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Abstract
Purpose: This study aimed to use gadolinium-enhanced cardiovascular magnetic resonance (LGE-CMR)
scanning to examine the clinical feasibility of feature-tracking strain (FT-strain) analysis on compressed
sensing (CS) cine cardiovascular magnetic resonance (CMR) imaging for detecting myocardial infarction
(MI).

Methods: We enrolled 37 patients who underwent conventional cine CMR, CS cine CMR, and LGE-CMR
scanning to assess cardiovascular disease. FT-strain analysis was used to assess peak circumferential
strain (p-CS) based on an 18-segment model in both cine CMR imaging modalities. Based on LGE-CMR
imaging �ndings, myocardial segments were classi�ed as remote, adjacent, subendocardial infarcted,
and transmural infarcted. The diagnostic performance of p-CS for detecting MI was compared between
CS cine CMR imaging and conventional cine CMR imaging using the receiver operating characteristic
(ROC) curve analysis.

Results: A total of 440 remote, 85 adjacent, 76 subendocardial infarcted, and 65 transmural infarcted
segments were diagnosed on LGE-CMR imaging. There were signi�cant between-group differences in p-
CS on both conventional and CS cine CMR (p <0.05 in each) imaging. The sensitivity and speci�city of p-
CS for identifying MI were 85% and 79% for conventional cine CMR imaging, and 82% and 77% for CS
cine CMR imaging, respectively. There was no signi�cant difference between conventional and CS cine
CMR imaging in the area under the curve of p-CS (0.89 vs. 0.87, p = 0.15).

Conclusion: FT-strain analysis of CS cine CMR imaging may help identify MI; it may be used alongside or
instead of conventional CMR imaging.

Introduction
Assessment of cardiac function is important in patients with cardiovascular disease, for which
echocardiography is widely used in clinical practice. Left ventricular ejection fraction (LVEF) is a
quantitative index of global cardiac function that enables mortality risk prediction and discrimination [1].
Myocardial strain (longitudinal, circumferential, and radial strain) is useful for the assessment of both
global and regional cardiac function [2, 3]. It is easily evaluated using two-dimensional speckle-tracking
echocardiography (2D-STE), which has a greater prognostic value than LVEF [4, 5]. However, the
robustness of myocardial analysis with 2D-STE depends on the skill of the operator. A blind area on
echocardiography may prevent the assessment of the entire myocardium. Cardiovascular magnetic
resonance (CMR) imaging has been found to have high objectivity, and it allows for the assessment of
the whole myocardium.

Feature-tracking strain (FT-strain) analysis is a method of myocardial strain analysis on CMR scans
obtained through cine CMR imaging [6, 7]. Lately, compressed sensing (CS) techniques using sparse
sampling and iterative reconstruction have reduced the acquisition time of cine CMR images [8]. FT-strain
analysis could potentially be used for cine CMR images with CS, but the clinical feasibility of FT-strain
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analysis of CS cine CMR images remains unknown. This study aimed to compare FT-strain analysis of
CS cine CMR images with that of conventional cine CMR images and evaluate its feasibility for detecting
myocardial infarction (MI) using late gadolinium-enhanced (LGE) CMR imaging.

Materials And Methods
This study was a sub-analysis of a dataset obtained in a previous prospective study [8]. It was approved
by an ethics review board of Saiseikai Matsuyama Hospital and has therefore been performed in
accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later
amendments. Informed consent was obtained from all patients enrolled in this study. Seventy-four
patients who underwent CMR scanning between August 2014 and May 2015 were included in this study.
All patients were scheduled for an evaluation of cardiovascular disease; CMR scanning was performed at
the discretion of the attending physician. The CMR protocol included conventional cine CMR, CS cine
CMR, and LGE-CMR imaging. The exclusion criteria were as follows: (1) non-ischemic cardiovascular
disease, (2) data unsuitable for FT-strain analysis (due to arrhythmia or poor breath-holding), and (3) poor
LGE-CMR image quality.

Cardiovascular magnetic resonance imaging protocol
A 3T MR scanner (MAGNETOM Skyra; Siemens Healthcare, Erlangen, Germany) with 48 receivers and two
parallel transmission channels was used to implement an established protocol [8]. Scout images were
acquired to plan cardiac axial views. Using a segmented balanced steady-state free-precession sequence,
conventional cine CMR images of the left ventricle (LV) in the short axis direction were acquired with a
stack of eight contiguous slices with adequate slice gaps to cover the entire LV. Additionally, LV short-axis
CS cine CMR images were acquired using a prototype sequence with sparse incoherent sampling of k-
space and non-linear iterative SENSE-type image reconstruction immediately after the conventional cine
CMR scans. Temporal resolution, spatial resolution, and slice orientations were identical in both cine
protocols. The details of the procedure used for the acquisition and reconstruction of CS cine CMR
images have been reported elsewhere [8]. Over 1.5 cardiac cycles of data were acquired during CS cine
CMR imaging. LV short-axis LGE-CMR images were acquired 10 min after the injection of gadobutrol (0.1
mmol/kg) using a 2D phase-sensitive inversion recovery sequence. The imaging parameters are
presented in Table 1.

Feature-tracking strain analysis
All FT-strain analyses were performed using designated software (CMR42; Circle Cardiovascular Imaging
Inc, Calgary, Canada). Three representative LV short-axial slices at the basal-, mid-, and apical levels were
selected from both short-axial cine CMR and LGE-CMR images by an independent observer. Subsequently,
a software algorithm semi-automatically segmented the LV myocardium into six equidistant segments
according to the 18-segment model [9], and peak circumferential strain (p-CS) values were independently
analyzed in both types of cine CMR images. Inter-observer agreement was assessed using images from
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10 randomly selected patients (180 myocardial segments) who were examined by two experienced
radiologists with 7 and 15 years of experience in CMR imaging analysis, respectively.

LGE-CMR analysis
Two experienced radiologists with 8 and 10 years of experience in CMR imaging, respectively, who were
blinded to all other data were tasked with independently classifying myocardial characteristics into four
groups at the segment level [10, 11]; the groups were de�ned as follows: i) a segment without an LGE
area that was not adjacent to the border or the infarcted segment was termed the remote segment; ii) a
segment without an LGE area that was adjacent to the infarcted segment was termed the adjacent
segment; iii) a segment with an LGE transmural extent of ≤ 50% was termed the subendocardial infarcted
segment; and iv) a segment with LGE transmural extent of > 50% was termed the transmural infarcted
segment. The subendocardial and transmural infarcted segments were de�ned as MI segments. Any
discrepancies between two observers were resolved by discussion and consensus.

Statistical analysis
Continuous data were expressed as mean ± standard deviation or median (�rst quartile, third quartile),
depending on the type of distribution. Inter-observer agreement for LGE-CMR analysis was evaluated
using Cohen’s κ. Inter-observer agreement for p-CS analysis was evaluated using intra-class correlation
coe�cients (ICC). The paired t-test was used to compare scanning time between conventional and CS
cine CMR scans. The Wilcoxon signed-rank test was used to compare the p-CS values between
conventional and CS cine CMR scans. Correlation and agreement between the p-CS values obtained from
conventional CMR and CS cine CMR images were evaluated using linear regression and the Bland–
Altman analyses. Differences in p-CS values among remote, adjacent, and infarcted regions were
assessed using the Steel–Dwass test. To analyze diagnostic performance by segment, we used
generalized estimating equations, assumed values for exchangeable correlation structures, and adjusted
for the clustered nature of the data using robust estimators of variance [12]. The cutoff values and area
under the curve (AUC) of p-CS on conventional and CS cine CMR images for detecting myocardial
infarction (subendocardial and transmural) were determined using receiver operating characteristic curve
(ROC) analysis. The optimal cut-off values were determined using Youden’s index. Sensitivity, speci�city,
and positive and negative predictive values (PPV and NPV, respectively) with 95% con�dence intervals
(CI) were calculated using the cut-off values. In all tests, statistical signi�cance was set at p < 0.05.
Statistical analyses were performed with JMP14 (SAS Institute, Cary, NC, USA).

Results
Of the 74 patients initially included in this study, 37 were excluded because of (1) non-ischemic
cardiovascular disease (n = 21), (2) data unsuitable for FT-strain analysis (n = 9), and (3) poor LGE image
quality (n = 7). Finally, 37 eligible patients were enrolled (Table 2). All patients had a regular sinus rhythm
and a mean heart rate of 60.2 ± 10.3 bpm during both cine CMR scans. The total examination time was
114.0 ± 7.0 s for conventional cine CMR scanning and 24.6 ± 4.2 s for CS cine CMR scanning (p < 0.0001).
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Characteristics of myocardial segments on LGE-CMR
imaging
A total of 666 segments from 37 patients were classi�ed as remote (n = 440), adjacent (n = 85),
subendocardial infarcted (n = 76), or transmural infarcted (n = 65). Among them, 141 (21%) were de�ned
as MI segments. The inter-observer agreement for LGE-CMR imaging was 0.84, indicating satisfactory
reproducibility (κ > 0.70).

p-CS on conventional and CS cine CMR images
The p-CS values for conventional and CS cine CMR images were − 19.2% (-23.5%, -14.0%), and − 19.7%
(-23.9%, -14.1%), respectively (p = 0.21). The p-CS values obtained from conventional and CS cine CMR
images were signi�cantly correlated (r = 0.75, p < 0.05; Fig. 1A). The mean difference between the
conventional and CS cine CMR images based on the Bland–Altman method was 0.5% (95% limits of
agreement: -8.4–9.4%; Fig. 1B). The ICC values were 0.89 (95%CI: 0.85–0.92) and 0.85 (95%CI: 0.80–
0.89) for conventional and CS cine CMR images, respectively.

Diagnostic performance of p-CS
Figure 2 shows the results of p-CS analysis on conventional and CS cine CMR images in a representative
case of MI. Figure 3A shows the p-CS values in the conventional cine CMR image; they were − 21.6%
(-24.9%, -18.2%), -15.3% (-19.0%, -11.5%), -12.3% (-15.6%, -8.8%), and − 7.0% (-12.2%, -3.8%) for the remote,
adjacent, subendocardial infarcted, and transmural infarcted segments, respectively. Figure 3B shows the
corresponding values in the CS cine CMR image; they were − 22.3% (-25.2%, -18.4%), -15.8% (-19.3%,
-11.6%), -13.0% (-17.4%, -9.4%), and − 8.8% (-12.9%, -5.9%) for the remote, adjacent, subendocardial
infarcted, and transmural infarcted segments, respectively. The p-CS values were decreased in all the
groups in both conventional and CS cine CMR images (all p < 0.05).

The diagnostic performance estimates of p-CS for detecting MI (subendocardial and transmural infarcted
segments) on conventional and CS cine CMR images are shown in Table 3. ROC curve analysis revealed
p-CS AUC values of 0.89 (95% CI: 0.85–0.91) and 0.87 (95% CI: 0.83–0.90) for conventional and CS cine
CMR images, respectively (p = 0.15; Fig. 4). The optimal cut-off values of p-CS were − 16.4% and − 16.5%
for conventional and CS cine CMR images, respectively.

Discussion
The main �ndings of this study include (1) the signi�cant correlation between the p-CS values of
conventional and CS cine CMR images, (2) high diagnostic performance of p-CS for identifying MI
segments on conventional and CS cine CMR images, and (3) evidence that p-CS on CS cine CMR imaging
may help classify myocardial characterization on LGE-CMR into remote, adjacent, subendocardial
infarcted, and transmural infarcted segments.
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Myocardial strain analysis on CMR images is a quantitative method of cardiac function assessment. It is
conventionally performed using tagging CMR scans or displacement- or strain-encoded imaging [11, 13,
14]. However, additional data must be acquired for strain analysis using these methods. FT-strain
analysis can be performed after processing cine CMR images, providing additional diagnostic value to
the visual assessment of cardiac function [15]. Recently, the CS technique has been used with cine CMR
images, enabling quick data acquisition while maintaining the robustness of cardiac function
assessment [8]. In the present study, the p-CS values of CS cine CMR images were correlated with those
of conventional cine CMR images. Furthermore, there was no signi�cant difference in p-CS values
between conventional and CS cine CMR images, which was previously reported [16]. The present �ndings
indicate that data acquisition of the full cardiac cycle is important for accurate FT-strain analysis using
CS cine CMR images, as a prospective real-time cine CMR scan may lack complete end-diastolic phase
data, resulting in the underestimation of peak strain values relative to those obtained from retrospective
conventional cine CMR scans [16]. Consequently, in the present study, we acquired the data of over 1.5
cardiac cycles on CS real-time cine CMR scanning to increase estimate accuracy.

There was no signi�cant difference in the AUC values for detecting MI obtained using conventional and
CS cine CMR images. In previous studies, p-CS values obtained using conventional CMR strain analysis
for detecting MI had a sensitivity estimate of 71–81% and speci�city estimate of 74–75%. These
estimates are consistent with the estimated from this study [10, 13]. In the present study, the diagnostic
performance of p-CS of CS cine CMR imaging for detecting MI was not inferior to that of conventional
cine CMR scanning. Moreover, p-CS values on CS cine CMR images were correlated with the severity and
location of MI, as re�ected in the categories of remote, adjacent, subendocardial infarcted, and
transmural infarcted segments. A previous study has shown that p-CS values obtained from conventional
CMR images varied depending on the severity and location of MI on an LGE-CMR image [11]. The use of
p-CS on CS cine CMR imaging may help differentiate subendocardial from transmural MI as assessed on
LGE-CMR scanning, which is clinically relevant to prognosis and viability after revascularization [17, 18].
Buss et al. have shown that, as with the values obtained from LGE-CMR images, p-CS values from FT-
strain analysis may be an independent predictor of cardiac function improvement after revascularization
[19].

FT-strain analysis of CS cine CMR images is a quantitative technique of cardiac function assessment
that is quicker than conventional CMR strain analysis. CS cine CMR imaging is becoming increasingly
available, and FT-strain analysis of CS cine CMR scans may be applied to various cardiovascular
diseases, as is presently used on conventional cine CMR scans [20–22]. This technique, which does not
require a contrast medium, may bene�t patients who cannot tolerate lengthy examination times and
multiple breath-holdings and to those with advanced renal dysfunction and high risk of nephrogenic
systemic �brosis or renal failure.

There are some limitations of the present study. First, this study was conducted at a single center and
with a small sample. Second, the present study only used p-CS values, because they are better for
detecting MI than other strain parameters (e.g., longitudinal strain) [13, 23]. Further studies using other
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myocardial strain parameters with CS cine CMR images are required. Third, the reconstruction time for
the CS cine CMR image was approximately 3 min. Ongoing technological developments will reduce
reconstruction times, thus helping to overcome this limitation.

Fourth, the effects of different types of CMR-FT analysis software on obtained estimates were not
assessed. As different software types use different algorithms, they may result in different values; these
inherent differences should be considered when comparing �ndings obtained using different software
types [24]. Fifth, the present study did not account for differences in temporal and spatial resolution and
regularization during FT strain analysis, the impact of which has been reported [25]. Finally, low temporal
resolution or high regularization may result in underestimation of strain values [16].

In conclusion, FT-strain analysis of CS cine CMR images may help identify and classify MI segments; it
may be used alongside or instead of that of conventional cine CMR images.
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Table 1. Imaging parameters

 Conventional cine CMR CS cine CMR LGE-CMR

Sequence type 2D cine true FISP 2D cine true FISP 2D PSIR

ECG mode Retrospective gating Prospective triggering ―

TE/TR (ms) 1.4/3.2 1.4/3.2 1.3/597

FOV (mm) 350×350 350×350 350×350

Image matrix 208×166 208×166 133×224

Spatial resolution (mm)  1.7×1.7 1.7×1.7 1. 6×1.6

Temporal resolution (ms) 41 41 199

Slice thickness (mm) 6 6 6

Numbers of slices 8 8 12

Slice gap (mm) 3.6–4.8 3.6–4.8 0.9

Flip angle (°) 50 50 55

Bandwidth (Hz/pixel) 1145 1145 744

Cardiac phases 25 19–31 ―

Numbers of breath-holds 4 1 2-3

Acceleration factor 3 12.8 2

Number of iterative reconstructions ― 80 ―

CMR, cardiac magnetic resonance; CS, compressed sensing; ECG, electrocardiogram; FOV, �eld of view;
LGE-CMR, late gadolinium-enhanced magnetic resonance; FISP, fast imaging with steady-state free
precession; PSIR, phase-sensitive inversion recovery; TE, echo time; TR, repetition time 

Table 2. Patient characteristics
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  Cut off value
(%)

Sensitivity
(%)

Speci�city
(%)

PPV 

(%)

NPV 

(%)

Conventional cine
CMR

-16.4% 85 (79–91) 79 (76–83) 53 (46–
59)

95 (93–
97)

CS cine CMR -16.5% 82 (75–88) 77 (73–81) 49 (43–
55)

94 (92–
96)

Age (years) 70.4±9.3

 Men (% of total) 20 (54%)

 Body mass index (kg/m2) 24.1±3.5

HR (beats/min) 60.2±10.3

 Cardiovascular risk factors  

      Hypertension 21 (56%)

      Dyslipidemia 18 (48%)

      Diabetes mellitus 12 (32%)

      Smoking habit 9 (24%)

      Family history of CAD 3 (8%)

Data are expressed as mean ±SD, or N (%). 

CAD, coronary artery disease; HR, heart rate; SD, standard deviation

 

Table 3. Diagnostic performance of p-CS on conventional and CS cine CMR images for
detecting myocardial infarction

All values are presented as % (95% con�dence interval)

CMR, cardiac magnetic resonance; CS, compressed sensing; p-CS, peak circumferential strain; NPV,
negative predictive value; PPV, positive predictive value

Figures
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Figure 1

Scatter plots (A) and Bland–Altman plots (B) of p-CS on conventional cine CMR and CS cine CMR images
In the Bland-Altman plots, the mean difference between estimates obtained by two techniques is
indicated by a solid line; the corresponding double standard deviation intervals are indicated by a dashed
line CMR, cardiac magnetic resonance; CS, compressed sensing; p-CS, peak circumferential strain

Figure 2

p-CS analysis of conventional cine CMR and CS cine CMR images of a 72-year-old man with myocardial
infarction LGE-CMR shows the late gadolinium enhancement in the LV inferior wall, which is suspected to
have undergone infarction (A). The p-CS as assessed using LGE-CMR was decreased in the LV inferior
wall on both conventional cine CMR (B) and CS cine CMR (C) images. CMR, cardiac magnetic resonance;
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CS, compressed sensing; LGE-CMR, late gadolinium-enhanced cardiac magnetic resonance; LV, left
ventricle; p-CS, peak circumferential strain

Figure 3

Comparisons of p-CS values among remote, adjacent, subendocardial infarcted, and transmural infarcted
segments on conventional cine CMR (A) and CS cine CMR (B) images CMR, cardiac magnetic resonance;
CS, compressed sensing; p-CS, peak circumferential strain. *p <0.05
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Figure 4

Receiver operating characteristic curve of p-CS for detecting myocardial infarction on conventional cine
CMR and CS cine CMR images CMR, cardiac magnetic resonance; CS, compressed sensing; p-CS, peak
circumferential strain


