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Abstract 

Background:  Several cardiovascular magnetic resonance (CMR) techniques can measure myocardial strain and tor-
sion with high accuracy. The purpose of this study was to compare displacement encoding with stimulated echoes 
(DENSE), tagging and feature tracking (FT) for measuring circumferential and radial myocardial strain and myocardial 
torsion in order to assess myocardial function and infarct scar burden both at a global and at a segmental level.

Method:  116 patients with a high likelihood of coronary artery disease (European SCORE > 15%) underwent CMR 
examination including cine images, tagging, DENSE and late gadolinium enhancement (LGE) in the short axis direc-
tion. In total, 97 patients had signs of myocardial disease and 19 had no abnormalities in terms of left ventricular (LV) 
wall mass index, LV ejection fraction, wall motion, LGE or a history of myocardial infarction. Thirty-four patients had 
myocardial infarct scar with a transmural LGE extent (transmurality) that exceeded 50% of the wall thickness in at least 
one segment. Global circumferential strain (GCS) and global radial strain (GRS) was analyzed using FT of cine loops, 
deformation of tag lines or DENSE displacement.

Results:  DENSE and tagging both showed high sensitivity (82% and 71%) at a specificity of 80% for the detection 
of segments with > 50% LGE transmurality, and receiver operating characteristics (ROC) analysis showed significantly 
higher area under the curve-values (AUC) for DENSE (0.87) than for tagging (0.83, p < 0.001) and FT (0.66, p = 0.003). 
GCS correlated with global LGE when determined with DENSE (r = 0.41), tagging (r = 0.37) and FT (r = 0.15). GRS had a 
low but significant negative correlation with LGE; DENSE r = − 0.10, FT r = − 0.07 and tagging r = − 0.16. Torsion from 
DENSE and tagging had a weak correlation (− 0.20 and − 0.22 respectively) with global LGE.

Conclusion:  Circumferential strain from DENSE detected segments with > 50% scar with a higher AUC than strain 
determined from tagging and FT at a segmental level. GCS and torsion computed from DENSE and tagging showed 
similar correlation with global scar size, while when computed from FT, the correlation was lower.
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Introduction
Abnormalities in left ventricular (LV) systolic func-
tion—whether due to myocardial scarring, ischemia, or 
electrical conduction delay—are invariably manifested 
as temporal or spatial changes in myocardial deforma-
tion. In routine clinical practice, those abnormalities 
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are primarily assessed visually from cardiac cine-loops 
acquired by cardiovascular magnetic resonance (CMR) 
or echocardiography. Such assessment is subjective and 
requires extensive experience on the part of the observer 
[1]. In that context, ejection fraction (EF) is the gold 
standard. However, the concept of strain may be valuable 
to quantify global as well as segmental shortening and 
lengthening of the myocardium [2], while torsion, here 
defined as the difference in rotation between two short 
axis slices divided by the distance in-between [3], is a 
promising quantitative measure of global LV function.

Several CMR acquisition techniques may be utilized 
to calculate strain and torsion: phase contrast [4], tag-
ging [5], displacement encoding with stimulated echoes 
(DENSE) [6] and feature tracking (FT) of cine-loops [7].

FT uses cine-loops from balanced steady-state free 
precession imaging (bSSFP), which is part of a stand-
ard CMR study and requires little user interaction to 
perform.

Myocardial tagging can be acquired in two or three 
dimensions. Most often, grid lines in a rectangular pat-
tern are imposed on the short-axis (SAx) or long-axis 
(LAx) view of the LV at the R-peak of the electrocardio-
gram (ECG). The saturation grid fades due to T1-relax-
ation, but usually lasts until mid-diastole. Tagging is 
considered the gold standard for CMR deformation 
imaging [8]. DENSE, introduced in the late 1990s, is a 
technique which has similarities with tagging [6]. Both 
techniques have been validated in phantom studies [9, 
10]. DENSE measures the tissue displacement using the 
phase of the CMR signal. DENSE offers several advan-
tages; such as high spatial resolution and relatively simple 
post processing [8].

A head-to-head comparison of all three techniques in 
determining abnormal myocardial deformation in coro-
nary artery disease (CAD), has so far been lacking.

We aimed to compare global strain and torsion 
assessed by DENSE, tagging and FT in relation to clinical 
parameters such as LV volumes, wall motion and EF, and, 
secondly, to determine the sensitivity and specificity for 
segmental strain derived from DENSE, tagging and FT 
for the detection of myocardial scar with a transmurality 
in excess of 50%.

Methods
Study population
125 patients, all participants in the Doppler-CIP study 
[11] at Linköping University Hospital, were prospectively 
enrolled from November 2010 until March 2012. Nine 
patients were excluded from the analysis due to inad-
equate image quality—one in DENSE, three in tagging, 
one in both DENSE and tagging and four in FT, resulting 
in data from 116 patients available for analysis, 89 (77%) 

males with a mean age of 67 years (range 49–85). Inclu-
sion criteria were: (1) a history of typical angina or high 
risk of CAD (> 15% risk of developing cardiovascular 
events according to the European risk SCORE at the time 
of assessment [12]), or a positive stress test with > 2 mm 
ST-depression, (2) known CAD, defined as prior myo-
cardial infarction (> 3  months), or CAD on invasive 
coronary angiogram. Exclusion criteria were; unwilling-
ness to participate, an acute coronary syndrome during 
the preceding three months, more than moderate valvu-
lar disease, pacemaker implantation, claustrophobia, an 
estimated glomerular filtration rate < 60 ml/min/1.73 m2 
or permanent atrial fibrillation. The Doppler-CIP study 
used a wide inclusion criterion. Therefore, the patient 
cohort was divided into a group without imaging signs 
of cardiac disease, having normal LV mass (LVM), blood 
pressure, LVEF, and wall motion and no signs of late gad-
olinium enhancement (LGE), and a group with imaging 
signs of cardiac disease. In addition, a group of 10 healthy 
subjects was recruited. They declared a history free from 
cardiovascular disease, did not take cardioactive drugs 
and had a normal transthoracic echocardiographic exam. 
These healthy subjects underwent a limited investiga-
tion including cine for volumes, FT strain and a specific 
acquisition for DENSE strain.

Image acquisition
We acquired CMR data using a 1.5  T CMR system 
(Achieva Nova Dual, Philips Healthcare, Best the Neth-
erlands) with a protocol including cine bSSFP, tagged 
images, DENSE, and LGE, all acquired during breath 
holding. The cine bSSFP images were acquired in the LAx 
views (2-, 3-, and 4-chamber views) as well as in a stack 
of SAx views covering the entire LV. Typical parameters 
were: slice thickness 8 mm, TR/TE 3.6/1.81, flip angle 60°, 
field of view 350 × 350 mm, matrix 288 × 288 and breath 
holding time 16  s. The cine images were retrospectively 
reconstructed into 30 cardiac phases, corresponding to 
a temporal resolution in the range of 24–41  ms (mean 
37 ms).

Tagged images were acquired using complementary 
spatial modulation of magnetization (CSPAMM), with 
three SAx planes (basal, mid, and apical) planned in 
end systole (ES). The typical acquisition parameters for 
tagging were: inter-tag distance 8  mm, slice thickness 
6  mm, TR/TE 4.6/2.1  ms, flip angle 15°, field of view 
320 × 320  mm, matrix 256 × 256, 21 heart phases, and 
breath holding time 16 s. The mean temporal resolution 
was 43 ms.

DENSE images were acquired as previously described 
[13] in the same three SAx positions as the tagged 
images. Briefly, the DENSE sequence is built on three 
balanced multipoint encodings and threefold SPAMM 



Page 3 of 11Kihlberg et al. J Cardiovasc Magn Reson           (2020) 22:83 	

(3-SPAMM) with fat suppression achieved by using a 
water-selective first radiofrequency pulse in the DENSE 
1-1 SPAMM preparation. A six-shot spiral acquisition 
was used, with spiral readout interleave duration of 8 ms 
and TR/TE 11.2/1.27  ms, respectively and three inter-
leaves were acquired each cardiac cycle. A through-slice 
dephasing of 0.25 Hz was used, and an in-plane displace-
ment encoding strength of 0.30  Hz/pixel. We acquired 
three time frames: 45 ms prior to aortic valve closure, at 
valve closure, and 45  ms after the valve closed—where 
the time of valve closure was determined by bSSFP in the 
apical LAx view. The acquisition duration was 18 heart-
beats, and the spatial resolution was 1.36 mm × 1.36 mm 
with a slice thickness of 6.0 mm.

LGE data were acquired at the same slice positions 
as the cine images (three LAx views and a stack of SAx 
slices) beginning on average 14  min (11–23  min) after 
the administration of 0.2  mmol/kg bodyweight gado-
pentetate dimeglumine (Bayer Healthcare, Berlin, Ger-
many). An inversion recovery 3D spoiled gradient echo 
sequence with TR/TE 4.4/1.3 ms, respectively, was used. 
Slice thickness and slice gap in the SAx direction were 
10 mm and -5 mm (5 mm overlap), respectively.

Image analysis
FT was performed on the SAx cine bSSFP stack and was 
limited to Lagrangian analysis, where the comparison 
was focused on Lagrangian circumferential strain. The 
LV was divided into 16 segments, excluding the apical 
cap from the 17-segment model of the American Heart 
Association [14]. The observer was blinded from the 
patient history and other image sequences when analyz-
ing each image type.

A single observer (#1) extracted LV volumes, LVEF, 
and LVM from the SAx cine images using Segment v 1.9 
R2966. Wall motion was determined from all cine views 
(three LAx and one stack of SAx) using the following 
qualitative scores: 1 = normokinesis; 2 = hypokinesis; 
3 = akinesis; 4 = dyskinesis.

A single observer (#2) performed the FT analysis using 
the 2D-CPA MR software (v 1.2, TomTec Imaging Sys-
tem, Unterschleissheim, Germany). The endocardium 
and the epicardium were delineated manually in diastole 
and the software tracked the displacement of 48 points 
along the endocardium. Lagrangian strain was measured 
for both the endocardial and the epicardial layers, the 
mean of which provided transmural strain [15, 16]. The 
rotation of the apical and basal slice were computed in 
the software, then divided manually by the slice distance 
to obtain torsion.

The tagged images were segmented at a later time 
by observer #2 using Segment (v 2.2 R7056, Medviso 
AB, Lund, Sweden). Sixty points along the epicardial 

circumference and 30 points along the endocardium of 
each slice were semi-automatically tracked to compute 
Lagrangian strain from the deformation of the line con-
necting the points [17]. Torsion was obtained as the dif-
ference in rotation between two slices, as with FT.

Two observers (#3 and 4) segmented the myocardium 
for analysis of the DENSE data in the circumferential 
direction. The endocardium and the epicardium were 
delineated manually, and the slices were semi-automati-
cally divided into segments, with reference to the attach-
ment of the right ventricular (RV) anterior wall to the 
septum. We analyzed transmural Lagrangian strain for 16 
segments using a DENSE analysis framework developed 
in-house using MATLAB (R2010b, Mathworks, Natick, 
Massachusetts, USA). Images with abnormal phase 
wrapping were automatically excluded. Reproducibility 
has been previously reported [13].

One observer (#1) determined positive LGE on both a 
segmental level expressed as mean scar thickness, “trans-
murality”, and on a global level as a percentage of LVM 
(Segment v 1.9 R2966, Medviso AB, Lund, Sweden). The 
software suggests the delineation of scar using a weighted 
method that was manually corrected if needed. The 
weighted method involves the following steps: 1. The 
mean signal intensity and standard deviation are calcu-
lated in five sectors in each section. The midmural half of 
the sector with the lowest mean signal intensity is con-
sidered remote myocardium. 2. A section-specific thresh-
old level is calculated by adding the mean of the remote 
sector and a fixed number of standard deviations from 
the mean signal intensity in the remote region. 3. A fast-
level set algorithm is applied, and the speed term is set 
to a value calculated by subtracting the section-specific 
threshold level from the signal intensity [18].

Reference values
In this study, LVEF was considered reduced when 
below 57% and the normal reference span for LVM 
index (LVMI) was 45–81  g/m2 for males and 37–77  g/
m2 for females, as recommended when papillary mus-
cles are excluded [19]. The presence of hypertension was 
determined when systolic and diastolic blood pressure 
exceeded 140/90  mmHg respectively, according to pre-
vailing recommendations in 2010 [20].

Comparison methodology
The evaluation included two key components: (1) a 
global analysis of torsion and strain amplitude [Global 
circumferential strain (GCS), global radial strain (GRS)] 
compared to LVEF, LV volumes, LVMI, and LGE, (2) a 
segmental analysis of strain to detect segments with LGE 
transmurality > 50% using area under the curve (AUC) in 
a receiver operating characteristics (ROC) curve analysis.
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Statistical analysis
The statistical analyses were performed using SPSS (Sta-
tistical Package for the Social Sciences, International 
Business Machines, Inc., Armonk, New York, USA). 
Analysis of skewness and kurtosis showed normal distri-
bution, permitting Pearson correlation, Student’s t-test 
and Linear regression to be used. We calculated the sen-
sitivity at 80% specificity from the ROC curve analysis. 
The level of significance was set to either **0.01 or *0.05.

Result
Patient characteristics
Patients were separated into those with signs of myo-
cardial disease (n = 97, 1552 segments) and those free 
from manifestations of myocardial disease (n = 19, 304 
segments) determined from LVMI, LVEF, the presence 
of abnormal wall motion, positive LGE or a history of 
myocardial infarction (Table  1). The ten healthy sub-
jects were on average 13 years younger than the patients, 
had similar LVMI but larger LV volumes. As expected, 
patients with myocardial disease had larger LV end-
systolic volume than the reference group (p = 0.037) 
and their LVEF trended lower (p = 0.014). Thirty-four 
patients (84 segments) had LGE in excess of 50% wall 
thickness in at least one segment, and 37 patients had an 
LVEF below 57%. Patients with signs of myocardial dis-
ease had lower DENSE circumferential strain amplitude 
and higher standard deviation than those without myo-
cardial disease manifestations. There is a significant dif-
ference in strain for segments in the group with no sign 
of myocardial disease compared to segments with > 50% 

LGE extent for all three techniques. The overlap between 
the segment groups was greater with FT than with the 
other techniques (Fig.  1). Figure  2 shows an example of 
a patient with a large infarct scar, with circumferential 
strain assessed by DENSE, FT and tagging in the corre-
sponding segments.

Global strain and torsion compared to clinical data
GCS was for patients with no signs of myocardial disease 
(n = 19) − 16.1 ± 3.7% (DENSE), − 18.3 ± 1.6% (FT) and 
− 18.6 ± 2.8% (tagging). In the same group of patients 
torsion was 0.37 ± 0.09°/mm (DENSE), 0.12 ± 0.26°/mm 
(FT) and 0.31 ± 0.08°/mm (tagging). GCS, GRS and tor-
sion results were correlated with other global param-
eters such as LVEF, blood pressure, LV volumes, LGE 
and LVMI, see Table  2. The correlations between GCS 
and GRS vs LVEF were r = 0.64 or r = 0.71 shown in 
Fig.  3. The correlation between GCS, GRS, torsion, and 
the global percentage of scar was low, but higher for GCS 
(Fig.  4). The best-fit linear regression between strain 
and scar size was for tagging GCS vs LGE r = 0.52 while 
DENSE GCS vs LGE was r = 0.46.

Segmental measurements
Segmental circumferential strain assessed by DENSE, 
FT, and tagging showed a low but significant positive 
correlation with segmental scar transmurality. Based 
on all 1856 segments from 116 patients, the correlation 
was r = 0.41 for DENSE (− 15.4 ± 5.2%), r = 0.15 for FT 
(− 16.8 ± 10.3%), and r = 0.37 for tagging (− 16.6 ± 6.5%). 
Segmental radial strain displayed low negative 

Table 1  Patient characteristics

Data from ten healthy subjects (left) and from the coronary artery disease population, which is divided into one group of patients with imaging signs of disease 
(n = 97, right) and one lacking imaging signs of disease (n = 19, middle) in terms of left ventricular wall mass index (LVMI), systolic blood pressure (SBP), diastolic 
ejection fraction (DSP), wall motion, late gadolinium enhancement and a history of myocardial infarction. BMI body mass index, DBP diastolic blood pressure, LVEDV 
left ventricle end diastolic volume, LVESV left ventricle end systolic volume, MI myocardial infarction, PCI percutaneous coronary intervention, LGE late gadolinium 
enhancement, global percentage. Mean with standard deviation

Parameter Healthy subjects 
(n = 10)

No manifestations 
of disease (n = 19)

Manifestations of disease 
(n = 97)

p-value (no manifestations 
vs manifestations 
of disease)

Age (years) 52 ± 4 65 ± 8 67 ± 7 ns

BMI (kg/m2) 22 ± 2 26 ± 3 27 ± 3 ns

Male (%) 40 63 ± 0.5 79 ± 0.4 ns

LVMIat ED (g × m−2) 51 ± 15 51 ± 9 58 ± 13 ns

Ejection Fraction (%) 61 ± 5 66 ± 6 58 ± 12 0.014

SBP (mmHg) 133 ± 13 128 ± 8 139 ± 12  < 0.001

DBP (mmHg) 80 ± 10 76 ± 7 81 ± 10 ns

LVEDV (mL) 168 ± 53 139 ± 32 158 ± 37 ns

LVESV (mL) 67 ± 27 49 ± 16 67 ± 31 0.037

MI < 1 year (%) 0 0 12  < 0.001

PCI (%) 0 0 9 0.003

Global LGE (%) 0 0 5 ± 7  < 0.001
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correlations with scar transmurality, r = − 0.10 (DENSE), 
r = − 0.07 (FT) and r = − 0.16 (tagging). When limited to 
segments with a transmurality > 50% per segment (n = 84, 
34 patients), the correlation for radial strain was statisti-
cally significant for DENSE (r = 0.45, p < 0.01) and tagging 
(r = 0.31, p < 0.01) but not for FT (Fig. 5). ROC analysis of 
segmental circumferential strain for the detection of scar 
transmurality > 50% based on all segments in Fig. 6, (left), 
showed the largest area under the curve (AUC) for strain 
amplitude from DENSE, AUC 0.87 (FT 0.66, p < 0.001 
and tagging 0.83, p = 0.03).When the specificity was set 
to 80%, the sensitivity to detect scar transmurality > 50% 
was 82%, 35%, and 71% for DENSE, FT and tagging cir-
cumferential strain, respectively. In Fig.  6 (right), use of 
GCS for the detection of any segment with LGE > 50% in 
an individual patient shows AUC for DENSE 0.78, for FT 
0.69 and for tagging 0.69 without significant difference 
between the methods.

There were slight topographic differences when seg-
mental circumferential strain was correlated with LGE 
transmurality in the basal, mid and apical LV slices. In 

the apex (464 segments), DENSE vs LGE correlated at 
r = 0.59, FT at r = 0.22 and tagging at r = 0.51; in mid-
ventricular segments (696 segments) the correlation with 
LGE was for DENSE r = 0.36, FT r = 0.15 and tagging 
r = 0.36. In the basal 696 segments the correlations with 
LGE were for DENSE r = 0.31, FT r = 0.08 and tagging 
r = 0.27. Thus, segmental circumferential strain from 
DENSE and tagging correlated best with segmental scar 
transmurality in the apical part of the LV.

Discussion
In this study of 116 patients with high risk of CAD, we 
showed that DENSE segmental circumferential strain has 
a higher AUC than tagging and FT for the detection of 
segments with LGE transmurality > 50%. We also show 
that the sensitivity at 80% specificity for using segmental 
circumferential strain to detect LGE transmurality > 50% 
was significantly higher for DENSE than for tagging and 
FT.

In a previous study comparing all three techniques, a 
fairly good agreement could be seen between all three 

Fig. 1  Strain in segments with scar transmurality > 50%. Boxplot of segmental circumferential strain (top row) and radial strain (lower row) assessed 
using three techniques in ten healthy subjects (160 segments) and patients with no signs of pathology in terms of left ventricular (LV) wall mass 
index, systolic blood pressure (SBP), diastolic blood pressure (DBP), wall motion, late gadolinium enhancement (LGE) and a history of myocardial 
infarction, (“Non pathology”, 304 segments) and segments with LGE in excess of 50% wall thickness (LGE > 50%, 84 segments). The box plots show 
median, the two central quartiles in the box, one quartile in each whisker and outliers. Student’s t-test showed significant differences between the 
two patient groups for all three techniques.***p < 0.001. Healthy subjects depicted for comparison
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methods when circumferential strain was measured 
in healthy subjects and in patients with cardiomyopa-
thy of various etiology [21]. In our study, DENSE and 
tagging were clearly superior to FT to detect LGE of 
different severity. However, in the radial direction, seg-
mental strain did not show a significant correlation 

with transmural extent of LGE, possibly because of 
the thin LV wall which complicated tracking. This is 
in contrast to the early findings of Maret et  al. whose 
patients with scar had on average more than three 
times as large infarcts (17%) [7] as our group of patients 
with myocardial disease (5%). Their scar group was 

Fig. 2  Anteroseptal infarct scar. Images and measurements in a 68-year-old male with extensive anteroseptal and apical infarct scar with 
transmurality > 50%. Scar volume was 25% of the LV myocardial mass, and the LV ejection fraction (EF) was 42%. The left-hand panel LGE images 
(a–d) show the extent of scar. The right-hand panel bull’s eye (h) shows percentages for segmental transmurality. The remaining panels show 
circumferential strain assessed by (e) FT, (f) Tagging, (g) DENSE

Table 2  Correlations between global circumferential strain (GCS), global radial strain (GRS) and torsion with other global 
parameters in 116 patients

Correlations between global circumferential strain (GCS), global radial strain (GRS) and torsion with other global parameters in 116 patients. Strain and torsion derived 
from DENSE, FT and tagging with Pearson correlation with left ventricular ejection fraction (EF), systolic blood pressure (SBP), left ventricle end diastolic volume 
(LVEDV), left ventricle end systolic volume (LVESV), late gadolinium enhancement (LGE) and left ventricle mass index (LVMI). **Correlation is significant at the 0.01 
level and *at the 0.05 level

n = 116 LVEF SBP LVEDV LVESV LGE LVMI

DENSE GCS − 0.635** − 0.289** 0.301** 0.533** 0.461** 0.316**

FT GCS − 0.635** − 0.324** 0.233* 0.438** 0.389** 0.248**

Tagging GCS − 0.714** − 0.264** 0.406** 0.666** 0.586** 0.315**

DENSE GRS 0.223** − 0.046 − 0.219* − 0.257** − 0.217* − 0.126

FT GRS 0.138 0.158 0.075 − 0.013 − 0.94 0.086

Tagging GRS − 0.110 − 0.072 0.184* 0.141 0.070 0.173

DENSE torsion 0.498** 0.179 − 0.394** − 0.501** − 0.196* − 0.242**

FT torsion 0.150 0.086 − 0.178 − 0.154 − 0.128 − 0.258**

Tagging torsion 0.519** 0.138 − 0.415** − 0.541** − 0.218* − 0.219*
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more homogeneous, and the strain measurements 
were averaged from three segmentations which could 
partly explain the difference. However, even if limited 
to patients with segmental extent of LGE > 50% com-
pared to those free of myocardial disease, segmental 
radial strain could not differentiate between the patient 
groups regardless whether strain was derived from FT 
or tagging. It should be borne in mind though, that 
group averages of segmental radial strain in patients 
with transmurality > 50% were significantly lower than 
those in the healthy group, when determined with all 
three techniques (Fig.  2). In summary, circumferen-
tial strain correlates better than radial strain with the 

transmurality of LGE, in agreement with previous 
reports [13, 22, 23].

Our study also aimed to compare different CMR 
techniques of deformation measurement with clinical 
parameters such as LVEF and extent of LGE. In global 
assessment, GRS showed a low but significant correla-
tion with LVEF and global extent of LGE when derived 
from DENSE, and no significant correlation when 
derived from FT or tagging. This indicates that radial 
strain from these three methods performs poorly for 
the determination of cardiac deformation in patients 
with reduced LV thickness as seen in infarction.

Fig. 3  Correlation of global strain and torsion with left ventricular ejection fraction. Pearson correlations (r) between global circumferential strain 
(GCS, top row), global radial strain (GRS, middle row) and torsion (lower row) and left ventricular ejection fraction. GCR, GRS and torsion assessed by 
DENSE, FT, and tagging for 116 patients plotted against ejection fraction. The best-fit linear regression as well as the Pearson correlation coefficient 
and its p-value are shown for each plot. NS no significant correlation
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At a global level, GCS from DENSE, FT and tagging 
correlated with LVEF, blood pressure, LVESV and LGE 
at a similar level. A somewhat lower correlation was 
seen between FT and LVEDV. Other studies have shown 
a good agreement between FT and tagging at the global 
level [24, 25]. Based on these observations, we suggest 
that the size of the LV and the level of blood pressure at 
the investigation need to be accounted for when strain 
amplitude is determined.

Torsion from DENSE and tagging showed somewhat 
lower correlation with global clinical measures than 
strain amplitude, especially when torsion was determined 
from FT. The torsion values for the patients with a low 
probability of myocardial disease were in agreement 
with previously published values for DENSE [26–28] 

and from FT [28–31] for healthy subjects. LV torsion 
has been shown to be an important global parameter, 
but expresses only one component of the 3D strain ten-
sor [32]. If complemented with regional and global strain 
amplitude, such a combined measure could possibly bet-
ter reflect cardiac pumping.

All patients fulfilled the inclusion criteria, but some 
had few signs of myocardial disease, while others had 
experienced severe myocardial infarctions. Despite that 
variability, DENSE produced high diagnostic accuracy in 
all aspects tested. Since this study comprised patients and 
not healthy subjects, we could not determine reference 
values for the three methods, which we tried to circum-
vent in part by separately analyzing results from the rela-
tively healthy participants with few signs of myocardial 

Fig. 4  Correlation of global strain and torsion with late gadolinium enhancement (LGE). Pearson correlations (r) between global circumferential 
strain (GCS, top row), global radial strain (GRS, middle row) and torsion (lower row) vs global LGE as a percentage of the total wall mass. GCR, GRS 
and torsion assessed by DENSE, FT, and tagging for 116 patients plotted against LGE. The best-fit linear regression as well as the Pearson correlation 
coefficient and its p-value are shown for each plot. NS no significant correlation. The best correlation is seen between tagging strain amplitude and 
LGE while no correlation is seen between torsion and LGE
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disease. We also added a group of healthy subjects 
which displayed values of DENSE and FT strain similar 
to those without manifest imaging signs of heart dis-
ease. However, healthy subjects may also differ from the 
general population due to a different selection bias. The 
study population largely reflects a CAD population with 

regard to age and gender [33], which makes the result of 
the study to some extent applicable to CAD patients in 
general.

DENSE and tagging share similarities in how the myo-
cardium is tracked resulting in similar segmental strain 
and torsion. FT is dependent on several features that are 

Fig. 5  Segmental strain in segments with late gadolinium enhancement (LGE) transmurality > 50%. Relationship between segmental 
circumferential strain (top row) and segmental radial strain (lower row) and LGE transmurality in segments with LGE > 50% (84 segments from 34 
patients). Strain was assessed by DENSE, FT and tagging. The best-fit linear regression as well as the Pearson correlation coefficient and its p-value 
are shown for each plot. NS no significant correlation

Fig. 6  Receiver operator characteristics (ROC)-analysis of segmental and global strain. To the left ROC curves for the detection of infarcted 
segments with scar transmurality exceeding 50% LGE (84 [34 patients of 116] out of 1856 segments) using circumferential strain from DENSE, FT and 
Tagging at end systole. To the right ROC curves for the detection of infarcted segments with scar transmurality exceeding 50% LGE (34 patients out 
of 116 patients) using global circumferential strain (GCS) from DENSE, FT and Tagging at end systole. AUC values are shown in the lower right corner 
with significance level *p < 0.05 and **p < 0.01
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tracked over time which makes this method sensitive to 
image quality as well as to through-plane motion.

Limitations
Only Lagrangian strain was calculated for the com-
parison between all three methods. The use of Eulerian 
strain has also been reported [34], which in some situa-
tions produces results different from those obtained with 
Lagrangian strain [35]. Some authors have used several 
(most often three) FT segmentations to reduce variabil-
ity [7, 15, 16], but we decided to use single measurements 
for each technique to avoid favoring one over the others. 
Some researchers propose that torsion should be normal-
ized to the LV radius, but this was not considered neces-
sary in this study since the three methods were applied to 
images obtained from the same individuals in the same 
scanning session. Furthermore, this version of DENSE 
only calculated strain and torsion in three time points 
while FT and tagging both cover the complete cardiac 
cycle. To enable this comparison, only the end systolic 
phase was used.

There are phantoms for deformation CMR but no con-
sensus in terms of a general gold standard for clinically 
measuring strain with CMR. However, an in  vivo com-
parison in patients with various extent of LV hypertrophy 
and myocardial scar offers an opportunity to compare the 
ability to detect reduced deformation.

All images were acquired on the same CMR scanner, 
but the post processing software was obtained from three 
separate vendors. FT software may use different tech-
nology, either variants of optical flow [36] or non-rigid 
elastic registration [37] which affects outcome mainly for 
strain amplitude in the longitudinal and radial directions 
[21]. The choice of post processing software was based on 
local availability and experience.

Conclusions
Circumferential strain amplitude quantified using 
DENSE showed the highest AUC for detecting infarct 
scar transmurality > 50%, compared to tagging and FT. 
The correlation between GCS from DENSE, tagging and 
FT compared to global parameters such as LVEF and 
LGE transmural scar percentage was similar for the three 
strain methods. GCS was superior to torsion when com-
pared with global measurements of volume and function.

Abbreviations
AUC​: Area under the curve; bSSFP: Balanced steady-state free precession; CAD: 
Coronary artery disease; CMR: Cardiovascular magnetic resonance; CSPAMM: 
Complementary spatial modulation of magnetization; DBP: Diastolic blood 
pressure; DENSE: Displacement encoding with stimulated echoes; ECG: Elec-
trocardiogram; EF: Ejection fraction; ES: End-systole; FT: Feature tracking; GCS: 
Global circumferential strain; GRS: Global radial strain; Hz: Hertz; LAx: Long-axis; 
LGE: Late gadolinium enhancement; LV: Left ventricle/left ventricular; LVEDV: 

Left ventricular end-diastolic volume; LVEF: Left ventricular ejection fraction; 
LVESV: Left ventricular end-systolic volume; LVM: Left ventricular mass; LVMI: 
Left ventricular mass index; RV: Right ventricle/right ventricular; ROC: Receiver 
operating characteristics; SAx: Short-axis; TE: Echo time; TR: Repetition time.

Acknowledgements
The technicians at CMIV are gratefully acknowledged for scanning the 
patients.

Authors’ contributions
JK conceived of the study, acquired data, performed processing and analysis 
and drafted the manuscript, VK performed processing and analysis and 
drafted the manuscript, HH and AS developed the CMR pulse sequence and 
the post processing and drafted the manuscript, SS and TE helped design the 
study and drafted the manuscript and JE recruited all patients, performed FT 
and tagging analysis and drafted the manuscript. All authors participated in 
study design and have made revisions to the manuscript and have read and 
approved the final version.

Funding
Open Access funding provided by Linköping University Library. This project 
was supported by the EU FP 7 (Grant No 223615), the Swedish Heart Lung 
Foundation (Grant No 20120449), the Swedish Research Council, the Medical 
Research Council of Southeast Sweden (Grant Nos. 35141, 88731 and 157921), 
the European Research Council, and the Centre for Medical Image Science 
and Visualization, Linköping University Hospital.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Ethics approval and consent to participate
The study was approved by the Regional Ethical Review Board in Linköping 
(registration no M216-09 and 2012/291-32) and was conducted according to 
the Declaration of Helsinki. All participants gave written informed consent.

Consent for publication
All authors approved the manuscript and are aware of the data. No protected 
health information for any subject is given in this manuscript.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Radiology in Linköping, and Department of Health, Medicine 
and Caring Sciences, Linköping University, Linköping, Sweden. 2 Center 
for Medical Image Science and Visualization (CMIV), Linköping University, 
Linköping, Sweden. 3 Department of Health, Medicine and Caring Sci-
ences, Linköping University, Linköping, Sweden. 4 Department of Radiology 
and Biomedical Imaging, University of California San Francisco, San Francisco, 
USA. 5 Department of Clinical Physiology in Linköping, and Department 
of Health, Medicine and Caring Sciences, Linköping University, Linköping, 
Sweden. 6 Department of Clinical Physiology & Molecular Medicine and Sur-
gery, Karolinska Institutet, Karolinska University Hospital, 17176 Stockholm, 
Sweden. 7 Department of Cardiology, Oslo University Hospital, Rikshospitalet, 
0316 Oslo, Norway. 

Received: 24 January 2020   Accepted: 29 October 2020

References
	1.	 Fratz S, Chung T, Greil GF, Samyn MM, Taylor AM, Valsangiacomo Buechel 

ER, et al. Guidelines and protocols for cardiovascular magnetic resonance 
in children and adults with congenital heart disease: SCMR expert 
consensus group on congenital heart disease. J Cardiovasc Magn Reson. 
2013;15(1):1–26. 

	2.	 Mirsky I, Parmley WW. Assessment of passive elastic stiffness for isolated 
heart muscle and the intact heart. Circ Res. 1973;33(2):233–43. 



Page 11 of 11Kihlberg et al. J Cardiovasc Magn Reson           (2020) 22:83 	

	3.	 Henson RE, Song SK, Pastorek JS, Ackerman JJH, Lorenz CH. Left 
ventricular torsion is equal in mice and humans. Am J Physiol. 
2000;278(4):H1117–23. 

	4.	 Codreanu I, Robson MD, Golding SJ, Jung BA, Clarke K, Holloway CJ. Lon-
gitudinally and circumferentially directed movements of the left ventricle 
studied by cardiovascular magnetic resonance phase contrast velocity 
mapping. J Cardiovasc Magn Reson. 2010;12(1):1–8. 

	5.	 Osman NF, Kerwin WS, McVeigh ER, Prince JL. Cardiac motion tracking 
using CINE harmonic phase (HARP) magnetic resonance imaging. Magn 
Reson Med. 1999;42(6):1048–60. 

	6.	 Aletras AH, Ding S, Balaban RS, Wen H. DENSE: displacement encod-
ing with stimulated echoes in cardiac functional MRI. J Magn Reson. 
1999;137(1):247–52. 

	7.	 Maret E, Todt T, Brudin L, Nylander E, Swahn E, Ohlsson J, et al. Functional 
measurements based on feature tracking of cine magnetic resonance 
images identify left ventricular segments with myocardial scar. Cardiovasc 
Ultrasound. 2009;7:53. 

	8.	 Ibrahim E-S. Myocardial tagging by Cardiovascular Magnetic Resonance: 
evolution of techniques–pulse sequences, analysis algorithms, and appli-
cations. J Cardiovasc Magn Reson. 2011;13(1):36. 

	9.	 Moore CC, Reeder SB, McVeigh ER. Tagged MR imaging in a deforming 
phantom: photographic validation. Radiology. 1994;190(3):765–9. 

	10.	 Spottiswoode BS, Zhong X, Hess AT, Kramer CM, Meintjes EM, Mayosi 
BM, et al. Tracking myocardial motion from cine DENSE images using 
spatiotemporal phase unwrapping and temporal fitting. IEEE Trans Med 
Imaging. 2007;26:15–30. 

	11.	 Rademakers F, Engvall J, Edvardsen T, Monaghan M, Sicari R, Nagel E, et al. 
Determining optimal noninvasive parameters for the prediction of left 
ventricular remodeling in chronic ischemic patients. Scand Cardiovasc J. 
2013;47(6):329–34. 

	12.	 Conroy RM, Pyörälä K, Fitzgerald AP, Sans S, Menotti A, De Backer G, et al. 
Estimation of ten-year risk of fatal cardiovascular disease in Europe: the 
SCORE project. Eur Heart J. 2003;24(11):987–1003. 

	13.	 Kihlberg J, Haraldsson H, Sigfridsson A, Ebbers T, Engvall JE. Clinical 
experience of strain imaging using DENSE for detecting infarcted cardiac 
segments. J Cardiovasc Magn Reson. 2015;17(1):1–9. 

	14.	 Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Kaul S, Laskey WK, 
et al. Standardized myocardial segmentation and nomenclature for 
tomographic imaging of the heart. Circulation. 2002;105(4):539–42. 

	15.	 Kowallick JT, Lamata P, Hussain ST, Kutty S, Steinmetz M, Sohns JM, et al. 
Quantification of left ventricular torsion and diastolic recoil using car-
diovascular magnetic resonance myocardial feature tracking. PLoS ONE. 
2014;9(10):e109164. 

	16.	 Kowallick JT, Morton G, Lamata P, Jogiya R, Kutty S, Lotz J, et al. Inter-study 
reproducibility of left ventricular torsion and torsion rate quantifica-
tion using MR myocardial feature tracking. J Magn Reson Imaging. 
2016;43(1):128–37. 

	17.	 Morais P, Heyde B, Barbosa D, Queirós S, Claus P, D’hooge J, editors. 
Cardiac motion and deformation estimation from tagged MRI sequences 
using a temporal coherent image registration framework. International 
Conference on Functional Imaging and Modeling of the Heart; 2013: 
Springer.

	18.	 Heiberg E, Ugander M, Engblom H, Götberg M, Olivecrona GK, Erlinge D, 
et al. Automated quantification of myocardial infarction from MR images 
by accounting for partial volume effects: animal, phantom, and human 
study. Radiology. 2008;246(2):581–8. 

	19.	 Kawel-Boehm N, Maceira A, Valsangiacomo-Buechel ER, Vogel-Claus-
sen J, Turkbey EB, Williams R, et al. Normal values for cardiovascular 
magnetic resonance in adults and children. J Cardiovasc Magn Reson. 
2015;17(1):29. 

	20.	 Mancia G, De Backer G, Dominiczak A, Cifkova R, Fagard R, Germano G, 
et al. 2007 Guidelines for the management of arterial hypertension: The 
Task Force for the Management of Arterial Hypertension of the European 
Society of Hypertension (ESH) and of the European Society of Cardiology 
(ESC). Eur Heart J. 2007;28(12):1462–536. 

	21.	 Cao JJ, Ngai N, Duncanson L, Cheng J, Gliganic K, Chen Q. A comparison 
of both DENSE and feature tracking techniques with tagging for the 
cardiovascular magnetic resonance assessment of myocardial strain. J 
Cardiovasc Magn Reson. 2018;20(1):26. 

	22.	 Miyagi H, Nagata M, Kitagawa K, Kato S, Takase S, Sigfridsson A, et al. 
Quantitative assessment of myocardial strain with displacement encod-
ing with stimulated echoes MRI in patients with coronary artery disease. 
Int J Cardiovasc Imaging. 2013;29(8):1779–86. 

	23.	 Goto Y, Ishida M, Takase S, Sigfridsson A, Uno M, Nagata M, et al. Compari-
son of displacement encoding with stimulated echoes to magnetic reso-
nance feature tracking for the assessment of myocardial strain in patients 
with acute myocardial infarction. Am J Cardiol. 2017;119(10):1542–7. 

	24.	 Augustine D, Lewandowski AJ, Lazdam M, Rai A, Francis J, Myerson 
S, et al. Global and regional left ventricular myocardial deformation 
measures by magnetic resonance feature tracking in healthy volunteers: 
comparison with tagging and relevance of gender. J Cardiovasc Magn 
Reson. 2013;15(1):8. 

	25.	 Moody WE, Taylor RJ, Edwards NC, Chue CD, Umar F, Taylor TJ, et al. Com-
parison of magnetic resonance feature tracking for systolic and diastolic 
strain and strain rate calculation with spatial modulation of magnetiza-
tion imaging analysis. J Magn Reson Imaging. 2015;41(4):1000–12. 

	26.	 Donekal S, Ambale-Venkatesh B, Berkowitz S, Wu CO, Choi EY, Fernandes 
V, et al. Inter-study reproducibility of cardiovascular magnetic resonance 
tagging. J Cardiovasc Magn Reson. 2013;15(1):37. 

	27.	 Kim D, Gilson W, Kramer C, Epstein F. Myocardial tissue tracking with two-
dimensional cine displacement-encoded MR imaging: development and 
initial evaluation. Radiology. 2004;230:862–71. 

	28.	 Hor KN, Wansapura J, Markham LW, Mazur W, Cripe LH, Fleck R, et al. 
Circumferential strain analysis identifies strata of cardiomyopathy in 
Duchenne muscular dystrophy. J Am Coll Cardiol. 2009;53(14):1204–10. 

	29.	 Rüssel IK, Götte MJW, Bronzwaer JG, Knaapen P, Paulus WJ, van Rossum 
AC. Left ventricular torsion: an expanding role in the analysis of myocar-
dial dysfunction. JACC Cardiovasc Imaging. 2009;2(5):648. 

	30.	 Hor KN, Gottliebson WM, Carson C, Wash E, Cnota J, Fleck R, et al. 
Comparison of magnetic resonance feature tracking for strain calcula-
tion with harmonic phase imaging analysis. JACC Cardiovasc Imaging. 
2010;3(2):144–51. 

	31.	 Suever J, Wehner G, Jing L, Powell D, Hamlet S, Grabau J, et al. Right 
ventricular strain, torsion, and dyssynchrony in healthy subjects using 3D 
spiral cine DENSE magnetic resonance imaging. IEEE Trans Med Imaging. 
2016;5:1076–85. 

	32.	 Young AA. Ventricular torsion. JACC Cardiovasc Imaging. 2012;14:282–4. 
	33.	 Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR, Deo R, et al. Heart 

disease and stroke statistics—2017 update: a report from the American 
Heart Association. Circulation. 2017;135(10):e146–603. 

	34.	 Osman NF, Prince JL. Visualizing myocardial function using HARP MRI. 
Phys Med Biol. 2000;45(6):1665. 

	35.	 Simpson RM, Keegan J, Firmin DN. MR assessment of regional myocardial 
mechanics. J Magn Reson Imaging. 2013;37(3):576–99. 

	36.	 Barreiro-Pérez M, Curione D, Symons R, Claus P, Voigt J-U, Bogaert J. Left 
ventricular global myocardial strain assessment comparing the reproduc-
ibility of four commercially available CMR-feature tracking algorithms. Eur 
Radiol. 2018;28(12):5137–47. 

	37.	 Morais P, Marchi A, Bogaert JA, Dresselaers T, Heyde B, D’hooge J, et al. 
Cardiovascular magnetic resonance myocardial feature tracking using a 
non-rigid, elastic image registration algorithm: assessment of variability in 
a real-life clinical setting. J Cardiovasc Magn Reson. 2017;19(1):24. 

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Clinical validation of three cardiovascular magnetic resonance techniques to measure strain and torsion in patients with suspected coronary artery disease
	Abstract 
	Background: 
	Method: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	Study population
	Image acquisition
	Image analysis
	Reference values
	Comparison methodology
	Statistical analysis

	Result
	Patient characteristics
	Global strain and torsion compared to clinical data
	Segmental measurements

	Discussion
	Limitations
	Conclusions
	Acknowledgements
	References


