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Hypoplastic Left Heart Syndrome
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El di ic-gated nuciear (NMR)
imaging has been shown to be effective for the evaluation of

ital heart disease, p: in supracardiac vegions.
This study evaluated the posioperative status after a stage I
palllative operation (Norwood procedure) for hypoplastic left
heart syndrome. The NMR images from three patients were
compared with those of angiography and depicted all components
of the P! iac and i anatomy after
this operati uetive is of the main pulme-
rary artery to the proximal aorta was clearly demonstrated in

each patient, The caliber of the central or branch pulmonary
artery, patency and caliber of the systemic to pulmonary artery
shunt and the size of the atrial communication were also depicted
in each patient and these findings corresponded with angiographic
results,

The results suggest that NMR imaging is effective for assessing
the results of initial palliative surgery for hypoplastic left heart
syndreme, which seems to be important for managing patients
before subsequent definitive surgery.
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Surgical management of hypoplastic left heart syndrome has
steadily improved since the intraduction of two-stage recon-

freedom of acoustic window limitations. Several repurts
(6-14) have demonstrated the capability of NMR imaging in

structive surgery consisting of an initial palliative
(Norwood procedure} and a subsequent modified Fontan
operation (1,2). The aims of the initial palliative procedure
include 1) anastomosis of the main pulmonary artery to the
proximal aorta, thereby establishing permanent unobstruc-
tive blood flow from the right ventricle to the systemic
arterial circulation; 2) establishment of pulmonary blood
flow by a systemic to pulmonary artery shunt to promote
normal growth and devel of the y arteries;

the postoperative of surgical pr in the
supracardiac region in patients with congenital heart disease.
The effectiveness of NMR imaging for evaluating the post-
operative status of the hypoplastic left heart syndrome has
not been reparted previously. Because of the tomographic
thickness of NMR images during the early experience, these
images were considered to be limited in the assessment of
the cardiovascular anatomy in infants. Recent technical

and 3) relief of pulmonary venous congestion by the creation
of a nonrestrictive atrial septal defect (3).

After the initial palliative operation. it is necessary to
assess impartant features of the reconstructed supracardiac
anatomy, such as presence or absence of aortic arch obstruc-
tion, apatomy of the pulmonary artery, patency of the
systemic to pulmonary shunt, status of the interatrial com-
munication and right ventricutar contractile and tricuspid
vaive function (4). The echocardiographic appearance after
the initial palliative procedure has been previously described
{5) and two-dimensional and Doppler echocardiography
have been utilized to monitor the status of these patients.
Nuclear magnetic resonance (NMR) imaging has advantages
for evaluation of great vessel pathoanatomy because of the
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tmpr have permitted the acquisition of an electro-
cardiographic (ECG)-gated thoracic image with thin slices
(3 mm).

This report describes the appearance of the hypoplastic
left heart syndrome after the initial palliative procedure. [t
indicates that the complex anatomy of this procedure can be
depicted in infants with use of thin section multiplane
images.,

Methods

Study patients (Table 1). Three infants were studied 5 to
7 months after a palliative operation for hypoplastic left
heart syndrome. Their age at the time of the nuclear mug-
netic resonance (NMR) study was 5, 7 and 17 months,
respectively. These patients had visceroatrial situs solitus,
d-ventricular loop and normally related great arteries. A
hypoplastic left ventriclz and obstructive lesions of the
mitral or aortic valve, or both, were found in each patient.

The Norwood palliative operation in these patients con-
sisted of atria) septectomy, division and patch closure of the
distal main pulmonary artery and end to side anastomosis of
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Table 1. Clinica} Characteristics of Three Patients

Imervat
From

Op to NMR Systemic to
Pt AgeatOp tmaging Pulmonary
Ne. (days) o) Anatomy Shunl
1 i 17 AS.MS, PDA.PFO RMBT.L M BT
2 9 5 AA, MA,PDA, PFO R BT
3 9 7 AS, MS, PDA. PFO R M BT

AA = aurtic atresia; AS = aortic stenasis; BT = Blalock-Taussig shunt;

= left: M = modificd; MA = mitral atresia; MS = mitral stenosis; NMR =

nuclear magnetic resonance; Op = operation; PDA = patent ductus arterio-
sps: PFO = patent foramen ovale: Pt = patient: R = right.

the pulmonary artery to the distal ascending worta with
incision and enlargement of the aortic arch, isthmus and
ascending aorta with an aortic gusset (1). Systemic to
pulmonary artery flow was reestablished through a graft
between one or both subclavian arteries and the ipsilateral
pulmenary artery (Table 1), The ages at operation ranged
from 1 to 19 days.

Imaging methods. The infants were sedated with oral
chloral hydrate (100 mg/kg body weight) 30 to 45 min before
the MMR examination. fmages were obtained with us¢ of a
1.5 1esla superconducting magnet (General Electric). The
ECG-gated, multislice spin-echo sequences were used with
an echo defay time (TE) of 20 ms. The repetition lime (TR}
equaled the RR interval and thus depended on the patient’s
heart rate. The standard head coil was used for transmission
and reception of radiofrequency pulses. The field of view
was 320 to 240 mm. The acquisition matrix was 256 x 192
pixels interpolated to 256 % 256 pixels for display.

An initial multislice series in the sagittal plane was used
to localize the diaphragm and superior border of the aortic
arch. Subsequent images were acquired in the transverse
plane (5-mm thick) and the data from two acquisitions were
averaged. Additional images in the transverse plane (3-mm
thick, separated by 0.5 mm) were obtained at the level of the
pulmonary arteries and aortic arch. The 3-mm sections
employed averaging of four acquisitions. Images in the
sagittal plane (3-mm thick) through the aorta and pulmonary
artery were also obtained.

Cne patient had an additional cine NMR seguence ob-
tained by using gradient-ccho imaging with a TE of 5 ms and
a TR of 20 ms. Transverse images (5-mm thick) were
obtained at the level of the anastomosis belween the main
pulmonary artery and the ascending aorta.

Conventional contrast angiography was performed for all
patients and the results were compared with the NMR
findings. The time interval between NMR imaging and
angiography was | day, 6 days and 5 months, respectively.
Findings from both studies were evaluated by different
observers without knowledge of other data.
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Figure 1. Patient 1. Transverse image showing a markedly enlarged
right atrium (RA) and right ventricle (RV). Both the left atrium (LA)
and the left ventricle (LV) were small. Right ventricular hypertro-
phy was also cbserved (arrowheads).

Results

Ventricle and atrium. A markedly enlarged right atrium
and right ventricle and right ventricular hyperirophy were
observed in all patients (Fig. ). In contrast, the left atrial
and left ventricular chambers were severely hypoplastic. A
bright signal caused by stagnant flow was observed in the left
vemncular chamber. These findings are characteristic of the

ypoplastic left heat synd . The of the mitral
valve and subvalve tensor apparatus was not clearly defined
on nuclear magnetic resonance (NMR) images.

Aorta. The diminutive ascending aorta was shown on
NMR images in all patients. At the origin of the aorta,
coronary arteries were identified in every patient. The
proximal aorta at the is between the proximal
pulmonary artery and aortic arch was clearly depicted in
each patiem {Fig. 2). At the equivalent location to the
spin-echo images, cine NMR images demonstrated blood
flowing across the p is of the pul
artery to the ascending aorta as a bright signal (Fig. 2D).
S is at this ic sitc was excluded in each
patient. The distal aortic arch at the site of the juxtaductal
suture {ine between the aortic arch gusset and the aortic arch
was demonstrated in each patient (Fig. 3). The entire anat-
omy of the neo-aorta (that is, the reconstructed aorta} could
be depicted on a single sagittal image (Fig. 4). Stenosis in the
aortic arch was excluded in every patient.

Pulmonary artery. The anatomy of the central pulmonary
arteries was depicted in every patient. Various degrees of
narrowing of the central pulmonary arteries were shown on
transverse images in all patients, In Patient 1, moderate
narrowing of a long segment of the praximat left pulmonary
artery and focal stenosis of the proximal right pulmonary
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artery were observed (Fig. 5A). In Patient 2, segmental
narrowing of the pruximal left pulmonary artery was ob-
served behind the aortic gusset (Fig. 5B}, Localized stenosis
was also showa at the proximal right pulmonary artery in
this patient (Fig. 2B). However, there was a wide caliber of
the distal left and right pulmonary arteries in Patients { and
2. In Patient 3, severe segmental narrowing or obstruction
was observed at the proximal left puimonary artery behind
the aortic gusset (Fig. 5C). However, in this patient, differ-
entiation between severe stenosis and obstruction was not
clear on the spin-echo images. Cine NMR images demon-
strated flowing blood as a bright signal in the distal left
pulmonary artery in the same patient, excluding complete
obstruction (Fig. 5D).

Atrial communicat’on, A wide interatrial communication
created by surgical resection of a part of the atrial septum
was shown in each patient (Fig. 6). The connection of each
pulmonary vein 1o the left atrium was also demonstrated.
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Figure 2. Nuclear magnetic resonance (NMR) images demonstrat-
ing the pul y artery- ding aorta is in 1wo in-
fants. A, Patient 2. Coronal image transecting the anastomosis of the
ascending aorta (A) and the main pulmonary artery (P). The hy-
poplastic ascending aorta is shown {arrow). B, Patient 2. Transverse
image showing thal the anastomosis was widely opened, with no
ridges producing obstruction. This image also depicts focal stenosis
at the right pulmonary artery (rP) (arrow). C, Palicnt 3. Transverse
spin-echo image showing nonobstructive anastomosis of the main
pulmonary artery (P) and ascending aorta {A). This image also
depicts severe narrowing or obst: uction (arrows) between the right
(1) and the left (1) pulmonary artery. D, Patient 3. Cine NMR image
at an equivalent slice level to the spin-echo image demonstrates
flowing blood across the anastomosis as a bright signal.

Shunt. All systemic to pulmonary artery shunis were
demonstrated to be patent on NMR images (Fig. 3). The
caliber of the shunt was narrow at the distal end of the graft
in all patients.
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Figure 3. Nuclear magnetic resonance images demonstrating the
caliber of the reconstructed aortic arch and status of the subclavian-
pulmonary artery graft in two patients. A, Patient 1, Transverse
image at the aortic arch (A} shows notmal caliber at the distal aortic
arch. Right and left modified Blalock-Taussig shunts were patent
(arrows). B, Patient 2, Transverse image at the aortic arch {A).
Distal anastomosis of an aortic gusset and aortic arch does not show
any ridge protruding inlo the lumen; the caliber of the arch is
narmal. A patent right Blalock-Taussig shunt is shown as a circular
structure with a central signal void (srrow).

Comparison between NMR and angiographic findings (Ta-
ble 2). The results of NMR imaging agreed well with the
angiographic results. Obstruction of the neo-aoria was ex-
cluded by both studies. The presence and location of nar-
rowing of the central pulmonary artery and a systemic to
pul y artery shunt dc d by NMR imaging cur-
responded to the angiographic findings.

Discussion

The results of the current study show that nuclear mag-
netic resonance (NMR) imaging can provide morphologic
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Figure 4, Palient 1. Sagittal image depicts the entire anatomy of a
reconstructed aorta. No obstruction was found in the route from the
right ventricle (RV) to the descending aorta (A). P = main pulmo-
nary artery. Other abbreviations as in Figures | and 2.

assessment of each of the important components of the
palliative Norwood operation used for the hypoplastic left
heant syndrome. The anatomy of the nec-aorta and the
pulmonary artery, the patency of the surgical shunts and the
size of the interatrial communication demonstrated by NMR
imaging were equivalent to those shown by angiography.

Aortic arch obstruction after the Norwood procedure. The
incidence of aortic arch obstruction has been reported (15) to
be low after the first stage of the Norwoud procedure.
However, when it develops, recognition of it is critical
because the concurrent increase in right ventricular pres-
sure, along with the volume load imposed on the right
ventricle, results in rapid deterioration of right ventricular
function {4). Obstruction of the aortic arch can occur at any
site on the arch. Proximal aortic obstruction can take the
form of a lateral ridge projecting into the lumen at the suture
line between the proximal pulmonary artery and the aortic
arch gusset (5). Distal aortic arch ohstruction can result from
an anterolateral ridge at the distal suture line in the trans-
verse arch or at the posterior juxtaductal region (5,15).
Obstruction of the native proximal ascending aorta at the site
of is with the pul y artery is also a theoretic
complication; if it occurs, it will rapidly lead to myocardial
ischemia or infarction due to coronary insufficiency. The
current results d rated that adj Itiple NMR
images could document such anatomic changes of the lumen
at any site of the aortic arch. Because NMR imaging can
demonstrate anatomy from any desired direction by using
transverse, coronal, sagittal and oblique planes, ridges at
varipus position in the vascular lumen can be depicted from
multiple imaging directions. In contrast, the demonstration
of ridges at various locations in the aortic arch by conven-
tional angiography may require complex angled projections
and multiple injections of contrast media.

Pulmonary artery stenosis. In the current study, various
degrees of stenosis of the central pulmonary arteries were
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Figurc 5 (above). Nuclear magnetic resonance (NMR) images display-
ing the caliber of the central puimonary artery (P) in three patients. A,
Patien: 1. Transverse image showing segmenlal narrowing of the left (1)
pulmonary artery (arrowheads). At the origin of the right (r) pulmonary
artery, focal sienosis is also observed (arrow). A = aorta. B, Patient 2.
Transverse image shows mild segmental narrowing at the origin of the
left pulmonary artery (IP) behind the aortic (A} gusset (arrows). C,
Patient 3. Transverse image showing severe narrowing or obstruction
at the jurction (arrows) between the right () and left (1) pulmonary
arteries. A = aorta; P = main pulmonary artery. D, Cine NMR
transverse images just caudal to € showing lowing blood in the right {r)
and left (1) pulmonary arteries as a bright signal.

documented on NMR images. The capability of NMR imag-
ing to depict the anatomy of the central pulmonary artery is
important in evaluating candidates for a Fontan operation;
suitability for this operation is critically dependent un near
normal growth and development of the branci: pulmonary
arteries both centraily and peripherally (16.17). Although
discrete proximal pulmonary stenosis can be relieved by
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Figure 6 (beluw). Pailem 1. Transverse i image depicting wide inter-
atriaf A lower pul y vein draining to the left
atrium (LA) is also shown (nrmwbeads) RA = right atrivm,
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Table 2. Nuclear Magnelic Resonance Imaging and Angiographic Findings in Three Patients

- NMR Imaging Angicgraphy
Na. Neo-Aarta Central PA ASD Shunt Neo-Aorta Cential PA ASD Shunt
1 NO L seg (mod §) NG RiSaly NiO L (mod S) NiD R(Sath
R focal (mild §) LN/O) R (mod §) L (NO)
2 NiD L seg (mod ) NG RiSa D Nio R (mild §) N/O R{Satl)
R focal (mild S)
3 N/O L seg (sev S) N/O RiSaly N0 L (sev 5 {2.7 mm]) NO RiSatl}
ASD = atrial septal defect; J = junction with the pulmonary artery: mod = moderate; Neo-Aorta = | aaita; NIO = no PA=

pulmanary artery: S = stenosis: seg = segmental: sev = severe: other abbreviations as in Table 1.

angioplasty al operation, diffuse hypoplasia of a branch
pulmonary artery may not be restored and may produce a
poor outcome from a modified Fontan operation (13). After
palliative surgery for hypoplastic left heart syndrome, rela-
tive hypoplasia of the left pulmonary artery has been noted
in patients who have undergone a modified right Blalock-
Taussig shunt; the cause has been suggested to be preferen-
tial flow to the right pulmonary artery from the right-sided
shunt {19). These initial results suggest that NMR imaging is
a reliable technigue far excluding or d ing acquired
hypoplasia of the pulmonary arteries (6.8-10). A previous
report (6) has also shown that NMR imaging accurately
defines the size of pulmonary arteries and the location and
degree of sterosis of the central pulmonary arteries in
patients with cyanotic congenital heart disease. Because the
refation between the pulmonary artery and other anatomic
structures such as the aortic gusset and main bronchus can
be clearly depicted, the etiology of stenosis due to compres-
sion by these adjacent structures may be defined.

In the present study, stenoses of pulmonary arteries were
usually found at the site of anastomosis with grafis or behind
the aortic gusset. Eccentric vascular deformity in the antero-
posterior direction caused by compression from the aortic
gusset or patch may be difficult to depict on anteroposterior
images with conventional contrast angiography. Coronal
NMR imaging can provide images of the pulmonary arteries
similar to those obtained with conventional contrast angiog-
raphy and can depict eccentric vascular stenosis in the
superoinferior direction (7). Finally, growlh of distal pulmo-

were shown to have narrowing of the shunt at the distal end
of the graft.
B .

of cardiac function and pul -y blood flow.
In addition to conventional spin-echo imaging, cine NMR
imaging may be required for evaluation of cardiac functi
Because this imaging sequence can attain high temporal
resolution equivalent to that of contrast cineangiography,
ventricular contractile function can be determined (22).
Moreover. because flowing blood is demonstrated as a very
bright signal on the images, the patency of surgical shunts
can be identified (23). In the current study, cine NMR
imaging was used in one patient (Patient 3) and showed
blood flowing across the anastomosis between the pulmo-
nary artery and the ascending aorta. The same patient was
shown to have very severe marvowing at the proximal left
pulmonary artery. Blood flow can be appreciated on cine
NMR images and can thereby distinguish between severe
stenosis and complete obstruction. In this patient, cine NMR
imaging showed blood flow as a bright signal in the left
pulmonary artery distal to the narrowing. Another technique
for defining the presence of pulmonary blood flow is phase
velocity mapping (24), which can differentiate flowing blood
from stationary tissue and accurately quantitate flow veloc-
ity (25). Assessing tricuspid regurgitation and ventricular
contractile function is important in evaluating the outcome
after both the first-stage palliative surgery and the modified
Fontan operation (26). Cine NMR imaging might be utilized
in the future to evaluate the functional status of the tricuspid
valve.

nary artery branches after a sy to pul y artery
shunt can be monitored sequentially by NMR imaging.
Systemic to pulmonary artery shumt patency. Rapidly
progressive cyanosis after the palliative procedure is usually
caused by limited blood flow through a systemic to pulmo-
nary artery shunt (4). Rarely, cyanosis is due 1o pulmonary
venous hypertension as a consequence of a restricted inter-
atrial communication (15). NMR imgging can demonstrate
the presence or absence of patency of a surgical shunt (20)
and can depict the morphology, not only of the atrial septum
but also of the orifices of the pulmonary veins in the left
atrium (7,21). Therefore, NMR imaging should be able to
define the cause of the progressive cyanosis and late pulmo-
nary venous obstruction. In the present study, all patients

Concl Nuclear magneti imaging is
effective in assessing card\ovascular morphology of the
initial palliative operation for hypoplastic left heart syn-
drome. Its ability to depict supracardiac anatomy permits
the diagnosis of stenosis of the neo-aorta and central pulmo-
nary arteries.
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