead surface elec-
trocardiography. Two patients had pulmonary hyper-
tension confirmed by invasive pressure measurement;
in the remaining subjects, right ventricular systolic pres-
sure was calculated from absolute tricuspid regurgita-
tion velocity on echocardiograph using the well-estab-
lished Bernoulli formula (Table 1).° All patients gave
written informed consent to participate in this
Institutional Review Board-approved protocol.

Cardiac magnetic resonance examination

The cardiac magnetic resonance examination was
completed on a standard clinical 1.5 Tesla magnetic res-
onance scanner (MAGNETOM Avanto, Siemens
Medical Solutions, Inc., Erlangen, Germany) equipped
with the necessary hardware and software to perform
cardiovascular imaging. The protocol included: horizon-
tal long-axis, vertical long-axis, and three-chamber long-
axis and contiguous short-axis cine true-FISP acquisi-
tions for the measurement of right and left ventricular
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volumes, mass and ejection fraction. Myocardial T2*, a
relaxation parameter that is directly related to myocar-
dial iron content,® was measured in a single mid-short
axis slice using an ECG-triggered, segmented, multiple-
echo, gradient-echo acquisition with echo times of 1.22,
2.64, 459, 7.56, 11.1, 15.0, 18.9, 22.8, and 26.7 ms.
Using the images from all nine echo times, a region of
interest was defined in the inter-ventricular septum and
a mono-exponential decay curve was fit to compute
myocardial T2*. Myocardial perfusion was imaged at
rest and during intravenous administration of adenosine
according to standard protocols.” Subjects received 140
mcg/kg of adenosine over 4 minutes with simultaneous
acquisition of multislice stress perfusion images using
0.075 mmol/kg IV gadolinium-DTPA (Omniscan, GE
Healthcare, Waukesha, WI, USA) which was repeated
at rest allowing 15 minutes to elapse after acquisition of
the stress perfusion images. Late post-gadolinium
enhancement (LGE) imaging was performed 5-10 min-
utes after final contrast administration in the horizontal
long-axis, vertical long-axis, three-chamber long-axis,
and multislice short-axis planes to identify any myocar-
dial infarct scar. Perfusion acquisition employed a
hybrid gradient echo — echo planar (GRE-EPI) technique
with adaptive sensitivity encoding (TSENSE)."
Perfusion defects were visually identified as present or
absent based on lack of contrast-enhancement of the
myocardium. LGE imaging was performed 5-10 min-



utes after final contrast administration in the horizontal
long-axis, vertical long-axis, three-chamber long-axis,
and multi-slice short-axis planes to identify any myocar-
dial infarct scar. The LGE acquisition was carried out
using a T1-weighted inversion-recovery gradient echo
sequence, optimizing the inversion time for adequate
myocardial suppression and scar visualization. LGE
images were reviewed for the presence and location of
myocardial scars. All image reviews were performed
blinded to the subject’s history.

Compute tomography examination

The computed tomography examination was per-
formed on a 64-slice scanner (SOMATOM Sensation®,
Siemens Medical Solutions, Inc., Forchheim, Germany)
scanner. Oral or intravenous B-blockade was adminis-
tered at the onset of the examination if the heart rate
exceeded 70 beats per minute. Non-contrast axial sec-
tions through the heart (3 mm) were obtained for calci-
um scoring. A low-volume contrast timing bolus scan
using 20 mL of intravenous isosmolar contrast agent
(Visipaque, GE Healthcare, Waukesha, WI, USA) was
run. From this scan, a region of interest was drawn in
the ascending aorta to derive a signal-intensity vs. time
curve, from which the time of contrast arrival in the aor-
tic root was determined. Using this delay, a contrast-
enhanced helical scan covering the heart was per-
formed. Detector collimation was 32x0.6 mm resulting
in 64 slices per rotation with an overlap of 0.3 mm, and
reconstructed slice resolution of approximately 0.4
mm."” The gantry rotation speed was 330 ms per rota-
tion and the tube voltage was 120 Kv with application
of electrocardiographically-guided dose modulation to
reduce the tube current by 80% during the systolic
phases of the cardiac cycle. Image data were acquired
with inspiratory breathholding (10-12 seconds depending
on heart rate) during injection of 80 cc of contrast agent at
a rate of 5 cc/sec followed by injection of a 20 cc saline
flush at a rate of 5 cc/sec. Electrocardiographically-gated
data sets were reconstructed at end-diastole. Timing was
adjusted and additional reconstructions generated if
motion artifacts were present. The resulting thin sections
were reviewed in axial sections as well as multiplanar
reformatted images to visualize each segment of the coro-
nary tree. All image reviews were performed blinded to
the subject’s history.

Statistical analysis

Data are expressed as means + standard deviation.
Differences between means of continuous variables
were tested by Wilcoxon non-parametric tests. The ¥
test was used to compare categorical data. A p value of
less than 0.05 was considered to be statistically signifi-
cant.

Myocardial ischemia and RV dysfunction in SCD

Role of the funding source

The sponsors of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

Clinical characteristics

The baseline characteristics of all patients and age-
matched controls are shown in Table 1. No patients
evaluated for enrollment had known epicardial coro-
nary artery disease. The genotype based on hemoglobin
electrophoresis was hemoglobin SS in 19 patients
(86%), hemoglobin SC in two (9%) and hemoglobin S-
thalassemia in one (5%). Average hemoglobin in the
preceding 3 months for sickle cell (SS) patients was 9+2
mg/dL with higher values being recorded in the SC
patients. Lactate dehydrogenase levels were available in
16 subjects, and ranged from 129 to 1103 IU/L, the high-
est value recorded in a patient with end-stage pul-
monary hypertension.

Serum ferritin ranged from 53 to >1000 ng/mL. Only
one patient (n. 21) was on chelation therapy at the time
of participation in the study. Eight patients reported
chest pain as a complication of their SCD.
Electrocardiography demonstrated sinus tachycardia
(n=7) sinus rhythm (n=8), sinus bradycardia (n=2), and
atrial fibrillation (n=1).

Myocardial characteristics

Three SS patients had abnormal subendocardial per-
fusion based on absent gadolinium-enhancement of the
subendocardial myocardium during perfusion imaging
with vasodilator stress which was not present in con-
trols (Figure 1). In a fourth patient, adenosine perfusion
was prematurely terminated due to chest pain preclud-
ing imaging assessment of ischemia. Overall, 11 (50%)
patients experienced chest pain following infusion of
adenosine; no significant hypotension occurred. No sig-
nificant electrocardiographic changes occurred with the
adenosine infusions. None of the patients or controls
had evidence of prior myocardial infarction by late post-
gadolinium enhancement imaging. Despite frequent
transfusions in many of the patients, measurement of
T2* in the myocardium was normal (median 29 ms),
consistent with the absence of myocardial iron over-
load. Liver T2* was <20 ms in 14 SCD patients (median
12 ms for all SCD patients) consistent with significant
hepatic iron overload (Figure 2).

Ventricular size and function

Compared to controls, sickle cell patients had higher
left ventricular (LV) volumes (LV end-diastolic volume
index 88+26 mL/m? in SCD vs. 71 + 18 in controls,
p=0.05) but preserved systolic function (LV ejection frac-
tion 58+6% in SCD vs. 60+8% in controls, p=NS). Right
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Figure 1. Abnormal subendocardial perfusion seen as a rim of
hypoenhancement (A-C, arrows) on gadolinium-enhanced T1-
weighted imaging during first-pass acquisition in three sickle cell
patients and a patient with normal myocardial perfusion (D).

ventricular (RV) size was increased (RV end-diastolic
volume index 84+25 mL/m’ in SCD vs. 59+9 mL/m’ in
controls, p=0.001), with RV systolic function being
poorer in sickle cell patients than in controls (RV ejec-
tion fraction 45+15% in SCD vs. 58+5% in controls,
p=0.001). Absolute RV systolic pressure calculated from
the tricuspid regurgitation velocity, which is equivalent
to pulmonary artery systolic pressure in the absence of
pulmonary stenosis, correlated significantly with RV
ejection fraction (p=0.01). Cardiac measurements are
summarized in Table 2.

Coronary arteries

Visualization of the entire coronary tree was excellent
using multidetector row computed tomography angiog-
raphy, and showed normal epicardial coronary arteries
in all subjects. The calcium score was zero in all sub-
jects.

Subgroup analysis

The three subjects with microvascular ischemia tend-
ed to have lower mean hemoglobin levels than the 19
subjects without myocardial ischemia (7.3+1.0 mg/dL
vs. 9.420.5 mg/dL, p=0.06). Serum lactate dehydroge-
nase levels, liver T2*, and a history of transfusion did
not predict the presence of myocardial ischemia (p=NS).
There was also no significant difference in the number
of hydroxyurea therapy recipients in ischemic (0 of 3)
vs. non-ischemic subjects (4 of 19), though the preva-
lence rates were small.

| 1332 | haematologica/the hematology journal | 2006; 91(10)

Figure 2. T2*-weighted dark blood imaging obtained in the coro-
nal plane at short (left) and long (right) echo times in a sickle cell
patient. Note the suppression of signal from the liver indicating
hepatic iron overload. The myocardium retains its signal at longer
echo times, consistent with absence of myocardial iron deposition.

Table 2. Cardiac structure and function in patients with sickle cell
disease and control subjects.

Variable Patients Controls p
Total No. ~ value Total No.  value value
LVEDVI (mL/m?) 20 88+26 1 7118 0.05
LVESVI (mL/m?) 20 37£12 11 29+10 NS
LVEF (%) 20 58+6 11 60+8 NS
RVEDVI (mL/m?) 20 84+25 1 59+9 0.001
RVESVI (mL/m?) 20 46v18 11 2516 <0.001
RVEF (%) 20 45v15 1 585 0.001
Myocardial T2* (ms) 21 2945 11 3043 NS
Liver T2* (ms) 21 1419 1 27+4 <0.001

Values are expressed as mean+SD. Volumes are reported indexed to body surface
area. LVEDVI: left ventricular end-diastolic volume index; LVESVI: left
ventricular end-systolic volume index; LVEF: left ventricular ejection fraction;
RVEDVI: right ventricular end-diastolic volume index; RVESVI: right ventricular
end-systolic volume index; RVEF: right ventricular ejection fraction;

ms: milliseconds.

Discussion

We found myocardial perfusion abnormalities in sta-
ble outpatients with SCD who were not in crisis. This
comprehensive investigation in adult patients utilizing
state-of-the-art non-invasive techniques for cardiovas-
cular assessment showed that ischemia occurred in the
absence of epicardial coronary artery disease or myocar-
dial iron overload. The subendocardial perfusion abnor-
mality, indicative of microvascular disease, was similar
to that seen in other patients with conditions such as
the metabolic syndrome.® Other potential causes of
microvascular disease, including hypertension, diabetes,
and metabolic syndrome, were absent in all the sickle
cell patients in this study. Obstruction of an epicardial
coronary artery in SCD patients has been infrequently
reported in the literature, while myocardial infarction in
SCD has also been observed in the absence of obstruc-
tive coronary artery disease.**'*'® Late post-gadolinium
imaging, a highly sensitive technique for infarct detec-
tion, did not detect any myocardial scarring in this



Figure 3. Normal left (A) and right (B) coronary arteries in a
patient with sickle cell disease. LAD: left anterior descending; LCx:
left circumflex; RCA: right coronary artery.

cohort.” " While the study was not designed to assess
myocardial perfusion during crises, the findings suggest
that cardiac microvascular abnormalities warrant fur-
ther consideration as a potential mechanism of chest
pain in sickle cell patients. Recognition of myocardial
perfusion abnormalities in the acute setting might moti-
vate the use of proven ischemia-relieving therapies,
such as nitrates, in addition to the narcotic analgesics
typically used to relieve pain in this population. Further
investigations utilizing the diagnostic strategies demon-
strated in this work are needed to define the prevalence
of microvascular cardiac disease in the acute setting. In
addition, our findings indicating a trend toward lower
hemoglobin levels in patients with ischemia warrant
consideration of transfusion to reverse these perfusion
abnormalities in sickle cell patients.

Studies using less sensitive measures of myocardial
perfusion such as nuclear scintigraphy have documented
exercise-induced myocardial ischemia in patients with
SCD;® these techniques also have notoriously higher
false positive rates, reducing their specificity. Using thal-
lium-201 single photon emission computed tomography
(SPECT), Manoury et al. found perfusion abnormalities,

Myocardial ischemia and RV dysfunction in SCD

both fixed and reversible, in 14 of 23 SCD patients aged
3 to 19 years.” Acar et al., in a smaller study in children,
found perfusion abnormalities by stress thallium-SPECT
in three of eight subjects.”? The same group published an
extensive clinical investigation including stress thallium-
SPECT myocardial perfusion data.” They demonstrated
that the subjects with perfusion defects were older, had
greater number of vasoocclusive crises, and had lower
hemoglobin levels compared to eight subjects without
myocardial perfusion abnormalities. None of the patients
who underwent invasive coronary angiography had
obstructive epicardial disease, which is consistent with
the results of previous studies including angiography as
well as autopsy data.’

Of note, the prevalence of perfusion abnormalities in
our study population was lower than the 64% (14 of 22
patients) described by de Montalambert and colleagues
despite their use of SPECT-based perfusion techniques
which are less sensitive than magnetic resonance-based
perfusion imaging. Apart from higher false positives
with SPECT perfusion imaging, this may be explained
by their considerably younger study population (age 3
to 19 years), suggesting that survival to adulthood
occurs in those with nitric oxide or other molecular
characteristics (perhaps related to nitric oxide metabo-
lism) that preserve myocardial perfusion whereas those
who have less favorable molecular mechanisms to
ensure adequate myocardial perfusion reserve die in
childhood.

Several authors have found abnormal left ventricular
size and function in SCD patients using echocardiogra-
phy.** However, structural changes have not always
correlated with physiological abnormalities.? Given the
prevalence of pulmonary hypertension in SCD
patients,” assessment of the right ventricle leveraging
cardiac magnetic resonance imaging’s proven ability to
quantify RV size and systolic function®® seems war-
ranted. We found that RV function was abnormal in the
majority of SCD patients with biventricular enlarge-
ment in the absence of myocardial scars. This has not
been previously reported in studies using echocardiog-
raphy, a modality that relies on good operator technique
and acoustic windows to ensure adequate image quali-
ty and which has limited accuracy in quantification of
the right ventricle. Pulmonary artery hypertension is a
potentially deadly complication in SCD**" and warrants
early recognition, particularly as potentially useful ther-
apies for this condition emerge.** In other populations
at risk of pulmonary hypertension, resting pulmonary
artery pressures may be normal but RV function may be
abnormal,* suggesting that RV dysfunction may pre-
cede overt pulmonary hypertension. Reliance on one
RV systolic pressure estimate with a supine resting
echocardiogram may underestimate the prevalence of
pulmonary artery hypertension, as evidenced in this
cohort in which more patients had abnormal RV ejec-
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tion fraction than elevated RV systolic pressure. By
identifying previously unrecognized RV dysfunction,
cardiac magnetic resonance imaging may be helpful in
determining which SCD patients are at high risk of pul-
monary hypertension and allow earlier detection and
treatment of this often fatal complication. Ongoing
development of serological markers such as brain natri-
uretic peptide levels to detect subclinical RV dysfunc-
tion may lead to the complementary use of such mark-
ers along with direct RV quantification with imaging;*
presently, non-cardiac pathologies such as pulmonary
thromboembolic disease limit the specificity of the
markers.

Transfusion-related myocardial iron overload has
been well-described in patients with thalassemia, and
may occur in the absence of significant hepatic iron
overload.**® Timely recognition of myocardial iron over-
load facilitates institution of chelation therapy which
can prevent or reverse this form of cardiomyopathy.”
Cardiac magnetic resonance imaging is uniquely able to
accurately quantify myocardial iron, which correlates
poorly with serum ferritin level, making it an essential
tool in improving the understanding of the natural his-
tory of thalassemia patients.” The absence of myocar-
dial iron in this cohort, despite significant hepatic iron
overload, was notable. The results of our study were
consistent with those of previous studies that have
demonstrated myocardial sparing of iron overload in
SCD.* Very limited results from invasive coronary
angiographic studies suggest infrequent coronary artery
stenoses in SCD patients.*" Distinctly different path-
ways of therapy, based on the presence or absence of
coronary artery obstruction, underscores the need to
define the epicardial coronary artery anatomy in
patients presenting with chest pain, which can now be
done noninvasively using multi-detector row computed
tomography.®* Use of an isotonic contrast agent
ensures the safety of this procedure in sickle cell
patients.” Investigated with a technique with a report-
ed sensitivity of 95-99%, our cohort had no epicardial
coronary artery disease.

Patients with SCD frequently present for evaluation
of chest pain of unclear etiology as part of their sickle
cell crisis. The relationship of this pain to myocardial

27:31-5.

ischemia and coronary artery disease in adults with
SCD is unknown. While the study was not designed to
assess myocardial perfusion during crises, the findings
do suggest that there may be microvascular abnormali-
ties accounting for chest pain in sickle cell patients. The
clinical focus in the acute care of these patients typical-
ly involves detection of acute chest syndrome and other
pulmonary etiologies of chest pain rather than myocar-
dial ischemia. Recognition of microvascular perfusion
abnormalities in the acute setting might motivate use of
proven ischemia-relieving therapies, such as nitrates, in
addition to the narcotic analgesics typically used to
relieve pain in this population. Further investigations
utilizing the diagnostic strategies demonstrated in this
work are needed to define the prevalence of microvas-
cular disease in the acute setting as well as to demon-
strate the efficacy of traditional ischemia-relieving ther-
apies in reversing perfusion abnormalities in sickle cell
patients.

In summary, we found that a subset of adult SCD
patients has myocardial ischemia that occurs in the
absence of epicardial coronary artery disease, myocar-
dial infarction or myocardial iron overload. Further
studies are ongoing to correlate perfusion abnormalities
with chest pain, myocardial ischemia-based therapies,
and acute evaluation during crises. Identification of
abnormalities in right ventricular function in SCD
patients warrants further investigation in risk stratifica-
tion for pulmonary hypertension and its attendant com-
plications.
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