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Abstract Contrast enhanced magnetic resonance imaging

(CeMRI) reliably identifies myocardial fibrosis in patients

with hypertrophic cardiomyopathy (HCM). However,

many patients have contraindications to ceMRI. Previous

studies have shown that contrast enhanced multi-detector

computed tomography (ceMDCT) can visualize focal scars

following myocardial infarction in experimental animals

and patients. The purpose of this manuscript is to assess the

ability of ceMDCT to detect focal myocardial scars in

patients with HCM. Twelve HCM patients underwent

ceMRI and ceMDCT. Fibrotic areas of myocardium were

defined as focal or diffuse areas of fibrosis. The mean

signal intensity in ceMRI and attenuation values in ceM-

DCT of the fibrotic regions, normal myocardium and left

ventricle blood pool contrast were measured using quali-

tative and quantitative analysis. Focal scar mass was

calculated using both techniques. Focal scars were detected

in 9 patients and diffuse fibrosis was visualized in all

patients by ceMRI. Differences between normalized SI of

normal myocardium and focal scars, normal and diffuse

areas of fibrosis, and diffuse fibrosis and focal scars were

significant for both ceMRI and ceMDCT (p \ 0.05). Dif-

fuse fibrosis was poorly visualized by ceMDCT but was

detectable using quantitative measurements. CeMDCT

has potential to detect focal myocardial scars in patients

with HCM who have contraindications to ceMRI study.

However, ceMDCT does not enable adequate visualiza-

tion of diffuse myocardial fibrosis, and thus is less well

suited than ceMRI for assessment of total burden of fibro-

sis. This limitation may be overcome using quantitative

methodology.
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Introduction

Hypertrophic cardiomyopathy (HCM) is a genetic condi-

tion characterized by left ventricular (LV) hypertrophy and

hyperdynamic LV systolic function [1, 2]. Patients with

HCM have a diverse clinical course, and a subset is at risk

of sudden death due to ventricular arrhythmias [3]. Patients

with HCM commonly have scarring/fibrosis visualized by

contrast enhanced magnetic resonance imaging (ceMRI)

despite angiographically normal coronary arteries [4].

Myocardial fibrosis is believed to be a substrate for ven-

tricular arrhythmias in HCM [5]. Pathologic studies have

revealed the presence of interstitial as well as replacement

fibrosis in the myocardium of patients with HCM [6, 7]. In
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a small percentage of patients, extensive scarring may also

result in the development of endstage HCM with LV

dilatation and systolic heart failure [7]. At the present time,

ceMRI is the best noninvasive imaging method to visualize

myocardial scarring/fibrosis [4, 8, 9]. However, the pres-

ence of pacemakers and/or implantable cardioverter-defi-

brillators (ICDs), which are often required for management

of these patients, currently constitutes a contraindication

for MRI. Iodinated radiographic contrast agents are

retained in areas of myocardial fibrosis in a similar fashion

to that seen with gadolinium contrast enhancement and

ceMRI. Contrast enhanced multidetector computed

tomography (ceMDCT) has been shown in both animal

models and human subjects to correlate well with histology

and in demonstrating the extent of myocardial scar after

myocardial infarction [10, 11].

We conducted this study to evaluate whether ceMDCT

can be used as an alternative imaging modality to identify

myocardial scarring/fibrosis in patients with HCM with

similar accuracy to ceMRI.

Methods

Patients

The research protocol was approved by the institutional

review board at Northwestern University (Chicago, IL,

USA) and written informed consent forms were obtained

from all subjects. The inclusion criteria included patients

with known diagnosis of HCM, defined by left ventricular

wall thickness of 15 mm or more detected by echocardi-

ography, in the absence of another condition likely to

produce that degree of hypertrophy, who underwent.

CeMRI examination showing delayed myocardial who

agreed to undergo delayed ceMDCT. The study included

12 patients, with a mean age of 43 (±13.1) years old. 83 %

of the patients were male. Two patients had hypertension

and one had both diabetes and hypertension. All patients

had stress echocardiography ruling out ischemia, except

one patient who had coronary angiography showing LAD

stenosis requiring a stent, without infarction. Ejection

fraction (EF) % was obtained from MRI and echocardi-

ography reports (Table 1). EF was calculated by Simpson‘s

method and automatically calculate at using a special

evaluation software (ARGUS, Erlangen, Germany).

Contrast enhanced MRI

Patients were studied using a 1.5 T MRI scanner (Magnetom

Avanto, Siemens Medical Solutions, Erlangen, Germany).

All of the ceMRI images were acquired using a multi-slice

multi breath-hold 2D phase sensitive inversion recovery

(PSIR) TurboFLASH protocol covering the left ventricle

from base to apex (slice thickness = 6 mm with interslice

gap of 4 mm), 10 min after contrast injection with Gado-

linium-DTPA (0.2 mmol/kg) using the following imaging

parameters: TR = 8 ms, TE:3.2 ms, TI: 248.33 ms (±74.08),

flip angle: 25�, FOV: 380 9 309 mm2, matrix: 156 9 256,

pixel size 2.0 9 1.5 mm2; slice thickness of 6 mm, bandwidth

of 140 Hz per pixel, GRAPPA acceleration factor of 2, k-lines

per segment = 25.

Dual source cardiac ceMDCT

Dual-source delayed enhanced multidetector CT (Somatom

Definition, Siemens Medical Solutions, Erlangen, Ger-

many), was performed using the following parameters:

120 kVp, 300 mAs, rotation time of 0.330 s, collimation of

2 9 32 9 6 mm, slice thickness of 6 mm, pitch increment

of 4 mm and matrix size of 512 9 512. A total of 120 ml

of iohexol 350 (OmnipaqueTM 350, GE Healthcare,

Princeton, NJ, USA) [12] at 5 cc/s was given 15 min

before the scan through an antecubital vein, at a rate of

5.0 ml/s. Prospective ECG gating was used such that the

CT acquisition occurred during mid diastole at approxi-

mately 70 % of the R–R interval. The delayed images were

reconstructed in slice thickness, 0.75–1.5 mm; increment

of 0.5 mm by using reconstructed using a dedicated med-

ium-soft convolution kernel (B26f). Later these delayed

ceMDCT images were reconstructed using a multiplanar

reformatting (MPR) post processing algorithm at work-

station (Leonardo, Siemens Medical Solutions, Erlangen,

Germany) in short axis, with a slice thickness of 6 mm and

4 mm of increment and same spatial orientation to match to

the corresponding short axis delayed ceMRI images.

Table 1 Patient demographics

ID Age Gender Hypertrophy

type

MRI EF (%) Echo EF (%)

1 51 M ASH 67 65

2 24 M ASH 73 65

3 19 M ASH 69 75

4 46 M ASH 57 55

5 37 M CH 64 65

6 51 F CH 77 73

7 58 M ASH* 50 65

8 45 M CH* 66 55

9 46 M AH 58 70

10 31 F ASH 56 65

11 45 M ASH 59 65

12 63 M AH 63 65

ASH asymmetric septal hypertrophy, CH concentric hypertrophy, AH
apical hypertrophy, EF ejection fraction, * ICD implantable cardio-

verter defibrillator, MRI magnetic resonance imaging
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Radiation dose was calculated based on the formula E = K

9 DLP (where K = 0.014) [13].

Image analysis

Qualitative analysis

Qualitative interpretation of the ceMRI and ceMDCT

images was performed independently by two experienced

readers (a cardiologist with 10 years experience in MR

imaging and a radiologist with 4 years experience in car-

diac MRI and CT) blinded to the information of the other

scan. Differences in interpretation were adjudicated by

consensus. The images were analyzed using an optimal

window setting with typical width/level of 700/100. Scars

were classified into two categories based on the visual

enhancement pattern on ceMRI: focal and diffuse. Focal

scars were characterized as well defined areas of high

bright signal intensity (SI) areas with well defined borders,

surrounded by healthy myocardium. Diffuse scars were

characterized by grayish, intermediate-low signal intensity

areas, presenting an ill defined border [14]. Scars were

visually classified as focal (‘‘F’’) or diffuse (‘‘D’’) with

(‘‘N’’) representing normal myocardium. Therefore, each

of the 16 segments in a patient received designations of F,

D, and N for focal scar, diffuse scar and normal myocar-

dium respectively, depending on the type of scars in that

segment; i.e. one segment can have both F & D if it has

both diffuse and focal scar. When all the patients are

analyzed, the total number of ‘‘F’’’s and ‘‘D’’’s were cal-

culated and compared between ceMDCT and ceMRI.

Reformatted ceMDCT images were analyzed using

mediastinal window setting.

Quantitative analysis

Regions of interest were drawn delineating the focal scar

area in the short-axis slices for the ceMRI and the ceMDCT

images. Focal myocardial scar mass was calculated for

both ceMRI and the reconstructed CT images. Focal scar

areas of the ceMRI and the ceMDCT images were multi-

plied by the slice thickness of 6 mm plus 4 mm gap in all

slices. Total focal scar mass was calculated assuming a

myocardial density of 1.05 g/ml [15]. The mean SI of the

scar (delayed enhancement), the remote myocardium and

LV cavity were measured in the ceMRI images for quan-

titative analysis. The SI between focal scars (6 SD

thresholds) [16], diffuse scar, (MR gray-scale thresholding

with 2 or more SDs above the mean signal intensity for the

visually normal remote myocardium) [17], using a com-

mercially available software QMASS (Medis Medical

Imaging Systems, Leiden, The Netherlands) and remote

healthy myocardium, were normalized to respective values

of the LV cavity for MR images [18]. Similarly, on

reconstructed CT images the mean attenuation values in

Hounsfield units (HU) of the visualized delayed enhanced

areas (focal scars by CT) and remote myocardium and LV

cavity were obtained. The ceMDCT images were reviewed

blinded to the MR images in terms of visual detection of

scar. When a diffuse scar was detected on ceMRI, even

thought the corresponding areas on CT images did not have

visually detectable fibrosis; the area was analyzed by

positioning a ROI in order to calculate HU for quantitative

analysis. The normalized SI and attenuation values for the

areas of myocardial scar (focal and diffuse) were then

compared for the two imaging modalities.

The maximal LV wall thickness was also measured in

both imaging modalities and compared.

Statistical analysis

Student t test, ANOVA, Bland–Altman and linear regression

were used to analyze agreement between scar classifica-

tion and mass detected by ceMRI and ceMDCT.SPSSv17

(Chicago, IL, USA). A p value of 0.05 or less was considered

to indicate statistical significance.

Results

A total of 12 patients consented to participate in the study.

The ceMDCT was performed a mean of 5 months

(SD = 3.8 months, range 1–11 months) after ceMRI.

Seven patients had asymmetric septal hypertrophy, 3 had

concentric LV hypertrophy and 2 had apical hypertrophy.

Image quality was compromised in two of the 12 patients

who had an ICD implanted between the ceMRI and ceM-

DCT scans. This caused some streaking artifacts in some

areas of myocardium during the delayed ceMDCT, but

these patients had scars on ceMRI in regions that were not

affected by ICD artifacts on CT. The mean radiation dose

was 4.5 mSv (±0.34).

Sample images for ceMRI and reconstructed ceMDCT

images are shown in Figs. 1 and 2.

Results of qualitative analysis of focal scars: Focal scars

were detected visually in 9 patients by both ceMDCT and

ceMRI. There was no difference in detecting focal scars

qualitatively by ceMRI and ceMDCT as the same number

of scars were detected and classified as focal scars by both

methods (Fig. 3). Focal scars were located predominantly

in the septal and inferior segments.

Results of quantitative analysis of focal scars: The total

focal scar mass for the ceMRI images and reconstructed

short axis ceMDCT images was not significantly different

(p = 0.49, Fig. 4). There was a significant correlation

between the total myocardial mass (R2 = 0.91), as well as
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focal scar mass (Fig. 5) detected by both methods

(R2 = 0.78). This is also shown at Bland–Altman plot

agreement in total myocardial mass and focal scar mass

detected by ceMRI and ceMDCT (Fig. 6).

Significant differences in SI between focal and diffuse

scars (compared to each other and to the normal myocar-

dium) were identified in the ceMRI images. These differ-

ences were also visually apparent, allowing the observers

to easily distinguish focal and diffuse myocardial scars

from each other and from normal myocardium on ceMRI

images (Table 2). Qualitative analysis of diffuse scars:

diffuse scars were observed in all patients with ceMRI.

There was a significant difference between the mean score

for diffuse scars detected qualitatively for ceMRI and

ceMDCT (1.42 ± 0.81 vs. 1.25 ± 0.66, respectively,

p \ 0.001). Ten lesions representing diffuse scars detected

by ceMRI were not detected visually on the ceMDCT

images. However, the quantitative analysis of the delayed

ceMDCT tomograms did detect a significant difference

between normal myocardium and both focal and diffuse

scars (p = 0.04) (Table 2).

There was no significant difference in mean maximum

wall thickness measurements between ceMRI and

ceMDCT (p = 0.83). The mean maximum wall thickness

detected by ceMRI was 25.2 ± 4.95 and 25.5 ± 6.40 mm

by ceMDCT.

Discussion

Previous work has demonstrated the utility of delayed

ceMRI to evaluate myocardial scarring in patients with

HCM [4, 19]. Recently, a case report demonstrated the

ability of ceMDCT to detect the presence of the myocardial

scarring in patients with HCM [20]. The current study is

the first to compare ceMRI to ceMDCT, both qualitatively

and quantitatively, for the evaluation of myocardial scar-

ring in patients with HCM. Our data demonstrate that

ceMDCT can accurately identify the presence of myocar-

dial scar in patients with HCM and may therefore be an

important diagnostic tool, especially in patients who cannot

undergo cardiac MRI due to contraindications such as

claustrophobia or implanted cardiac devices. A significant

finding of this study is the identification of 2 distinct pat-

terns of scarring by ceMRI—focal and diffuse—in patients

with HCM. Historically, analysis of myocardial scarring

Fig. 1 Asymmetric septal hypertrophy with focal scar—ceMRI

(a magnitude image; b phase sensitive image) and ceMDCT

(c) reconstructed images of 37 year-old man with asymmetric septal

hypertrophy demonstrating multiple focal scars as delayed enhance-

ment within the myocardium (arrows) detected in both ceMRI and

ceMDCT. Focal scar of the interventricular septum—ceMRI (d mag-

nitude image; e phase sensitive image) and ceMDCT (f) reconstructed

images of 31-year-old woman with focal scarring particularly in the

interventricular septum (arrows)
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has predominantly focused on identifying and analyzing

the presence of focal scarring. However, experience in

patients with CAD indicates that ceMRI can identify not

only the focal bright areas of myocardial delayed contrast

enhancement but also less intense, diffuse gray areas of

contrast enhancement [21, 22]. In pathologic studies, it is

well established that patients with HCM have increased

interstitial fibrosis, which is a diffuse fibrosis pattern as well

as replacement fibrosis or a more focal fibrosis pattern [6,

7]. It is possible that the focal scars visualized by ceMRI

represent the replacement fibrosis and diffuse scars relate to

interstitial fibrosis. Our data indicate that ceMDCT has an

ability to identify the presence of focal scars similar to that

of ceMRI, but is limited in the visual detection of diffuse

Fig. 2 Asymmetric septal hypertrophy with diffuse scar—ceMRI

(a magnitude image; b phase sensitive image) and ceMDCT

(c) reconstructed images of 19 year old man with asymmetric septal

hypertrophy with diffuse scarring within the myocardium as shown by

both ceMRI (white arrows) and not easily appreciated at ceMDCT

(gray arrows). Diffuse mid myocardial scar—ceMRI (d magnitude

image; e phase sensitive image) and ceMDCT (f) reconstructed

images of a 51-year-old female presenting with concentric left

ventricular hypertrophy and diffuse areas of scarring predominantly

mid myocardial, from base to apex seen during the ceMRI (white
arrows) and not clearly visualized on ceMDCT images (gray arrows)

Fig. 3 Total number of scars detected by ceMRI and ceMDCT—the

same number of focal scars was detected by both modalities, while

ceMDCT detected less diffuse scars

Fig. 4 Mean LV mass and focal scar mass detected by ceMRI and

ceMDCT—there was no significant difference between focal scars

mass detected by both imaging modalities
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myocardial fibrosis. However, our data also demonstrate

that the diffuse scarring process can be detected on ceM-

DCT using additional quantitative measurements.

Imaging of scar/fibrosis in HCM may be useful for risk

stratification of patients with HCM [23–25]. Previous

studies have reported that ventricular arrhythmias and

overall adverse clinical events are more common in HCM

patients who have myocardial scar/fibrosis detected by

ceMRI than in those who do not [5] and fibrosis detected

by CMR has been shown to be an independent predictor of

adverse outcomes, all cause mortality and cardiac mortality

[24]. As ceMRI is not feasible in a number of patients with

HCM because of the frequent use of implanted metallic

cardiac devices in the highest risk patients (or claustro-

phobia in others), it is important to develop alternative

imaging strategies to visualize myocardial scar in these

patients. The results of this study indicate that ceMDCT

may be useful in identifying the presence and extent of

myocardial scarring and fibrosis in patients who are unable

to undergo ceMRI. Further research is needed to determine

whether the distinction of diffuse versus focal fibrosis

visualized by ceMRI in HCM is an important component of

risk stratification for patients with this condition.

This study presents several limitations. First, the number

of subjects included in the study is small, and further

studies with larger number of subjects undergoing ceMRI

and ceMDCT to assess both focal and diffuse scarring

would be helpful. The small study cohort in this report may

be partially offset by the detailed image analysis presented

here using high resolution imaging techniques and new

quantitative analyses that provide accuracy in the detection

of myocardial scar/fibrosis by ceMDCT. The radiation

exposure necessary to perform a ceMDCT is a limitation of

this imaging modality. Despite this drawback, radiation

doses necessary for cardiac CT imaging are continuously

being reduced with ongoing technological advances.

Although the diffuse fibrosis was visualized using the

available ceMRI techniques available at the time of this

study, more sophisticated technological advances, includ-

ing the ability to detect diffuse myocardial fibrosis that is

not visible, with ceMRI by T1 mapping are always being

developed and may be more effective in quantifying dif-

fuse fibrosis [26]. Finally, we do not have a gold standard

in the form of pathologic or biopsy specimens to confirm

the ceMRI and ceMDCT data regarding the presence and

nature of myocardial scarring, though case reports exist

describing such a correlation. A radiologic-pathologic

correlation of the different types of scars detected by the

noninvasive imaging modalities would be useful in a larger

prospective study. A plausible study may include patients

undergoing septal myectomy who have septal scarring

detected in vivo by preoperative ceMRI and ceMDCT.

Fig. 5 Correlation between focal scar mass detected by ceMRI and

ceMDCT. There was a linear correlation R2 = 0.76 between scar

mass detected by both modalities

Fig. 6 Bland–Altman plot demonstrating agreement between focal

scars mass detected by ceMRI and ceMDCT

Table 2 Signal intensity for ceMRI and Hounsfield units for ceMDCT for normal myocardium, diffuse fibrosis and focal scars

Imaging modality Normal myocardium Diffuse fibrosis Focal scar

ceMRI (normalized SI) 0.326 ± 0.35 0.541 ± 0.31

p = 0.0126 versus normal

0.965 ± 0.25

p = 0.0004 versus normal

p = 0.0002 versus diffuse

ceMDCT (normalized HU) 0.658 ± 0.19 0.822 ± 0.21

p = 0.0029 versus normal

1.002 ± 0.16

p = 0.0023 versus normal

p = 0.0415 versus diffuse

HU hounsfield units, SI signal intensity
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In summary, the results of this study are promising.

Delayed ceMDCT studies could be an alternative method

for detecting focal myocardial scars in HCM patients who

have contraindications for ceMRI study. Although ceM-

DCT is less well suited than ceMRI for the visual assess-

ment of the total burden of myocardial fibrosis in HCM,

quantitative assessment of the presence of diffuse myo-

cardial fibrosis using quantitative methods with ceMDCT

may overcome some of its limitations.
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