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Abstract

Purpose: Myocardial fibrosis causes cardiac dysfunction, arrhythmias, and sudden death. Tagging
imaging on cardiovascular MR can measure the intra-myocardial motion from the dynamic de-
formation of lines superimposed on the myocardium. The purpose of this study was to evaluate
the detectability of myocardial fibrosis using tagging imaging and to compare this with conven-
tional cine imaging. Materials and Methods: We reviewed 4 normal control (NML) subjects, 4 pa-
tients with myocarditis (MYO), and 4 patients with old myocardial infarction (ICM). We measured
circumferential strain (Ecc) from tagging imaging, and regional wall thickening (rWT) from cine
imaging. Fibrosis was determined from a late gadolinium enhancement (LGE) image. We evaluate
diagnostic performance by comparing values of the area under curve (AUC) using ROC analysis.
Results: Mean values of Ecc and rWT decreased in the area of LGE both in MYO and ICM patients.
AUC values of Ecc and rWT in all subjects were 0.98 and 0.84, respectively (p < 0.0001). These
values in MYO patients were 0.95 and 0.72 (p = 0.007), respectively, and 0.99 and 0.75, respec-
tively, in ICM patients (p = 0.0008). Conclusions: Both Ecc and rWT decreased in the area with fi-
brosis in the patients with MYO and ICM. Tagging imaging showed better detectability of myocar-
dial fibrosis than did cine imaging.
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1. Introduction

Cardiovascular Magnetic Resonance (CMR) can provide three-dimensional analysis of global and regional car-
diac function with great accuracy and reproducibility. The current cine imaging with a steady-state free preces-
sion (SSFP) pulse sequence has great image quality and spatial resolution as well as temporal resolution. The
conventional analysis of left ventricular (LV) function is based on tracing the contour on cine imaging, and pro-
vides information such as wall motion and wall thickening. Cine imaging using the Simpson technique on CMR
has been evaluated and is considered the most accurate technique for the evaluation of cardiac function when
compared to other imaging techniques such as ultrasonography, left ventriculography, and single photon emis-
sion computed tomography (SPECT) [1]-[4].

Tagging Imaging on CMR evaluates the dynamic deformation of lines or grids superimposed on the myocar-
dium during the cardiac cycle. Radial, circumferential, and longitudinal movement of the myocardium, as well
as torsion and rotation of the heart, can be evaluated qualitatively and quantitatively from tagging imaging.
Strain, which is expressed as the fractional change in length from the resting state to the contractile state, can
also be measured [5]. Since Zerhouni et al. [6] first introduced tagging imaging, some reports have reported the
usefulness of tagging imaging in myocardial diseases such as ischemic heart disease [7]-[9]. Tagging imaging is
considered sensitive for detecting myocardial infarction.

Late gadolinium enhancement (LGE) imaging, which is obtained 5 - 10 minutes after the administration of
contrast agent, can detect myocardial fibrosis. The correlation between the area of enhancement and fibrosis has
been pathologically confirmed [10] and LGE imaging is now widely accepted in the clinical setting. However,
because a contrast agent is needed for this technique, acquisition of LGE is sometimes difficult when the pa-
tients have renal insufficiency. Although tagging imaging has been reported as useful for the detection of myo-
cardial infarction, its usefulness in detecting myocardial fibrosis has not been established. If tagging imaging is
sensitive to fibrosis, this would help in the detection of fibrosis even in cases of renal insufficiency. The purpose
of this study is to evaluate the detectability of myocardial fibrosis by tagging imaging, and to compare its effec-
tiveness with that of conventional cine imaging.

2. Materials and Methods

Our institutional review board approved this retrospective study and waived written informed consent for the use
of both their clinical and imaging data.

2.1. Population

We selected 12 subjects (mean age 48.3 + 22.1 years; male, 10; female, 2), including 4 normal controls (NML),
4 myocarditis (MYO) patients, and 4 old myocardial infarction (ICM) patients. The diagnosis of each group was
made by cardiologists (MS and ST) on the basis of clinical information, electrocardiography, echocardiography,
angiography, and nuclear medicine, as well as myocardial biopsy if needed. The NML subjects had no abnormal
findings in all examinations although their MRI tests were performed because of their clinical needs. We ex-
cluded patients who showed arrhythmia, congenital heart disease, heavy alcohol consumption, adriamycin
treatment, muscle disorders such as myositis or muscular dystrophy, and general contraindications for CMR and
contrast material.

2.2. Imaging Technique

We used a 1.5-T scanner (Achieva; Philips Healthcare, Best, The Netherlands) with a 5-channel cardiac coil. We
acquired cine imaging, tagging imaging, and LGE in clinical setting using a standard protocol. We used a con-
stant level appearance algorithm (CLEAR), which is a homogeneity correction to compensate for signal inho-
mogeneity attributable to the surface coils.

2.2.1. Cine Imaging

A total of 12 - 15 short-axis cine images, which covered the entire ventricles, were obtained with 8mm thickness
and 2mm gaps. We also took 2- and 4-chamber long-axis cine images. The parameters for cine imaging were:
steady-state free precession (SSFP) sequence (FOV, 380 mm; matrix, 179 x 160; echo time (TE), 1.3 - 1.5 ms;
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repetition time (TR), 2.5 - 2.9 ms automatically determined by MR computer; flip angle (FA), 60 degrees; band
width (BW), 2123 Hz).

2.2.2. Tagging Imaging
A total of 3 short-axis images located at 25%, 50%, and 75% of the left ventricle were obtained, as well as 2-
and 4-chamber long-axis images. Slice thickness was 7 mm. The cardiac phase was set at 21 phases. Tag spac-
ing was 6 mm. The sequence was an echo-planar imaging (EPI) sequence with SPAMM. The parameters were:
FOV, 250 mm; matrix, 176 x 176; TE, 4.0 ms; TR, 17ms automatically determined by MR computer; FA, 13
degree; and BW, 446 Hz.

2.2.3. Late Gadolinium Enhancement Imaging

LGE was performed 10 minutes after the administration of 0.1 mmol/kg of Gadolinium-DTPA (Magnevist,
Bayer Schering Pharma AG, Berlin, Germany). LGE was obtained with a 3D segmented inversion recovery gra-
dient echo sequence with 10 mm thickness and 5 mm overlap. (FOV, 350 mm; matrix, 179 x 256; TE, 1.35 ms;
TR, 4.5 ms; FA, 15 degrees; BW, 261.9 Hz; parallel imaging factors, 2; stack, 2). The inversion time (TI) was
adjusted to the normal myocardium using T1 scout imaging.

2.3. Imaging Analysis

2.3.1. Regional Wall Thickening Analysis from Cine Imaging

We sent cine images to the commercial available workstation (ViewForum, Philips Healthcare, Best, The
Netherlands). The slice at the mid-ventricle level was selected for the analysis and the myocardium of LV was
divided uniformly into 12 segments. We manually measured regional wall thickness at both the diastolic phase
and systolic phase, and calculated regional wall thickening (rWT) from the following equation: wall thickening
= (thickness at systole — thickness at diastole)/thickness at systole.

2.3.2. Strain Analysis from Tagging Imaging

We sent tagging images to the open-source DICOM viewer Osirix v5 (Osirix Foundation, Geneva, Switzerland).
The open software inTag (www.creatis.insa-lyon.fr/inTag/) was used to analyze tagging images. Motion estima-
tion of this software is based on the Sine Wave Modeling approach [11]. Circumferential strain (Ecc) was cal-
culated on the same slice and segments of the cine image. The definition of the anterior junction of both ven-
tricles was set manually on the slice. Tracing the contour of the endomyocardium and epimyocardium was per-
formed automatically. We did not divide the myocardial layers in this study (i.e., the number of myocardial lay-
ers was set at “1”).

2.3.3. Late Gadolinium Enhancement Analysis

LGE was defined as the area showed higher signal intensity (SI > mean + 2 SD) of the null myocardium. Each
segment was classified into two groups (LGE-positive and LGE-negative) based on the consensus of two cardi-
ovascular radiologists (AKK and TN). The slice and segments were the same as the cine image.

2.4. Statistical Analysis

Data are presented as means and standard deviations (SD) for continuous variables and as absolute numbers for
categorical variables. We used analysis of variance (ANOVA) or the Welch test to compare continuous va-
riables, and Fisher’s exact test to compare categorical variables. Statistical analysis of the data was conducted
using JMP software (version 9.0, SAS Institute, Inc., Cary, NC). A P value < 0.05 was considered as statistically
significant.

We evaluated the detectability of tagging imaging by constructing ROC curves of rWT and Ecc with the
standard reference of LGE, and comparing the values of the area under the curve (AUC) between the MYO and
ICM patients.

3. Results

Patient characteristics and CMR findings are summarized in Table 1. We excluded 3 segments from 144 seg-
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Table 1. Characteristics and MRI findings.

All (N = 12) NML (N = 4) MYO (N = 4) ICM (N = 4)
Age (y) 49.0+21.3 243+46 56.0 +18.9 64.8+14.4
Gender (m:f) 10:2 4:0 2:2 4:0
LVEF (%) 38.1+154 555+4.8 38.9+10.7 228+75
LVEDYV (ml) 157.3 £60.0 134.0 £27.7 112.0+42.9 226.0+43.2
LVESV (ml) 102.2 £57.7 59.5+13.8 69.7+29.4 175.0+ 374
LGE-positive segment (n) 37 0 13 24
LGE-negative segment (n) 104 46 34 24

NML, normal control; MYO, the patients with myocarditis; ICM, the patients with old myocardial infarction; m, male; f, female; LVEF, left ventri-
cular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LGE, late gadolinium enhance-
ment.

ments because of artifacts, leaving a total of 141 segments that were analyzed. In total, 37 segments showed LGE;
0 showed NML, 13 showed MYO, and 24 showed ICM. In the MYO group, 1 patient showed linear LGE in the
mid-layer of the myocardium, 1 showed endomyocardial LGE, and 2 showed epimyocardial LGE. In the ICM
group, all patients showed transmural LGE at maximum. Representative images of LGE and tagging imaging are
shown in Figure 1.

In all subjects, the mean and SD of Ecc and rWT were -17.4 + 5.7 and 35.5% + 16.0%, respectively, in
LGE-negative patients and —2.8 + 4.9 and 13.4% * 14.7%, respectively, in LGE-positive patients. Bar graphs
showing the differences in Ecc and rwT among NML, MYO, and ICM patients are shown in Figure 2. In NML
subjects, the mean and SD of Ecc and rWT were —20.3 + 4.5 and 42.4% + 10.0%, respectively, and were —15.9 +
5.4 and 34.5% + 17.3%, respectively, in MYO patients and —3.8 + 5.6 and 19.5% + 16.6%, respectively, in the
LGE-positive patients. In the ICM patients, the mean and SD of Ecc and rWT in LGE-negative patients were
-14.2 £ 5.6 and 23.5% + 17.1%, respectively, and —2.3 + 4.5 and 10.2% + 12.7%, respectively, in the LGE posi-
tive patients.

ROCs are shown in Figure 3. In all subjects, the values of AUC of rWT and Ecc were 0.84 and 0.98, respec-
tively (P < 0.0001). The values of AUC of rWT and Ecc in MYO groups were 0.72 and 0.95, respectively (P =
0.007). The values of AUC of rwT and Ecc in ICM groups were 0.75 and 0.99, respectively (P = 0.0008).

4. Discussion

Tagging imaging was first reported in the late 1980s [6], [12]. The line or grid is superimposed on the myocar-
dium, and tracing its deformation provides the information of the intra-myocardial movement. Despite the long
time that has passed since its initial reporting, tagging imaging has not become popular because analysis soft-
ware is not yet available for the clinical setting. The easy, accurate, and highly reproducible cine imaging re-
mains widely accepted in clinical settings, event though tracing the contour of the myocardium only provides its
contractile function. In contrast, tagging imaging can provide radial, circumferential, and longitudinal movement
of the myocardium as well as torsion or rotation of the heart [13]. Thus, tagging imaging can be viewed as a
noninvasive technique for quantitative measurement of the three-dimensional motion and deformation of the
myocardium. The usefulness of tagging imaging for the differentiation of the viable from the nonviable myocar-
dium was reported for canine infarcts in the late 1990s [7]. Subsequently, this technique was used in human pa-
tients with myocardial infarctions [8].

Myocardial fibrosis occurs after infarction or severe inflammation, while the presence of fibrosis decreases
cardiac function and serves a substrate for several arrhythmias. Therefore, finding myocardial fibrosis is impor-
tant for diagnosis and risk stratification. The LGE technique is now widely used for the detection of fibrosis, and
the area of LGE on CMR correlates pathologic fibrosis [14]. However, the LGE technique requires the adminis-
tration of a gadolinium agent. Our results showed that the value of Ecc decreased significantly in the
LGE-positive segments in both the MYO and ICM patients. We believe that tagging imaging was sensitive for
detecting myocardial fibrosis. Although we adopted segment-based analysis, MR equipment with recent image
processing capabilities now can obtain a strain map showing the strain values on each pixel. Therefore, the pos-
sibility of a more detailed analysis on a per pixel basis is anticipated.
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Figure 1. Representative images of a 34-year-old male with myocarditis. The late gadolinium
enhancement image (a) shows epimyocardial enhancement (white arrows) in the anterior and
septal wall. Circumferential strain decreases in the same wall on tagging imaging (b), shown
as light blue color (white arrows), compared to the lateral wall as deep blue color.
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Figure 2. Bar graphs showing the differences in circumferential strain and regional wall thickening among
normal controls and patients with myocarditis and old myocardial infarction. NML, normal controls; MYO,
the patients with myocarditis; ICM, the patients with old myocardial infarction; LGE, late gadolinium
enhancement.

Measurement of the left ventricular function by a conventional technique on CMR is obtained from the values
of EF, volume, or myocardial mass, as a global function, given by cine imaging. We need to calculate regional
wall thickening [15] in order to determine regional function, and quantitative measurement of wall thickening by
ultrasonography provides a more precise indication of regional function than does visual estimation of wall mo-
tion [16]. For this reason, we performed quantitative measurement of rwWT on CMR. The comparison of values
of Ecc and rWT showed greater detectability of myocardial fibrosis in Ecc in this study. Manual tracing of the
contour might have affected the results. This procedure is usually problematic because accurate and reliable
tracing is difficult, and easily influenced by individuals doing the tracing. Tracing the endocardium at the sys-
tolic phase is particularly difficult, even though we used dedicated software. As the heart contracts, we cannot
differentiate the papillary muscle from the myocardium. This results in unstable measurement of the cardiac
function.

On the other hand, strain analysis of tagging imaging is not affected by this difficulty in tracing. This could be
one reason why we saw higher detectability with tagging imaging than with cine imaging. Another possibility
arises from the fact that the active contraction is only circumferential and radial thickening is not a primary
phenomenon but is only a consequence of fiber rearrangement [17]. Therefore, Ecc was more sensitive than
rWT. In the MYO group, myocardial damage often occurs from the mid-layer to the outer layer [18], [19].
Damage to the epicardium is considered to have less effect on the contraction of the left ventricle compared to
the endomyocardium [20]; therefore, the reduction in wall thickening could be underestimated in the analysis.
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Figure 3. Receiver operating curves (ROC) of the detectability for myocardial fibrosis by
using circumferential strain (Ecc) and regional wall thickening (rWT). In all subjects (a),
the values of AUC calculated from ROC of circumferential strain (Ecc, solid lines) and
regional wall thickening (rWT, dashed lines) are 0.98 and 0.84, respectively. In the patients
with myocarditis (MYO), these values were 0.95 and 0.72, respectively (b). In the patients
with old myocardial infarctions (ICM), these values were 0.99 and 0.75, respectively (c).

On the other hand, Ecc directly reveals the contraction of the myocardium; therefore, it should be more sensitive
than rWT to myocardial damage or fibrosis.

We evaluated both MYO and ICM patients in this study, and tagging imaging showed high diagnostic per-
formance in the detection of myocardial fibrosis. Our values for the AUC of Ecc analysis were 0.98 in all sub-
jects, 0.95 in MYO, and 0.99 in ICM, which were quite high. This is because our patients clearly showed
LGE—especially in ICM patients, who showed a transmural enhancement. This patient bias might mean that the
diagnostic performance is higher than in a clinical setting. Goette et al. reported that tagging imaging had a sen-
sitivity of 92% and specificity of 99% in their infarcted population [8]. They did not use LGE, so their reference
standard was based on their model according to the coronary territories. Recently, Oyama-Manabe et al. re-
ported the usefulness of fast strain-encoded (SENC) tagging imaging on 3T with the reference standard of LGE
[21]. They analyzed patients with subendocardial infarction and with transmural infarction, and reported an
AUC value of 0.88 when an average of the peak longitudinal and circumferential strains was used. Their AUC
value was smaller than ours because they included patients with subendomyocardial infarction. These reports
and our results indicated that tagging imaging is useful for finding the myocardial infarction area.

Coronary disease results in ischemia or infarction in the area related to the culprit artery. On the other hand,
unlike the case in coronary disease patients, myocardial damage followed by fibrosis is more difficult to esti-
mate in patients with myocarditis because it does not show regularity. Moreover, LGE is not clear in myocarditis,

©



A. K. Kono et al.

compared to the infarction, because of the presence of viable myocytes in the fibrotic area [22]. Our results in-
dicate that myocardial fibrosis in MYO patients is also detected correctly with tagging imaging.

Our study has some limitations. First, the number of the patients was small. This was because myocarditis is
relatively rare disease, and our institute does not perform many CMR examinations for patients with ischemic
cardiac disease. Second, the myocardium was not divided by the myocardial layers in this study. The myocar-
dium is histologically composed of inner, mid-, and outer layers. However, because we adopted a tag spacing of
6 mm, we felt this prevented a more detailed analysis. As MRI equipment develops, narrower tag spacing is
likely and further examinations will be conducted in this respect. Third, we classified the myocardium condition
into only two groups based on visual inspection—LGE-positive and LGE-negative—because we could not per-
form a quantitative analysis of LGE.

The myocardium in the patients with MYO is possibly affected and damaged in the apparently normal (i.e.,
LGE-negative) myocardium on LGE imaging. This is also true for the patients with ICM, and an apparently
normal myocardium is not always truly normal. However, the apparently normal myocardium has the potential
to get better, even if the function is decreased, after the patients receive treatment [22]. In contrast, myocardial
fibrosis occurs after the myocyte is dead, and the damage in the area with fibrosis is considered irreversible.
Thus, we believe that detection of myocardial fibrosis is meaningful for finding the irreversibly damaged region.
Tagging imaging has superiority over LGE due to the lack of a requirement for contrast material, although LGE
shows a nice image quality and spatial resolution. Further examination is needed regarding the detection and
quantitation of the apparent-normal-but-diseased myocardium using tagging imaging.

5. Conclusion

Strain analysis derived from tagging imaging showed higher detectability of myocardial fibrosis compared to
regional wall analysis derived from conventional cine imaging. Tagging imaging has the potential to reveal
myocardial fibrosis accurately without the need for a gadolinium agent.
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