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Impaired Regional Left Ventricular Strain After
Repair of Tetralogy of Fallot
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Purpose: To test the potential of magnetic resonance
imaging (MRI) in early detection of left ventricular (LV)
dysfunction in patients with pulmonary regurgitation and
normal LV ejection fraction after repair of tetralogy of
Fallot.

Materials and Methods: Patients (n ¼ 18) with repaired
tetralogy of Fallot and pulmonary regurgitation were pro-
spectively recruited. Healthy volunteers (n ¼ 10) were
used as control. Tagging MR images were acquired at the
base, mid, and apical LV levels for assessing segmental
rotation and circumferential strain. Cine MR images and
velocity-encoded MR images were also acquired for
assessment of biventricular volumes and biventricular
function and pulmonary regurgitant fraction, respectively.
Mean values were compared between groups using
unpaired Student’s t-test.

Results: Patients presented with preserved global LV
function (LVEF of 59 6 5%). A significant decrease in LV
peak circumferential strain was seen in patients com-
pared with normal volunteers at the basilar (�15.6 6
4.5% vs. �17.6 6 4.4%; P < 0.01) and apical (�14.46
6.1% vs. �17.36 5.1%, P < 0.01) slices. LV peak rotation
was also delayed in patients compared with volunteers at
the basilar (6.1 6 2.6� vs. 4.2 6 0.6�; P < 0.01) and mid
(8.0 6 1.7� vs. 4.9 6 1.0�; P < 0.01) slices.

Conclusion: MRI can detect early regional LV dysfunction
in patients with preserved LVEF after repair of tetralogy of
Fallot. MR may be a useful technique for guiding clinical
decisions in these patients in order to prevent future
global LV deterioration.
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TETRALOGY OF FALLOT is the most common type of
cyanotic congenital heart defect, with a prevalence of
0.26–0.8 per 1000 live births (1). The disease consists
of a combination of right ventricular outflow tract
obstruction, ventricular septal defect, overriding
aorta, and right ventricular hypertrophy. Without sur-
gical intervention, most patients die in childhood (1).
Although patients with repaired tetralogy of Fallot are
usually asymptomatic, their survival is worse than
that of an age-matched population because of the
increased risk of sudden death (2). This increased
risk of sudden cardiac death is strongly related to pul-
monary regurgitation (PR), which leads to right ven-
tricular dilatation and dysfunction (3). A previous
study showed that the risk of sudden cardiac death
increases from 0.27% per year to 0.94% per year in
the third decade of life (4).

Follow-up studies have identified multiple predic-
tors of sudden cardiac death in these patients, includ-
ing QRS duration >180 msec, ventricular tachycar-
dia, and age at initial repair (3,5). Imaging studies
have shown that decreased left ventricular ejection
fraction (LVEF) is one of the strongest predictors of
increased mortality in patients after repair of tetralogy
of Fallot (6–9).

However, by the time LVEF has decreased it may al-
ready be too late to intervene and the patient may al-
ready have an increased risk of sudden cardiac death.
To determine if magnetic resonance imaging (MRI) can
detect early LV dysfunction in patients with preserved
LVEF, we used an MR tagging technique for measure-
ments of circumferential strain and absolute LV rota-
tion in patients with pulmonary regurgitation after
repair of tetralogy of Fallot, and compared these
measurements to data obtained from healthy
volunteers
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MATERIALS AND METHODS

The Institutional Review Board approved the study
and all patients and healthy controls provided
informed consent prior to recruitment. Nineteen
patients with repaired tetralogy of Fallot and moderate
to severe pulmonary regurgitation were prospectively
recruited for this study from December 2007 to De-
cember 2008. One patient was excluded from the
study due to poor image quality; hence, the patients
group had 18 subjects (mean age 33 6 13 years; six
males). Ten healthy volunteers (mean age 32 6 4
years; five males) served as controls. All subjects
responded to a questionnaire about the history of sur-
gical repair and current cardiovascular symptoms.
Clinical and surgical records were available for review.

Table 1 shows the subjects’ characteristics. Exclusion
criteria included contraindications to an MR imaging
examination and prior pulmonary valve replacement.

Image Acquisition

MRI studies were performed with a 1.5 T unit
(Achieva, Philips Medical Systems, Best, The Nether-
lands, SW release 2.6.3) with a 5-channel cardiac coil
and using parallel imaging technique (SENSE). The
MR protocol included assessment of biventricular
global systolic function, biventricular volumetrics,
pulmonary flow, and regional LV contractility.

Cine MR images were used for assessment of biven-
tricular volumes and biventricular function (Fig. 1).
Images were obtained with a steady-state free

Table 1

Subject Characteristics

Volunteers Patients

Gender (male/female) 5 (50%)/5 (50%) 6 (33%)/12(67%)

Age at MRI study (mean 6 SD) 31y 6 4y 33y 613 y

Time between surgery and MRI (mean 6 SD) n/a 28y 6 11 y8 m

Type of surgery: n/a

Infundibulectomy 5

Transannular patch 11

RVtoPA conduit 2

QRS duration n/a 141623 ms

Presence of symptoms (%) n/a 8/14 (57%)

Chest pain exercise 2/14 (14%)

Chest pain rest 4/14 (29%)

Dyspnea exercise 6/14 (43%)

Dyspnea rest 1/14 (7%)

Peripheral edema 1/14 (7%)

Syncope 3/14 (21%)

Palpitation 5/14 (36%)

MRI ¼ magnetic resonance imaging; SD ¼ standard deviation; RV ¼ right ventricle; PA ¼ pulmonary artery.

Figure 1. Cine MR images in the short axis plane at the basilar level during end-diastole (a) and end-systole (b) show normal
LV contraction. Note the akinetic right ventricular outflow tract (arrows) in this patient submitted to transannular patch
repair for correction of tetralogy of Fallot.
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precession (SSFP) sequence in the short-axis plane
through the entire heart, encompassing 16 phases of
the cardiac cycle. The imaging parameters were: repe-
tition time ¼ 1.4–3.0 msec, echo time ¼ 1.4–3.2 msec,
flip angle ¼ 70�, field of view (FOV) ¼ 340 mm, num-
ber of excitations ¼ 1, slice thickness ¼ 8 mm with no
gap and acquisition matrix ¼ 144 � 256.

Velocity-encoded cine MR images were obtained in a
plane perpendicular to the direction of blood flow in
the main pulmonary artery, just above the expected
location of the pulmonary valve, with a slice thickness
of 10 mm. Sixteen frames were acquired per average
cardiac cycle. The imaging parameters were: TR ¼ 15–
30 msec; TE ¼ 5.3–7.5 msec; flip angle ¼ 150, FOV ¼
140–300 mm, and encoding velocity ¼ 200 cm/s. If
aliasing was present, the encoding velocity was
increased until the aliasing disappeared (VENC >200–
300 cm/s).

Tagging MR images were obtained for evaluation of
regional strain and regional absolute rotation of the
LV. Images were acquired in the short axis plane of
LV at the base, mid, and apical levels (Fig. 2). The lev-
els were prescribed perpendicular to the ventricular
septum on a horizontal long-axis cine image. The
apical level was prescribed below the level of the

papillary muscle insertion. The mid and the base lev-
els were than prescribed 2 cm and 4 cm cranial from
the apical level, respectively. The tagged turbo-field
echo-planar imaging parameters were: TR/TE ¼ 35/
6.1 msec, flip ¼ 25�, section thickness ¼ 10 mm, FOV
¼ 24 � 24 cm, matrix ¼ 128 � 45, EPI factor ¼ 11,
line spacing ¼ 8 mm. The tagging technique used
complementary spatial modulation of magnetization
for horizontal and vertical tag orientation images
obtained in one breath-hold. The temporal resolution
was set at 35 msec. Sixteen phases of the cardiac
cycle were obtained including the entire systole and
the beginning of diastole.

A 3D inversion-recovery turbo spin-echo sequence
(inversion time ¼ 220–300 msec, repetition time ¼ 7.6
msec, echo time ¼ 2.0 msec, flip angle ¼ 15�, FOV ¼
260 mm, number of excitations ¼ 1, matrix 256 �
256, slice thickness ¼ 10 mm) was performed at 10–
15 minutes after the administration of 0.2 mmol/kg
of Gd-DTPA. Images were acquired in the short-axis,
horizontal long axis, and right ventricular outflow
tract planes to detect nonviable myocardium on
delayed contrast-enhanced MR images in 14 patients.
Five patients declined the use of MR contrast media
for the research purposes.

Image Analysis

Volumetric and flow analysis were performed on a
separate dedicated workstation (View Forum, Philips
Medical Systems). Volumetric analysis of the cine MR
images was done by manually outlining the endocar-
dial contour of the right and left ventricles on the end-
diastolic and end-systolic frames, encompassing the
entire cardiac chambers in order to calculate the end-
diastolic and end-systolic volumes and mass. Cardiac
volumes were adjusted for body surface area and are
presented as volume indexes. Right and left ventricu-
lar ejection fractions were calculated.

Velocity-encoded cine images were analyzed by pre-
scription of a region of interest around the main pul-
monary artery in the 16 magnitude and phase images.
A region of interest on the magnitude image provides
cross-sectional area and on the phase image, the av-
erage velocity. The product of these two measure-
ments is instantaneous blood flow. A flow versus time
curve was obtained for an average cardiac cycle, pro-
viding pulmonary forward flow, pulmonary backward
flow, and pulmonary regurgitant fraction.

Short-axis tagged MR images were analyzed using
HARP software (Diagnosoft, Cary, NC). Endocardial
and epicardial contours were delineated in short-axis
tagged images for the entire cardiac cycle at the basal,
mid, and apical levels. The mid-wall eularian circum-
ferential strain (ECC%), absolute rotation, and time to
peak rotation were automatically calculated for each
of the 16 cardiac segments based on the American
Heart Association classification for short axis images.
Segment 17 (tip of the apex) was not accessed.

Exercise Test

Fourteen patients performed a symptom limited exer-
cise test on an upright bicycle table in a 30� left

Figure 2. Tagging MR images acquired at the basilar (top),
mid (middle), and apical (bottom) levels, during end-diastole
(left) and end-systole (right). Note the distortion of the verti-
cal and horizontal tags during the cardiac cycle in this
patient after repair of tetralogy of Fallot.
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lateral tilt position. Four patients did not volunteer to
perform the exercise test. Exercise was performed in
room air after a 6-hour fast and 24-hour abstention
from caffeine intake, with the patient reclining on a
specially designed table fitted with a supine bicycle
ergometer (Engineering Dynamics, Model 8420, Low-
ell, MA). The subject began the test with 3 minutes of
exercise at 0 resistance and continued at the same
pace as the resistance increased every 3 minutes,
resulting in an incremental increase in workload of
33W every 3 minutes. The maximum workload was
200W and bicycle pedal speed was maintained at a
constant rate of 60 rpm. MVO2 (mixed venous oxygen)
levels were monitored throughout the exercise. Maxi-
mum MVO2 consumption and percentage of predicted
MVO2 were calculated.

Statistical Analysis

Mean pulmonary regurgitant fraction and biventricu-
lar volumetric and global functional parameters were
compared between patients and healthy volunteers.
Regional LV contractility, mean peak circumferential
strain, and mean peak rotation were compared in
each of the three levels (base, mid, and apex) between
patients and healthy volunteers. In addition, mean
time to peak circumferential strain and peak rotation
were compared between the two groups. Values
between the patients and healthy volunteers were
compared using an unpaired Student’s t-test. Data
are expressed as mean 6 standard deviation of the
mean. Statistical significance was set at P < 0.05.
Correlation between MVO2 consumption and both
peak circumferential strain and peak rotation were
assessed using Pearson’s correlation.

RESULTS

Global LV function was preserved in all patients, with
an LVEF in the range of 50%–65% (10). However,
mean LVEF was lower in the patients than in the
healthy controls, as shown in Table 2. Additionally,
LV stroke volume index (LVSVi) was lower in the

patients than in the healthy controls (Table 2). The
degree of pulmonary regurgitation varied from mild to
severe. Patients presented with minimal to moderate
right ventricular systolic dysfunction and a RVEF in
the range of 29%–62%, significantly lower (P < 0.006)
than the healthy controls. Right ventricular end-dia-
stolic volume index (RVEDVi) and end-systolic volume
index (RVESVi) were significantly higher (P < 0.001)
in the patients than in the healthy controls.

The regional circumferential strain of the LV was
lower in patients after repair of tetralogy of Fallot than
in the healthy controls. However, the difference was
statistically significant (P < 0.01) only at the basilar
and apical levels (Table 3). Figure 3 shows the cir-
cumferential strain during the cardiac cycle for each
of the 16 LV segments in patients and healthy con-
trols. There was no significant difference in time to
peak circumferential strain between patients and
healthy controls.

The regional myocardial rotation was also abnormal
in patients after repair of tetralogy of Fallot compared
to healthy controls. The peak rotation was delayed in
the patients at all LV levels in comparison to the
healthy controls, resulting in a shorter diastolic
phase. The delay in peak rotation reached statistical
significance (P < 0.01) at the basilar and mid levels
(Table 4). The magnitude of the peak rotation was
decreased in patients only at the basal level, with nor-
mal peak rotation at the mid and apical levels. Figure
4 shows the myocardial rotation during the cardiac
cycle for each of the 16 LV segments in patients and
healthy controls

The regional contraction abnormalities measured by
MRI were not detected by the exercise test. There was
no correlation between the peak circumferential strain
or absolute rotation with MVO2 maximum or percent-
age of predicted MVO2. In addition, the MVO2 con-
sumption did not correlate with any of the MRI volu-
metric or functional parameters.

Myocardial infarct in the LV was not evident on
delayed contrast-enhanced MRI in any patient. On the
other hand, myocardial infarct in the right ventricle
was evident on delayed contrast-enhanced MRI in 11
of the 14 patients. The delayed enhancement varied
from focal to extensive and was restricted to right ven-
tricular outflow tract and right ventricular free wall, as

Table 2

Volumetric and Global Functional Parameters

Volunteers Patients P

LVEF (%) 64 6 4 59 6 5 0.01

LVEDVi (ml/m2) 85 6 16 77 6 13 0.19

LVESVi (ml/m2) 33 6 10 32 6 7 0.82

LVSVi (ml/m2) 55 6 9 45 6 8 0.01

RVEF (%) 53 6 6 44 6 9 0.006

RVEDVi (ml/m2) 83 6 14 121 6 31 <0.001

RVESVi (ml/m2) 38 6 6 67 6 24 <0.001

RVSVi (ml/m2) 44 6 10 566 16 0.1

Pulmonary RF (%) 0 35 6 17 n/a

LVEF ¼ left ventricular ejection fraction; LVEDVi ¼ left ventricular

end-diastolic volume index; LVESVi ¼ left ventricular end-systolic

volume index; LVSVi ¼ left ventricular stroke volume index; RVEF

¼ right ventricular ejection fraction; RVEDVi ¼ right ventricular

end-diastolic volume index; RVESVi ¼ right ventricular end-systolic

volume index; RVSVi ¼ right ventricular stroke volume index; RF ¼
regurgitant fraction.

Table 3

Peak Circumferential Strain in Healthy Volunteers and Patients

With Tetralogy of Fallot

Volunteers (n¼10) Patients (n¼18)

Circ strain (%)

Base �17.6 6 4.4 �15.6 6 4.5*

Mid �16.9 6 7.8 �16.4 6 4.5

Apex �17.3 6 5.1 �14.4 6 6.1*

Time to peak (phase)

Base 9.5 6 0.9 9.2 61.6

Mid 9.5 6 0.9 9.0 6 1.0

Apex 10.0 6 1.6 9.5 6 1.3

*P < 0.01

Regional circumferential LV strain in patients (n¼18) and healthy

volunteers (n¼10) measured at three left ventricular levels.
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typically seen after surgical repair of tetralogy of Fallot
(Fig. 5) (11,12). The abnormal enhancement was seen
in seven patients who underwent a transannular
patch repair, three patients who underwent right ven-
tricular infundibulectomy, and one patient who had a
right ventricle-to-pulmonary artery conduit placed.

DISCUSSION

This study shows that MRI can detect early LV dys-
function in patients with preserved LVEF after repair

of tetralogy of Fallot. The evidence is that circumfer-
ential strain was decreased at the LV base and apex
in patients with preserved LVEF compared to healthy
controls. Additionally, the degree of rotation at the ba-
sal level was lower than that for the remaining LV
regions, consistent with intraventricular dyssyn-
chrony. Furthermore, LV rotation at the basilar and
mid levels was slower in the patients than in healthy
controls, resulting in a shorter diastolic phase. Our
data suggest that exercise testing may not be able to
detect early LV dysfunction.

Since LV dysfunction is a strong predictor of mortal-
ity in patients after repair of tetralogy of Fallot, early
detection of the dysfunction is crucial in these
patients. We showed that the MR tagging technique
can detect regional LV dysfunction in patients with
preserved LV ejection fraction. Although LVEF levels
were still within normal range, they were lower than
the average levels for the healthy controls, suggesting
the presence of early LV dysfunction, as depicted by
the regional strain abnormalities detected in this
study. The lack of a statistically significant difference
between peak strain in patients and healthy controls
could be due to the small sample size and large
standard errors.

The peak LV rotation was delayed at the basilar and
mid levels in patients compared to healthy controls.

Figure 3. Mean circumferential strain during the cardiac cycle is shown in the basilar, mid, and apical levels of patients
(top) and healthy volunteers (bottom). Note the decreased circumferential strain in the patients compared to normal
volunteers.

Table 4

Peak Rotation in Healthy Volunteers and Patients With

Tetralogy of Fallot

Volunteers (n¼10) Patients (n¼18)

Abs rotation(degrees)

Base 4.4 6 2.0 2.5 6 3.1*

Mid 5.4 6 2.2 4.5 6 4.4

Apex 7.9 6 2.6 9.0 6 4.1

Time to peak (phase)

Base 4.2 6 0.6 6.1 6 2.6*

Mid 4.9 6 1.0 8.0 6 1.7*

Apex 7.3 6 1.1 8.2 6 1.1

*P < 0.01

Regional absolute left ventricular rotation in patients (n¼18) and

healthy volunteers (n¼10) measured at three left ventricular levels.
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This delay resulted in a short diastolic phase. A previ-
ous study has also shown impaired diastolic relaxa-
tion in patients with tetralogy of Fallot due to unclear
mechanisms (16). It is reasonable to consider that the
short diastolic phase with incomplete ‘‘untwisting’’ of
the LV contributes to the diastolic dysfunction in
these patients. There was no correlation between MR
regional strain abnormalities and MVO2 consumption,
the most useful clinical test for assessment of func-
tional status in these patients.

Our data showed impairment of the magnitude of
rotation at the basilar LV level compared to mid and
apical levels. In patients with tetralogy of Fallot and
right ventricular dysfunction, the right ventricular
outflow tract and superior portions of the right ven-
tricular free wall are more severely dilated and dys-
functional (6). Therefore, dysfunction of the LV basilar
level most likely reflects a mechanism of negative ven-
tricular–ventricular interaction worse at the base of
the heart. It is hypothesized that negative ventricular–
ventricular mechanical interactions likely play a cen-
tral role in early LV dysfunction after repair of tetral-
ogy of Fallot. In agreement with our data, a recent
study, using speckle-tracking echocardiography for
regional LV dysfunction assessment has shown that
LV dyssynchrony correlates with RV enlargement (13),
supporting our hypothesis of a negative ventricular–

Figure 4. Mean peak rotation during the cardiac cycle is shown in the basilar, mid, and apical levels of patients (top) and
healthy volunteers (bottom). Note the delayed peak rotation in the patients compared to normal volunteers.

Figure 5. Delayed enhancement image at the short-axis
plane shows hyperenhancement of the right ventricular free
wall (arrows) commonly seen after repair of tetralogy of Fal-
lot. Note the absence of delayed enhancement in the LV
myocardium.
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ventricular interaction. One of the possible hypothe-
ses for development of LV dysfunction after repair of
tetralogy of Fallot is ischemic injury during the surgi-
cal procedure. The absence of LV delayed enhance-
ment in our patients with evidence of impaired LV
strain argues against this hypothesis. However, it is
possible that our patients have patchy microinfarcts
that fall below the spatial resolution of the current
delayed contrast-enhanced MRI techniques (14).

Considering that the basilar rotation was impaired
while the remaining portions of the ventricle had pre-
served absolute rotation, we believe that intraventric-
ular dyssynchrony likely plays an important role in
early LV dysfunction in patients after tetralogy of Fal-
lot repair. Tzemos et al (15) recently demonstrated
that LV intraventricular dyssynchrony correlates with
a decrease in ejection fraction and reduced strain in
both septal and lateral walls in patients after repair of
tetralogy of Fallot. Future follow-up studies are neces-
sary to assess the use of MR tagging in selecting
patients for earlier surgical interventions and ulti-
mately the impact of this approach in reducing the
disease-related mortality.

In conclusion, this study shows that MRI is a prom-
ising technique for detecting early LV dysfunction and
could be useful for guiding clinical decisions in
patients with preserved LVEF after repair of tetralogy
of Fallot. In addition, the abnormal rotation at the ba-
sal level with preserved rotation at the remaining ven-
tricular regions indicates that a negative ventricular–
ventricular interaction resulting in intraventricular
dyssynchrony likely plays a role in early LV dysfunc-
tion in these patients. MRI may be considered in the
clinical decision for early pulmonary valve replace-
ment in an effort to avert poor ventricular interaction
and ultimately global LV dysfunction.
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