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Background—Patients with left ventricular dysfunction have an elevated risk of sudden cardiac death. However, the
substrate for ventricular arrhythmia in patients with nonischemic cardiomyopathy remains poorly understood. We
hypothesized that the distribution of scar identified by MRI is predictive of inducible ventricular tachycardia.

Methods and Results—Short-axis cine steady-state free-precession and postcontrast inversion-recovery gradient-echo MRI
sequences were obtained before electrophysiological study in 26 patients with nonischemic cardiomyopathy. Left
ventricular ejection fraction was measured from end-diastolic and end-systolic cine images. The transmural extent of
scar as a percentage of wall thickness (percent scar transmurality) in each of 12 radial sectors per slice was calculated
in all myocardial slices. The percentages of sectors with 1% to 25%, 26% to 50%, 51% to 75%, and 76% to 100% scar
transmurality were determined for each patient. Predominance of scar distribution involving 26% to 75% of wall
thickness was significantly predictive of inducible ventricular tachycardia and remained independently predictive in the
multivariable model after adjustment for left ventricular ejection fraction (odds ratio, 9.125; P�0.020).

Conclusions—MR assessment of scar distribution can identify the substrate for inducible ventricular tachycardia and may
identify high-risk patients with nonischemic cardiomyopathy currently missed by ejection fraction criteria. (Circulation.
2005;112:2821-2825.)
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Detection of scar tissue by stress-rest perfusion imaging
has been associated with a higher risk of ventricular

arrhythmia and sudden cardiac death in the setting of ische-
mic cardiomyopathy.1 Recent advances have allowed detailed
imaging of nonviable myocardium with high spatial resolu-
tion on contrast-enhanced MRI,2–6 and measurements of
infarct surface area and mass by cardiac MRI have been
correlated with inducible ventricular tachycardia in patients
with ischemic cardiomyopathy.7 The presence of myocardial
scar has also been described with MRI in patients with
nonischemic cardiomyopathy.8 The relation of scar distribu-
tion and risk of ventricular arrhythmia, however, has not been
studied in patients with nonischemic cardiomyopathy.

Early studies using endocardial recordings suggested that
propagation of an excitation wave front around nonconduc-
tive ventricular scar (reentry) is the mechanism for ventricu-
lar tachycardia.9 Later studies in patients with nonischemic
cardiomyopathy revealed that although ventricular
tachycardia in this subset of patients also results from reentry
associated with scar, the scar is often adjacent to a valve

annulus and deep in the myocardium, suggesting the presence
of nontransmural scar as a common underlying substrate.10

Although the latter invasive study identified a mechanism for
arrhythmia in nonischemic cardiomyopathy patients with
clinically manifest ventricular tachycardia, a noninvasive
methodology for assessing the substrate may improve pro-
spective identification of patients at high risk for arrhythmia.
In this report, we test the hypothesis that the distribution of
ventricular scar identified by MRI is predictive of inducible
ventricular tachycardia at electrophysiological study in pa-
tients with nonischemic cardiomyopathy.

Methods
Patients and Protocol
The protocol was reviewed and approved by the Johns Hopkins
Institutional Review Board. All participants gave written informed
consent. The patient population included 26 consecutive patients
with left ventricular dysfunction (ejection fraction �50%) and lack
of flow-limiting coronary artery disease on cardiac catheterization
who were referred to the electrophysiology service for electrophys-
iological study or prophylactic implantable cardioverter-defibrillator
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(ICD) implantation. Twenty patients (77%) were referred for ICD
implantation because of nonischemic cardiomyopathy and ejection
fraction criteria.11 The remaining patients were referred for electro-
physiological study in the setting of nonischemic cardiomyopathy
and syncope (2 patients, 8%), palpitations (1 patient, 4%), family
history of sudden cardiac death (1 patient, 4%), nonsustained wide
complex tachycardia during exercise testing (1 patient, 4%), and
assessment of candidacy for ICD implantation given borderline
fulfillment of the Centers for Medicare and Medicaid Services
criteria (1 patient, 4%). All patients underwent cardiac MRI, fol-
lowed by electrophysiological study using standard technique (pac-
ing through percutaneous electrophysiology catheters, 6 patients,
23%) or the ICD (pacing through the right ventricular implanted
lead, 20 patients, 77%) with up to 3 extrastimuli. Noninvasive
electrophysiological studies were performed immediately after ICD
implantation. Patients with sustained monomorphic ventricular
tachycardia at electrophysiological study were considered inducible.

MRI Studies
Images were acquired with a 1.5-T (Signa, General Electric Health-
care Technologies) scanner and a 4-channel cardiac phased-array
coil. After localization of the heart, base-to-apex short-axis cine
steady-state free-precession gradient-echo images (repetition time,
3.7 to 4.0 ms; excitation time, 1.7 ms; image matrix, 256�192; field
of view, 36 cm; slice thickness, 8 mm; spacing, 4 mm; flip angle,
40°) were obtained with prospective ECG gating. Patients then
received 0.2 mmol/kg IV gadodiamide (Omniscan, Amersham
Health). Fifteen minutes after the contrast bolus, delayed images
were acquired with an inversion-recovery fast-gradient-echo pulse
sequence (repetition time, 5.4 ms; excitation time, 1.3 ms; image
matrix, 256�256; field of view, 36 cm; slice thickness, 8 mm;
spacing, 2 mm; flip angle, 15°; inversion time, 175 to 250 ms).
Inversion times were optimized for each patient to maximize
conspicuity of delayed areas of myocardial enhancement. The
number of image slices acquired depended on the length of the
ventricular long axis in each patient. Single vertical and horizontal
long-axis delayed enhancement images were also obtained through
suspected areas of hyperenhancement to confirm the presence of
enhancement in at least 2 planes.

Image Analysis
The CINETOOL (General Electric Healthcare Technologies) soft-
ware package was used for image analysis. The left ventricular
endocardium and epicardium were manually contoured at end
diastole and end systole at each short-axis level to calculate left
ventricular ejection fraction, end-diastolic volume, and mass. Can-
didate hyperenhanced regions were contoured, and the intensity of
the hyperenhanced region was compared with that of a remote
myocardial region without hyperenhancement. Candidate hyperen-
hanced areas were identified as scar if hyperenhancement was seen
in �1 slice and the mean intensity of the hyperenhanced region was
�6 SD above the mean intensity of the remote region. Region-of-
interest analyses were reviewed and confirmed by 2 independent
observers who were blinded to patient identities and electrophysio-
logical study results; discrepancies were resolved by the senior
observer with �10 years’ experience in cardiac MRI. The selected
region of interest was used to calculate scar volume as a percentage
of total myocardial volume.

The myocardium was then divided into 12 sectors per slice,
starting from the posterior right ventricular insertion point, using a
method previously documented.5 To determine the transmural extent
of hyperenhancement, 30 radial lines extending from the epicardium
to the endocardium were drawn in each sector (Figure 1). The
proportion of each line that intersected scar was computed. The
transmural extent of scar in each sector was determined by calculat-
ing the average scar transmurality of all 30 lines per sector. The
percentages of sectors containing 1% to 25%, 26% to 50%, 51% to
75%, and 76% to 100% average scar transmurality were calculated
for each patient.

Statistical Analysis
Continuous variables are summarized as median and interquartile
range (the range between the 25th and 75th percentiles); discrete
variables are summarized as absolute numbers and percentages. The
Wilcoxon rank-sum and �2 tests were used to compare medians and
proportions of baseline characteristics and MRI parameters among
inducible and noninducible groups of patients. The multivariable
exact logistic regression model was used to adjust for the effect of
left ventricular ejection fraction on scar distribution as a predictor for
inducibility. Analyses were performed with SAS statistical software
(version 9.1, SAS Institute Inc). All tests were 2 tailed, and values of
P�0.05 were considered significant.

Results
Table 1 shows the baseline characteristics of patients before
and after stratification by inducibility at electrophysiological
study. Median age was 53 years; 46% of patients were
female. There were no significant differences in baseline
characteristics or �-blocker or amiodarone use (for atrial

Figure 1. Analysis of delayed enhancement images. A, The
myocardial slice has been divided into 12 radial sectors per
slice, and the left ventricular endocardium, epicardium (white
contour), and midwall area of scar (red contour) have been con-
toured. B, Thirty radial lines drawn from the epicardium to the
endocardium in 1 sector (inset). C, The proportion of each line
that intersected scar was computed by dividing the length of
segment a by b for each line. The transmural extent of scar in
each sector was then determined by calculating the average
scar transmurality of all 30 lines per sector.
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arrhythmia in all cases) among patient groups stratified by
inducibility at electrophysiological study. Figure 2 shows
examples of typical delayed enhancement images. The pres-
ence of scar was most common in the basal and septal
myocardial regions. Scar location (basal versus apical, septal
versus free wall) was not predictive of inducible ventricular
tachycardia at electrophysiological study.

Six different morphologies of sustained monomorphic ventricu-
lar tachycardia were inducible in 5 patients (19%) with a median
cycle length of 290 ms (interquartile range, 225 to 348 ms). The
morphology of ventricular tachycardia was compatible with an exit

site near the location of scar on delayed enhancement images in all
cases (Figure 3). There was a trend to lower left ventricular ejection
fraction and higher scar volume in patients with inducible ventric-
ular tachycardia (Table 2). Scar transmurality distribution stratified
by electrophysiological study results is depicted graphically in
Figure 4. Patients with inducible ventricular tachycardia at electro-
physiological study had significantly fewer sectors without hyper-
enhancement compared with noninducible patients. Predominance
of scar involving 26% to 50% and 51% to 75% of wall thickness
was the most significant predictor of inducible ventricular
tachycardia at electrophysiological study.

TABLE 1. Baseline Characteristics of Subjects and Comparison After
Stratification by Inducibility at Electrophysiological Study*

Electrophysiological Study

All Patients (n�26) Inducible (n�5) Noninducible (n�21) P

Age, y 53 (44–61) 56 (53–73) 52 (42–58) 0.09

Female, n % 12 (46) 1 (20) 11 (52) 0.33

Sodium, meq/L 140 (138–141) 140 (138–140) 140 (138–141) 0.92

Creatinine, mg/dL 1.0 (0.8–1.3) 1.1 (0.9–1.3) 1.0 (0.8–1.3) 0.54

QRS duration, ms 115 (96–158) 116 (104–128) 113 (92–158) 0.63

�-Blockers, n (%) 18 (69) 3 (60) 15 (71) 0.63

Amiodarone, n (%) 4 (15) 1 (20) 3 (14) 1.00

*Data are expressed as median (interquartile range) or absolute numbers (column percentage).

Figure 2. Typical contrast-enhanced images obtained by MRI.
Scar involvement was most common in the basal myocardial
slices. The myocardium has been divided into 12 sectors, start-
ing from the posterior right ventricular insertion point (red line).
A, Example of myocardium free of scar. B, Small region of
hyperenhancement as an example of predominant scar distribu-
tion involving 1% to 25% of wall thickness. Sector numbering is
clockwise, starting from the right ventricular insertion point, with
sectors 3 to 5 having 4%, 20%, and 17% scar. C, An example
of predominance of scar involving 26% to 75% of wall thick-
ness. Sectors 1 to 8 have 50%, 56%, 53%, 61%, 62%, 71%,
40%, and 11% scar; sector 12 has 40% scar. C, The midwall
area of hyperenhancement was visualized using a range of
inversion times and in multiple planes. D, Example of scar
involving 76% to 100% of wall thickness (sectors 11 and 12
with 85% and 78% scar).

Figure 3. Example of the relation between scar location on
delayed enhancement images and morphology of ventricular
tachycardia on 12-lead ECG. A, A 4-chamber image of the heart,
with the right atrium and ventricle at the top of the image and left
atrium and ventricle at the bottom. B, The left bundle branch–like
configuration in lead V1 of the ventricular tachycardia ECG sug-
gests an exit site in the right ventricle or interventricular septum
and is compatible with the scar location in A.
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To adjust for the effect of left ventricular ejection fraction
on scar distribution as a predictor for inducible ventricular
tachycardia, we created the categorical variable “predomi-
nance of scar distribution involving 26% to 75% of wall
thickness” (positive if �50% of sectors involving scar had
average scar transmurality between 26% to 75% of wall
thickness). In the exact logistic regression model adjusting for
left ventricular ejection fraction, predominance of scar distri-
bution involving 26% to 75% of wall thickness remained
significantly associated with inducible ventricular
tachycardia (odds ratio, 9.125; P�0.020).

Discussion
The principal finding of this study is that patients with
nonischemic cardiomyopathy and predominance of scar dis-

tribution involving 26% to 75% of wall thickness are more
likely to have inducible ventricular tachycardia. Our findings
are consistent with recent reports of the correlation between
risk of arrhythmia and the presence and morphology of scar
in other patients groups such as those with ischemic cardio-
myopathy7 and systemic right ventricles.12 The present study
suggests that noninvasive assessment of scar distribution by
MRI may predict electrophysiological study results in nonis-
chemic cardiomyopathy.

Substrate for Ventricular Tachycardia in
Nonischemic Cardiomyopathy
Catheter mapping studies of patients with nonischemic car-
diomyopathy point to reentry around scar deep in the myo-
cardium, near the ventricular base and in the perivalvular
region, as the underlying mechanism for ventricular
tachycardia.10,13 The present study is unique in assessing
myocardial properties across the ventricular wall as a sub-
strate for inducible ventricular tachycardia and expands on
findings from endocardial mapping. The rare occurrence of
scar involving 76% to 100% of wall thickness in patients with
nonischemic cardiomyopathy likely led to the lack of any
difference in scar distribution involving this degree of trans-
murality between patients stratified by inducibility at electro-
physiological study. However, McCrohon et al8 reported that
contrast-enhanced MRI can identify patchy or longitudinal
striae of midwall enhancement in up to 28% of patients with
nonischemic cardiomyopathy. The present study suggests that
midwall myocardial enhancement involving �25% of wall
thickness is the substrate for sustained ventricular tachycardia
in nonischemic cardiomyopathy.

Clinical Implications
The absence of inducible ventricular tachycardia in nonischemic
dilated cardiomyopathy has not been found to be a reliable
negative predictor for subsequent arrhythmia.14 Therefore, the
results of this study should not be used as a risk stratification
methodology for nonischemic cardiomyopathy patients who
meet current ejection fraction criteria for ICD implantation.11,15

Importantly, however, induction of sustained ventricular
tachycardia in patients with nonischemic cardiomyopathy is
associated with poorer prognosis14 and has strong prognostic
value in subgroups of patients with nonischemic cardiomyopa-
thy associated with intramyocardial scar.16–18 There is a high

TABLE 2. MRI Parameters and Comparison After Stratification by Inducibility at
Electrophysiological Study*

Electrophysiological Study

All Patients (n�26) Inducible (n�5) Noninducible (n�21) P

Left ventricular ejection fraction, % 27 (17–43) 16 (13–29) 29 (19–44) 0.18

Left ventricular end-diastolic volume, mL 201 (129–273) 159 (154–273) 205 (129–259) 0.72

Left ventricular mass, g 153 (113–192) 184 (160–197) 144 (113–189) 0.38

Patients with scar, n (%) 17 (65) 5 (100) 12 (57) 0.13

Scar volume, % 4.6 (0.8–7.2) 6.0 (5.7–7.2) 1.5 (0.7–6.3) 0.09

Predominant scar distribution involving
26%–75% of wall thickness, n (%)

6 (23) 5 (100) 1 (5) �0.001

*Data are expressed as median (interquartile range) or absolute numbers (column percentage).

Figure 4. Histogram illustrating median sector involvement in
each level of hyperenhancement (scar) transmurality in patients
stratified by inducibility at electrophysiological study. Bars rep-
resent median�interquartile range. Wilcoxon rank-sum compari-
sons are reported above the bars. Sectors without hyperen-
hancement are not shown. The median percent of sectors
without hyperenhancement was 98% (interquartile range, 89 to
100) in the noninducible subgroup of patients vs 81% (inter-
quartile range, 75 to 81) in patients with inducible ventricular
tachycardia at electrophysiological study (P�0.011).
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level of concern among treating and referring physicians about
the risk of sudden death in patients with mild to moderate
nonischemic cardiomyopathy who do not meet ICD implanta-
tion criteria by ejection fraction. Our study population included
such patients, and the results remained statistically significant
after adjustment for left ventricular ejection fraction. Thus, scar
distribution may identify a subset of patients with mild to
moderate left ventricular dysfunction and high risk of arrhythmia
not currently identified for ICD implantation.

Study Limitations
It is possible that with a larger sample size, variables other than
scar distribution such as left ventricular ejection fraction and scar
volume may also become significant but less powerful predic-
tors for inducibility. There is no consensus on the optimal
threshold in intensity difference between areas of delayed
enhancement and remote normal myocardium in nonischemic
cardiomyopathy. A conservative threshold of 6 SD was used in
this study to minimize the chance for identification of artifact as
scar. Calculation of scar transmurality yields an average scar
distribution for each sector and may misidentify the transmural-
ity of a small scar as a result of averaging. However, review of
the minimum and maximum transmurality scores for each sector
and qualitative review of images did not identify any significant
bias. Two modalities of electrophysiological testing were used to
minimize invasive procedures in patients who met criteria for
ICD implantation. However, noninvasive testing was done
immediately after ICD implantation; ventricular capture by the
drive train and extrastimuli was confirmed by 12-lead ECG in all
cases; and all patients with inducible ventricular tachycardia
were inducible through programmed stimulation from the right
ventricular apex. Therefore, differences between the 2 testing
modalities were likely unimportant. His-bundle electrograms
were not available during noninvasive testing, and the possibility
of bundle branch reentry as the mode of ventricular tachycardia
induction cannot be ruled out. This possibility, however, is very
unlikely because of distinct differences between ventricular
tachycardia and sinus rhythm QRS morphology in all cases.19

Endocardial mapping has not yet been performed on any of our
patients because none has required ventricular tachycardia abla-
tion. Additional studies to assess the relationship between scar
site and reentrant circuit location will refine these results.

Conclusions
Noninvasive assessment of scar distribution by MRI can identify
the substrate for inducible ventricular tachycardia and may
identify high-risk patients with mild to moderate nonischemic
cardiomyopathy currently missed by ejection fraction criteria.
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