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Assessment of myocardial function: a review of quantification

methods and results using tagged MRI
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Tagged MRI provides a noninvasive way to assess the regional function of the heart. Clinical use of myocardial strain measurements from
tagged MRI requires identifying new normative values. As for cardiac motion estimation, a variety of methods for quantifying myocardial
deformations have been proposed in the image analysis and medical literature, based on heart geometry and continuum mechanics. This
article comparatively reviews existing quantification techniques, and synthesizes their results to establish confidence intervals for the
standard deformation parameters.
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1. Introduction

Tagged MRI is the reference MR modality to assess the
regional function of the heart (1, 2). Measuring myocardial
deformations from tagged MR image sequences relies on
1) estimating a dense motion field, and 2) computing local
and segmental deformation parameters over the myocardium.
In this paper, the focus is set on the second step. The clinical
use of myocardial strain information derived from tagged
MRI requires identifying new normative values. Based on a
synthesis of the numerous contributions published in this
field, this article aims at establishing confidence intervals for
the standard deformation parameters.

The literature on myocardial strain measurement can be
divided into technical studies (TS) that emphasize motion
estimation, and medical studies (MS) that focus on quanti-
fication of material properties. We have reviewed 20 medical
articles and eight technical papers issued between 1991 and
2003. The studies dedicated to the left ventricle (LV) are
listed in Table 1, whereas Table 2 presents the studies
focusing on the right ventricle (RV). Synthesizing their results
requires taking into account:

. External parameters, such as population (age, gender, heart
rate, etc.), MR acquisition parameters (number of slices,

slice incidence, temporal and spatial resolutions), and
MR tagging parameters (tagging pattern, tag orientation,
spacing, etc.). This is the subject of Section 2.

. The methods for motion estimation and deformation
measurement that are reviewed in Section 3.

Quantitative results are presented and discussed in
Section 4. In a final section, conclusions are drawn about
common trends and disparities encountered when character-
izing the behavior of the healthy human heart.

2. Materials

2.1. Population

Most of the studies aim at characterizing a pathology (e.g.,
hypertrophic cardiomyopathy, myocardial infarction, idio-
pathic dilated cardiomyopathy, aortic stenosis), and usually
include a control group of healthy volunteers. Since this paper
is targeted at characterizing the normal human heart, we have
only accounted for this group. Whereas the results reported in
TS often deal with a single person, MS use a number of
subjects (mean ± SD: 18 ± 20 subjects, ranging from three to
87). Population age is a significant parameter that is provided
by 18/20 MS vs. 2/8 TS. Some studies use an age-matched
control group when comparing to a patient group. Gender and
heart rates are also of interest.

2.2. MR acquisition

Among the many available MR tagging techniques, SPAMM
(SPAtial Modulation of Magnetization) (2) is the most widely

Journal of Cardiovascular Magnetic Resonance (2005) 7, 501–516

Copyright D 2005 Taylor & Francis Inc.

ISSN: 1097-6647 print / 1532-429X online

DOI: 10.1081/JCMR-200053610

Received 10 September 2003; accepted 11 November 2004.
*Address correspondence to Philippe Cluzel, M.D., Ph.D., Service
de Radiologie Polyvalente Diagnostique et Interventionnelle,
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used. Alternative technologies include DANTE (Delays
Alternating with Nutations for Tailored Excitations) (8) and
CSPAMM (Continuous SPAMM) (9). The tagging pattern can
be linear, rectangular or, more rarely, radial (3/20 MS vs. no
TS). Tagged MR images are obtained in the short-axis view
and/or the horizontal longaxis (also called four-chamber)
view (Fig. 1). Regarding MR acquisition parameters, more
information is available in MS than in TS. Surprisingly,
though being one of the most significant parameters,
tag spacing is reported in only 10/20 MS and 2/8 TS (cf.
Tables 1–2).

3. Methods

3.1. Motion estimation

The motion estimation techniques proposed in TS (10) can be
divided into 1) differential optical flow-based methods, which
often require knowing acquisition parameters and fail to deal
with large deformations due to their local nature; 2) phase-
based optical flow methods such as HARP, which are sensitive
to artifacts (11); and 3) tag segmentation methods, followed
by sparsemotion estimation along the tagging pattern and dense
motion interpolation over the whole image domain (12–15).

MS usually make use of available motion estimation
software packages, such as:

. FindTags (13) or SPAMMVU (16), which rely on seg-
mentation-based methods.

. HARP (11), which implements a phase-based method.

MS also resort to manual supervision, including delineation
of the epicardium and endocardium, and designation of tag
intersections or tag-ventricle boundaries intersections. In this
case, intra- and inter-observer variability can be assessed by
performing blinded paired measurements (46).

3.2. Deformation measurement

The LV myocardium has a complex architecture: fibers in the
midwall are circumferential, whereas subepicardial and

subendocardial fibers are almost longitudinally directed
(Fig. 2). This results in inhomogeneous and complex
contraction patterns, correlated to fiber structure. LV
deformations comprise radial thickening, circumferential
shortening, torsion, and longitudinal shortening.

In the RV, fibers are mainly longitudinally oriented, so that
the complex RV motion is, in general, oriented in a similar
direction. Only a few studies have attempted to quantify RV
motion, in large part due to its thin wall and complex
geometry. Currently, noninvasive assessment of RV contrac-
tility remains extremely difficult with conventional techni-
ques (17).

Measuring myocardial deformations requires defining a
reference coordinate system. Deformation parameters then
divide into zero-order parameters, which are derived directly
from displacement data, and first-order parameters, such as
strains and shears, which are extracted from the strain tensor.

3.1.1. Reference coordinate system

The Radial-Circumferential-Longitudinal (RCL) coordinate
system (Fig. 3) is widely used due to its suitability for
modeling LV geometry.a The Radial-Fiber-Cross-Fiber
(RFCF) coordinate system (Fig. 3), based on fiber direction,
requires a precise knowledge of their orientation angles.
Diffusion MR imaging can determine fiber angles in vivo
(19–22) but is not available for general clinical use. Fiber
directions have then to be obtained from histological fiber
angles in cadaver studies (23). Errors could result from
population mismatching (24).

3.2.2. Displacement

The coordinates of a myocardial point during the cardiac
cycle are related by displacement. Specifically, denoting by x
and x’ its position at times t and t’ > t, respectively, one has:

x0 ¼ xþ uðxÞ :¼ f ðxÞ ð1Þ

where u is the displacement and f is referred to as
the deformation.

Table 2. Medical (above) and technical (below) studies assessing RV contraction in tagged MR images

Reference

Estimation

method

Population Acquisition parameters

SegmentationNb Age M/F Patho FOV ST TS SR TpR TR/TE/f Tag

Naito et al. (32) Manual 9 32 ± 4 9/0 350 10 12/25 – – RR/8/30 2 lines 3S
Young et al. (48) SPAMMVU 1 – – RVH 400 6 7 – – 8.3/2.5/– SPAMM
Fayad et al. (33) SPAMMVU 10 28 5/5 cPH 220 6 7 – – 8/2.6/15 SPAMM A
Klein et al. (34) Manual 16 25 ± 1 11/5 350 7 7/8 – – 50/–/– Grid 3S
Haber et al. (47) SPAMMVU 2 – – RVH 260 6 8 – – 7/2.6/ SPAMM

Population: Nb is the number of healthy volunteers. Age is given as mean ± SD years. Gender is given as men number/women number.

Pathologies: RVH = right ventricular hypertrophy, cPH = chronic pulmonary hypertension.

Acquisition parameters: FOV = field of view (mm), ST = slice thickness (mm), TS = tag spacing (mm), SR = spatial resolution (mm), TpR = temporal

resolution (ms), TR/TE/ = repetition time (ms)/echo time (ms)/flip angle (degrees).

Segmentation type: 3S = three segments, A = anatomical.

aIn contrast, the rectangular Cartesian coordinate system is used
only once in Ref. (18).

503Tagged MRI: Quantification Methods and Results



The motion distribution along specific directions is
captured by directional displacement. More precisely, the
displacement along a direction d (kdk = 1) is defined as
the component ud: = (dTu) d of the displacement u along
the vector d, where dT denotes the transposed vector of d
(Fig. 4).

Relevant choices for d are related to myocardial anatomy
and depend on the viewing axis. For short-axis views,
displacements are assessed along the normal and tangential
directions to myocardial boundaries (Fig. 5). For long-axis
views, longitudinal displacements along the long axis of the

heart and radial displacements perpendicular to this axis are
computed (Fig. 6).

In short-axis views, one may also assess the LV local
rotation angle or the torsion. The latter is defined as the
rotation of the apex about the long axis relative to the base.

3.3.3. Strain and shear

The relative variations of distance between myocardial points
during the heart deformation are described by strain and
shear. Several approaches for defining these parameters are
reported in the literature, resulting in a variety of mathemat-
ical expressions with no straightforward connections:

. Considering spatial variations of the displacement magni-
tude of material points leads to definitions based on the
strain tensor, denoted by E and such that:

E : ¼ 1

2
ðruþruT þruTruÞ ð2Þ

where 5 is the gradient operator. Equation 1 yields
equivalently:

E : ¼ 1

2
ðFTF	 IdÞ ð3Þ

where F: = 5f is the deformation gradient tensor and Id
the identity.Figure 2. Fiber orientation in the LV.

Figure 1. Cardiac imaging plane definition.
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. Alternatively, one can consider relative variations of the
length of material segments.

In what follows, the various definitions for strain and shear
are summarized, and shown to be equivalent in the case of
small deformations.
3.3.3.1. Strain. The diagonal elements Eii of the strain
tensor E = (Eij) define normal strains (Fig. 7). They represent
the magnitude of stretching (Eii > 0) or shortening (Eii < 0)
along coordinate axes. More generally, a directional strain
along some unit vector v is defined as:

Qv :¼ vTEv ð4Þ

Strain reflects therefore both the direction and the spatial
variations of displacement (Fig. 8).

For 3D displacement fields, three normal strains can be
computed at each point. Measuring radial, circumferential,
and longitudinal strains is achieved by computing either the
strain tensor in the RCL coordinate system (14, 15, 25, 26),
or the directional strain Qv along a vector v pointing in
the radial, circumferential and longitudinal direction, re-
spectively (27).

An alternate approach, widely used in MS (23, 28–34),
considers relative directional variations of the length of
material segments. Analysis of deformations between end
diastole (ED) and end systole (ES) then permits the definition
of elongation along a unit vector v, denoted by ev, as:

ev :¼ kdpESk 	 kdpEDk
kdpEDk

ð5Þ

where dpED and dpES denote a material segment lying along
the vector v (i.e., dp = kdpkv) at ED and ES, respectively.b,c

Using squared distances in Eq. 4 yields another strain
measure, denoted by ev

(2)

eð2Þv :¼ kdpESk
2 	 kdpEDk

2

kdpEDk
2

ð6Þ

As shown in Appendix A, the latter verifies:

eð2Þv ¼ 2Qv ð7Þ

Combining Eqs. 4–6 yields the connection identity (35–37):

ev ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2Qv 	 1

p
ð8Þ

Figure 3. The two conventional LV coordinate systems. The RCL system includes radial (R), circumferential (C) and longitudinal (L)
directions. The RFCF system includes radial (R), fiber (F) and cross-fiber (CF) directions.

Figure 4. Directional displacement ud along the unit vector d,
derived from displacement u at point x.

cDefinition (4) is often multiplied by 100 to express elongation as a
percentage. We adopt this convention in the remaining part of this
paper.

bElongation is also defined as 	ev, which ensures consistency with
the definitions of ejection and shortening fractions. The sign
convention for strain is then reversed: shortening and lengthening
correspond to negative and positive values, respectively.
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Assuming small deformations, a first-order Taylor expansion
of Eq. 7 leads to:

ev 
 Qv ð9Þ

so that, from Eq. 6, one has:

eð2Þv 
 2ev ð10Þ

Defining strain from the strain tensor (Qv) or from variations
of material segment length (ev and ev

(2)) is therefore equivalent
for small deformations. The latter assumption is always made
in the literature.

Let us finally notice that the definitions of the (local) strain
parameters ev and ev

(2) are similar to the shortening and
ejection fraction (global) parameters. This relationship is
investigated in Appendix C.
3.3.3.2. Shear. Off-diagonal elements Eij (i 6¼ j) of the
strain tensor define shear strains (Fig. 7). They relate to
changes in angles between coordinate axes. More generally,
distortion between two unit vectors v and w can be defined as:

Qvw :¼ vTEw ð11Þ

For 3D displacement fields, three shear strains can be
computed at each point, owing to the symmetry of E.
Circumferential-radial, circumferential-longitudinal, and lon-
gitudinal-radial shears are measured by computing either the
strain tensor in the RCL coordinate system (14, 15, 26), or
the directional shears Qvw along vectors v and w pointing in
the circumferential and radial, circumferential and longitudi-
nal, and longitudinal and radial directions, respectively.

As for strain, an alternate approach to shear considers
angular variations between material segment pairs lying along
given directions. Dealing with deformations between ED and
ES then leads to defining the following shear measure,
denoted by svw:

svw :¼ dpTESdqES 	 dpTEDdqED
kdpEDk kdqEDk

ð12Þ

where (dpED, dqED) and (dpES, dqES) denote material seg-
ments pairs lying along unit vectors v (i.e., dp = kdpkv) and

w (i.e., dq = kdqkw) at ED and ES, respectively. It is shown
in Appendix B that:

svw :¼ 2Qvw ð13Þ

From Eq. 11, shear is the (relative) variation of the scalar
product dpED

T dqED. It is then possible to compute the shear
angle, denoted by avw and defined on Fig. 9. The com-
putation, carried out in Appendix D, assumes that dpED and
dqED are orthogonal. One obtains:

sin avw ¼ 2Qvw

ðev þ 1Þ þ ðew þ 1Þ ð14Þ

Where v and w are along the coordinate axes i and j, re-
spectively, one has Qvw = Eij, and, from Eq. 8, ev 
 Eii

and ew 
 Ejj. Denoting then avw as aij, one obtains the clas-
sical expression (35–37):

sin aij ¼ 2Eijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2Eii

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2Ejj

p ð15Þ

3.4.4. Eigen-elements of the strain tensor

The largest and smallest eigenvalues of the strain tensor E
define the magnitude of maximal directional stretching and
shortening, respectively. The companion eigenvectors are
the mutually orthogonal unit vectors along which extremal
deformations occur. Let v and w denote two distinct
eigenvectors, and Ev and Ew the corresponding eigenvalues.
One has:

Qv; ¼ vTEv ¼ Evv
Tv ¼ Ev ð16Þ

Qvw; ¼ vTEw ¼ Ewv
Tw ¼ 0 ð17Þ

Thus, the variation of the length of a material segment along
an eigenvector is the associated eigenvalue. Moreover, two
material segments lying along distinct eigenvectors remain
perpendicular during deformation.

Figure 6. Relevant orientations for directional displacement mea-
surement in long-axis views.

Figure 5. Relevant orientations for directional displacement mea-
surement in short-axis views. For the LV, a polar coordinate system
with origin at the LV gravity center is often used.
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3.5.5. Dynamic analysis

TS are based on sophisticated methods that assess frame-to-
frame displacements and thus allow analyzing the evolution
of deformation parameters during the cardiac cycle. In MS,
motion is most often estimated between ED and ES, yielding
static deformation parameters corresponding to systole. While
all TS report dynamic temporal deformation data, only 3/20
MS do so (cf. Table 1).

3.3. Myocardial segmentation

3.1.1. LV

LV function varies regionally and usually differs longitudi-
nally (i.e., at the base/apex), radially (i.e., at the endocardium/
epicardium) and circumferentially (i.e., on septal/anterior/
lateral/inferiord walls) (Fig. 10). Depending on the application
and on the motion estimation method, deformation parameters
can be visualized either as dense or segmental maps.

Dense mapping consists of displaying parameter values in
pseudo colors at each point within the myocardium. Seg-
mental mapping retains a single average value for each region
of a myocardial segmentation, yielding a compact and concise
description highlighting specific regional behavior. Two of
20 MS and 2/8 TS show dense parameter maps, which are
clearly not a representation mode clinicians are familiar with
today. Regarding segmental descriptions, the choice of a ref-
erence segmentation model is made difficult by the lack of
anatomical landmarks in the myocardium. The American
Heart Association (AHA) has made consensus recommenda-
tions that suggest a distribution of 35%, 35%, and 30% of the
myocardial mass for the basal, mid, and apical levels, re-

spectively (38). Slices should be circumferentially divided
into six or four equal segments depending on the slice level,
the septum being delineated by the attachment of the RV. This
differentiation is not always taken into account as shown in
Table 1.

Figure 7. Strains and shears. Left is an undeformed volume element, that undergoes elementary deformations whose direction is indicated
by the arrow.

dThe inferior wall is also termed posterior (in particular, in
echocardiography). The terminology inferior is, however, recom-
mended [From Ref. (38)].

Figure 8. Normal strain depends both on the direction and spatial
variations of displacement: displacements in a given direction can

Figure 9. Shear angle between directions v and w.
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3.2.2. RV

The inhomogeneity of the RV motion motivates a regional
study of the RV kinematics. However, there is no standard
convention for RV free wall (RVFW) segmentation. On long-
axis images, the RVFW segmentation is similar to the LV
segmentation and includes basal, mid, and apical levels. In
short-axis views, the free wall is divided in three segments in
Refs. (32, 34). In Fayad et al. (33), an anatomy-based seg-
mentation is suggested, which divides the RVFW into four
regions: RV outflow and inflow tracts, and mid-ventricular
and apical regions.

3.4. Statistical analysis

Usual choices for comparing measurement distributions
between myocardial regions or subject groups are Student’s
t-test, ANCOVA, ANOVA, and Mann-Whitney U test.

4. Quantification results and discussion

4.1. LV radial contraction

The values for radial displacemente for studies (26, 39) are
listed in Table 3. All studies agree that myocardium is
contracting radially towards the LV long axis. However,
precisely describing this contraction can lead to contradictory
conclusions. When analyzing regional function in the short-

axis plane, radial contraction is maximal in the anterior/lateral
walls (14, 23, 26) and in the inferior/lateral walls (39).
Longitudinally, basal motion seems to be larger than apical
motion (26), but it is not obvious in some studies (39, 40).
The only study with a transmural differentiation for radial
contraction concludes that endocardial contraction is larger
than epicardial contraction (40).

The SD reported by Moore et al. (39) are high
(SDmean = 1.6 mm). This may originate from the fact that
the resolution of the linear tag used in this study is poorer
along the radial direction (only two to three tags over the
myocardium) compared to the others. In Young et al. (26), SD
is smaller (SDmean = 0.9 mm). Here, a rectangular tag with
isotropic and seemingly finer resolution is used.

It is difficult to draw conclusions for radial contraction
under these conditions. Radial contraction is globally
homogeneous and the associated displacement is 5 ± 1 mm
over the whole myocardium.

Analyzing radial contraction dynamically reveals that it
increases monotonically but heterogeneously depending on
the segment and the slice level. A particular behavior for the
interventricular septum has been noticed: the septum remains
in a translated state during early diastole although inferior
wall returns faster to its telediastolic position (14, 40). This
specific motion could be caused by the RV (40).

4.2. LV rotation

All studies agree that myocardium undergoes a wringing
motion induced by a basal clockwise rotation and an
apical counterclockwise rotation, when seen from the apex
(14, 18, 39–42). Table 4 clearly shows that the angle of

Figure 10. Myocardial walls.

eIn these studies, values have been reported as mean ± SD. For the
sake of clarity, only mean values are provided in Table 3. High
values for SD are mentioned in the text.
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rotation is larger at the apex (10 ± 2.3�) than at the
base (4.4 ± 0.4�), and larger at the endocardium than at
the epicardium (18, 31, 39, 40). Whereas maximal rotation
angles are consistent at the basal level, a high variability is
observed at the apex that may originate from disparities
in apical level selection.

In the studies reporting a dynamic analysis, it has been
noticed that the base rotates counterclockwise during early
systole, reversing its motion later in systole (18, 26, 39). This
time of reversing might be altered by certain pathologies.
Maximal apical rotation occurs earlier than maximal basal
rotation (43). Again, this may result from disparities in apical
level selection.

4.3. LV longitudinal contraction

Longitudinal displacement is the most often computed zero-
order parameter, certainly because of its relationship with the
key problem of through-plane motion. Longitudinal contrac-
tion is directed towards the apex and decreases from base to
apex (18, 26, 29, 39, 44).

The values for longitudinal displacement for studies
(26, 29, 39, 44) are listed in Table 5. The homogeneity of
measurements at a given level expresses the fact that the
short-axis plane is almost uniformly translating perpendicular
to the long-axis. At all levels, the inferior wall descends more
than any other wall. Although the same qualitative con-
clusions can be drawn from all four studies (namely, largest
displacement occurring at the base, in particular within the
inferior segment), a discrepancy between the reported values
is observed (up to 4.5 mm difference at the base).

The dynamic analysis of longitudinal contraction shows
that displacement increases monotonically at basal and mid-
ventricular levels, but not at the apex, where a transient
motion towards the base has been noticed in the anterior
wall (39).

4.4. Radial strain

Radial strain is positive in all regions during systole (23, 26),
expressing therefore wall thickening. This is in accordance
with an increase of radial displacement from the epicardium

to the endocardium (Section 4.1). The values obtained in
studies (23, 26, 36, 29) are listedf in Table 6. For Young et al.
(26), radial strain is higher at the base and on the lateral wall.
For Bogaert et al. (23) and Moore et al. (39), it is higher at the
apex and on the anterior wall. This disparity echoes the
inhomogeneity of radial displacement. One can also note the
difference in the order of magnitude of the values reported in
Young et al. (26) compared to other studies. Moreover, radial
strain is higher at the endocardium than at the epicardium,
which is the case of all first-order parameters (in a lesser
extent, however, for longitudinal strain) (39).

As for radial contraction, SD is high in study (39)
(SDmean = 22.7%) compared to (26) (SDmean = 8%) and
(23) (SDmean = 1%). Notice that the latter study uses a sparse
radial tagging pattern and computes radial strain from
variations of wall thickness using the elongation formula.

4.5. Circumferential strain

Circumferential strain is the most frequently computed strain
parameter. Table 7 shows that it is greater at the apex than at the
base for all segments. This observation is corroborated by
Ref. (23). Circumferential strain in anterior and lateral walls is
higher than in inferior wall, as also noticed in Ref. (45). The
largest inter-study dispersion occurs on the septum. Notice,
however, that the SD of septal measurements reported in each
study is not significantly higher than for the other segments.

In the early works (28, 46), the material segments used
for computing circumferential elongation consist of pairs of
tags oriented perpendicularly to the endocardium, which
proves to be not equivalent to the above-mentioned strain
definitions. This explains the difference with the other studies,
as well as the higher SD due to the inhomogeneity of
tag resolution.

Table 3. Maximal radial displacements (mm) reported in studies (26) (n = 12) and (39) (n = 31)

Septum Anterior Lateral Inferior Mean ± SD

Base (26) 5.8 6.5 5.5 5.8 5.4 ± 1.0
(39) 3.2 5.8 6.0 4.9

Mid (26) 6.1 6.3 5.8 5.7 5.1 ± 1.2
(39) 3.0 3.7 5.2 5.2

Apex (26) 4.8 4.4 4.8 4.6 4.4 ± 1.0
(39) 3.9 2.4 4.2 6.3

Mean ± SD 4.5 ± 1.3 4.8 ± 1.6 5.2 ± 0.7 5.4 ± 0.6

Positive values indicate inward (i.e., toward the centroid) motion.

fIn studies (26, 39), measurements are provided for the four
segments at the three levels. Since the data in study (23) are only
available at each level and on each segment, as presented in Table 6,
the values reported in Refs. (26, 39) have been averaged to allow for
comparison at the same locations. The same approach has been used
for longitudinal strain, shown in Table 9.
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Table 4. Maximal rotation angles reported in studies (26) (n = 12), (18), (40) (n = 15), (42, 43) (n = 12)

Base Mid Apex

Epicardial Endocardial Epicardial Endocardial Epicardial Endocardial

(26) 	 4.2� 5.75� 13�
(18) 	 4.8� 	 5� – – 8.5� 11�
(40) 	 4� 	 4� 5� 5� 9� 12�
(42, 43) 	 4.36� – 6.8�
Mean ± SD 	 4.4 ± 0.4� 	 5.2 ± 0.4� 10.0 ± 2.3�

Positive values indicate counterclockwise rotation.

Table 5. Maximal longitudinal displacements (mm) reported in studies (26) (n = 12), (39) (n = 31), (29) (n = 6) and (44) (n = 19)

Septum Anterior Lateral Inferior Mean ± SD

Base (26) 11.9 11.3 12.8 14.2 11.2 ± 2.2
(39) 8.1 7.1 8.8 10.6
(29) 10.8 10.2 9.2 12.3
(44) 10.0 12.8 13.3 15.2

Mid (26) 7.1 5.6 6.8 8.3 6.9 ± 1.0
(39) 5.7 5.1 6.7 7.4
(29) 7.2 7.0 7.9 8.3
(44) 5.3 6.8 7.1 8.7

Apex (26) 1.6 0.8 2.0 2.7 2.6 ± 1.3
(39) 3.5 2.3 4.9 4.8
(29) 2.4 2.4 3.6 3.8
(44) 1.0 1.7 0.8 3.0

Mean ± SD 6.2 ± 3.6 6 ± 3.9 6.9 ± 3.8 8.3 ± 4.2

Positive values indicate base-to-apex motion.

Table 6. Maximal radial strain (%) reported in studies (26) (n = 12), (39) (n = 31), (23) (n = 87) and (36) (n = 10)

Septum Anterior Lateral Inferior Base Mid Apex

(26) 7 11 18.6 12 21 17.7 6.5
(39) 41 53.6 46.3 38.3 45 41.7 47.7
(23) 38.9 46.6 35.8 32.8 35 40.8 42
(36) 30 31 32 28 34 29 28
Mean ± SD 29.2 ± 15.6 35.5 ± 18.9 33.2 ± 11.4 27.7 ± 11.3 33.7 ± 9.8 32.3 ± 11.3 31 ± 18

Table 7. Maximal circumferential strain (%) reported in studies (46) (n = 10), (28) (n = 10), (26) (n = 12), (39) (n = 31) and (36) (n = 10)

Septum Anterior Lateral Inferior Mean ± SD

Base (46) 	 32 	 22 	 32 	 23 	 21.0 ± 4.2
(28) 	 23 	 19 	 21 	 20
(26) 	 19 	 20 	 21 	 18
(39) 	 17 	 20 	 21 	 16
(36) 	 18.5 	 22 	 21 	 16

Mid (46) 	 34 	 25.5 	 27.5 	 31.5 	 22.5 ± 4.5
(28) 	 23.5 	 23 	 21 	 21
(26) 	 20 	 22 	 21 	 19
(39) 	 16 	 23 	 22 	 16
(36) 	 20.5 	 23 	 24 	 18

Apex (46) 	 35 	 31 	 33 	 37 	 25.3 ± 5.1
(28) 	 27 	 21 	 26 	 22
(26) 	 20 	 23 	 22 	 22
(39) 	 18 	 24 	 24 	 23
(36) 	 24 	 27 	 26 	 21

Mean ± SD 	 23.1 ± 6.2 	 23.0 ± 3 	 24.1 ± 4 	 21.6 ± 5.8
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Table 8. Transmural variations of maximal circumferential strain (%) reported in studies (46) (n = 10), (28) (n = 10),
(39) (n = 31) and (23) (n = 87)

Epicardium Mid-ventricle Endocardium D

(46) 	 22 	 30 	 44 22
(28) 	 17.2 	 22 	 27.2 10
(39) 	 14 	 20 	 26 12
(23) 	 15 n/a 	 38 23
Mean ± SD 	 17 ± 3.6 	 24 ± 5.3 	 33.8 ± 8.7

D is the absolute difference between epicardium and endocardium values.

Table 10. Maximal fiber and cross-fiber strains (%) reported in studies (24) (n = 10) and (23) (n = 87)

Fiber Cross-fiber

Epicardial Endocardial Epicardial Endocardial

(24) 	 14 	 16 	 8 	 26
(23) 	 18 	 23.8 	 11.6 	 37.3

Table 9. Maximal longitudinal strain (%) reported in studies (26) (n = 12), (39) (n = 31), (23) (n = 87), (28) (n = 10) and (36) (n = 10)

Septum Anterior Lateral Inferior Base Mid Apex

(28) 	 14.5 	 14 	 15.5
(26) 	 16 	 16.6 	 17.6 	 17.6 	 16.7 	 15.5 	 18.7
(39) 	 15.6 	 16.3 	 16 	 16 	 15 	 14.75 	 19
(23) 	 17.2 	 14.6 	 17.6 	 19.6 	 17.7 	 16.4 	 18.4
(36) 	 15.5 	 16 	 17.5 17 	 17 	 16 	 18
Mean ± SD 	 16 ± 0.8 	 15.9 ± 0.9 	 17.2 ± 0.8 	 17.5 ± 1.5 	 16.2 ± 1.4 	 15.3 ± 1 	 17.9 ± 1.4

Table 11. Maximal shear strains (%) reported in studies (26) (n = 12) and (23) (n = 87)

Septum Anterior Lateral Inferior Base Mid Apex

Ecl Ecr Elr Ecl Ecr Elr Ecl Ecr Elr Ecl Ecr Elr Ecl Ecr Elr Ecl Ecr Elr Ecl Ecr Elr

(26) 3.3 2 0.3 3 1.3 –1 2.6 2.3 1.6 3.3 0.6 0 3.2 –4 1.7 3.5 2.5 0.9 2.5 1.7 1.5
(23) 11.3 –2.9 12.6 10.7 –4 3.1 8.4 0.4 9.3 8.2 0.4 17.2 10.6 10.7 8.1 9.6 –3.8 12.2 9 –13.9 11.7

Table 12. Largest eigenvalue E1 reported in studies (26) (n = 12) and (39) (n = 31)

Septum Anterior Lateral Inferior Mean ± SD

Base (26) 23 20 26 22 34.5 ± 13
(39) 46 43 53 43

Mid (26) 18 22 22 15 31.6 ± 14.3
(39) 45 54 40 37

Apex (26) 10 8 12 5 30 ± 24.2
(39) 42 69 51 43

Mean ± SD 30.6 ± 15.6 36 ± 23.2 34 ± 16.6 27.5 ± 15.9
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At last, circumferential shortening at the endocardium is
greater than at the epicardium (23, 28, 39, 46), as shown in
Table 8.

4.6. Longitudinal strain

Longitudinal strain, shown in Table 9, is negative during
systole, therefore indicating shortening.

Contrary to longitudinal displacement, longitudinal short-
ening increases from base to apex. As underlined in Ref. (47),
this indicates that the base undergoes mostly translation and is
pulled down by the mid and apical sections of the ventricle.
Whereas longitudinal displacement exhibits a strong variabil-
ity between base and apex, longitudinal strain appears to be
much more homogeneous.

4.7. Fiber and cross-fiber strains

Involving more anatomical knowledge and the use of autopsy
results, fiber and cross-fiber strains have been computed in
only two MS (Table 10). Fiber and cross-fiber directions
show shortening, thus producing extensive thickening in the
orthogonal direction (i.e., the radial direction), assuming
isovolumic contraction. Because fibers in the midwall are
circumferentially oriented, there may be a correlation between
fiber shortening values [15% (24) or 21% (23)] and cir-
cumferential strain values (23% in average). Contrary to fiber
shortening, which exhibits minor transmural variations, cross-
fiber strain shows large variations (3.2 times higher for both
studies) from the epicardium to the endocardium.

4.8. Shear strains

Shear strains are reported in only two studies (23, 26).
Circumferential-longitudinal shear, denoted by Ecl, is induced
by the LV torsion and the increase of longitudinal dis-
placement from apex to base. As shown in Table 11, it is

positive in all regions during systole, the order of magnitude
varying considerably according to studies. Circumferential-
radial shear, denoted by Ecr, is generated by the increase of
rotation magnitude and the radial contraction about the central
axis from epicardial to endocardial layers. As expected, it has
opposite signs at the apex and the base. However, the studies
do not agree on the sign. Longitudinal-radial shear, denoted
by Elr, shows no correlation between the two studies.
Differences are likely to originate from the shear computation
methods, based on the strain tensor in Ref. (26) and on a
formula similar to elongation in Ref. (23).

4.9. Eigenvalues and eigenvectors of the strain tensor

The largest eigenvalue E1 and smallest eigenvalue E3

of the strain tensor E for studies (26, 39) are listed in
Table 12 and Table 13, respectively. They correspond to
normal strains along the principal stretching and shortening
directions, respectively.

For both studies, E1 varies similarly to Err. The associated
eigenvector is radial, underlining the fact that the largest
thickening occurs in the radial direction. The values for
E1 reported in Ref. (39) exhibit a large variability [SDmean =
23% in Ref. (39) vs. SDmean = 7.7% in Ref. (26)], echoing
similar behaviors for the radial displacement and radial strain
noticed in previous sections.

The values for E3 are much more homogenous. The
associated principal direction lies in the circumferential-lon-
gitudinal plane and is aligned with the direction of subepi-
cardial fibers (26, 39) (Table 14). The largest shorteningmainly
occurs on the anterior wall and increases from base to apex.

4.10. RV contraction

Few studies have dealt with the RVFW behavior. Contraction
in the RVFW is predominantly longitudinal (32, 34, 47, 48)
and, to a lesser extent, radial. RVFW motion originates not
only from LV motion but also from the RV itself. As noticed

Table 13. Smallest eigenvalue E3 reported in studies (26) (n = 12) and (39) (n = 31)

Septum Anterior Lateral Inferior Mean ± SD

Base (26) 	 22 	 23 	 25 	 25 	 22.8 ± 1.6
(39) 	 20 	 23 	 23 	 22

Mid (26) 	 23 	 25 	 24 	 23 	 23.5 ± 1.6
(39) 	 21 	 26 	 24 	 22

Apex (26) 	 25 	 26 	 25 	 27 	 26 ± 1.3
(39) 	 24 	 28 	 27 	 26

Mean ± SD 	 22.5 ± 1.9 	 25.1 ± 1.9 	 24.9 ± 1.4 	 24.2 ± 2.1

Table 14. Angle of the eigenvector associated to eigenvalue E3 with
respect to circumferential direction, reported in Refs. (26) (n = 12)
and (39) (n = 31)

Mean ± SD Max. Min.

(26) 	 27.0 ± 8.1� 	 17� 	 47�
(39) 	 28.5 ± 10.7� 	 20� 	 30�

Table 15. RVFW shortening in the short-axis section reported in
studies (34) (n = 16) and (33) (n = 10)

Reference Base Mid Apex

(34) 	 14.3 	 12.8 	 16.5
(33) 	 17.3 	 19 	 22.4
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in Ref. (47), it is difficult to identify a single axis about which
to calculate contraction and rotation. Consequently, quantifi-
cation is performed on a particular section and not along a
particular direction. Strain, computed via the elongation
formula, is the only deformation parameter that has been
studied in the literature.

Shortening in the short-axis and longitudinal sections is
shown in Table 15 and Table 16, respectively. As expected,
longitudinal shortening is greater than short-axis shortening.
For both parameters, shortening is in general greater at the
apex and at the base than at the mid level.

5. Conclusions

MS and TS provide complementary approaches to measure
myocardial strain using tagged MRI. The results reported
for the normal human heart show common trends but
also disparities.

5.1. Results for the normal human heart

Radial contraction is rather homogeneous over the LV and
produces an inward displacement of 5 ± 1 mm. It is the
greatest thickening experienced by the tissue. LV twisting is
induced by a 	 4.4 ± 0.4� clockwise rotation at the base and
a 10 ± 2.3� counterclockwise rotation at the apex. An initial
counterclockwise rotation of the base has been noticed in
early systole. Circumferential strain has an average value of
	 23 ± 4.9% and is greater at the endocardium than at the
epicardium, at the apex than at the base, and on anterior and
lateral walls. Longitudinal contraction involves 1) a displace-
ment that increases from base (11.2 ± 2.2 mm) through mid
level (6.9 ± 1.0 mm) to apex (2.6 ± 1.3 mm), and is slightly
larger in the inferior wall; and 2) a quite uniform strain,
indicating that the base is pulled down by the apical region.
Subepicardial fiber direction (	27.7 ± 1�) is the greatest
shortening direction.

Regarding the RV, shortening is larger in the long-axis
(26.9 ± 5.4%) than in the short-axis (17 ± 3.4%) incidence.
For the two incidences, shortening magnitudes are generally
higher at the apex and at the base.

5.2. Disparities in quantification results

Disparities for qualitative observations concern the myocar-
dium behavior along the radial direction: results diverge
regarding the location of the greatest radial displacement
(apex vs. base, inferior vs. anterior wall).

Regarding quantitative results, disparities can have multiple
origins: population inhomogeneity, variations of the locations
of slice level, use of different motion estimation and
quantification methods, etc. Determining the influence of
these factors on measurements requires consideration of
deformation parameters globally rather than individually.
The two most complete studies [i.e., Refs. (26) and (39)]
highlight different results for radial displacement, longitudinal
contraction, and radial strain, whereas converging for
circumferential and longitudinal strains. Regarding radial
parameters, low tag resolution, which has been noticed to
induce high measurement variability for study (39), could also
be the cause of inter-study disparities. Moreover, Table 5
suggests that slice levels are more distant in Ref. (26) than in
Ref. (39). This may explain the differences for longitudinal
contraction. If this hypothesis is confirmed, it is not surprising
that circumferential and longitudinal strains are not affected,
given that first-order parameters are insensitive to global
translational motion.

5.3. Perspectives

In the future, complying with the recently issued AHA
recommendations (38), in particular for selecting slice levels,
could provide an objective basis for comparing myocardial
strain measurements from tagged MRI as well as from
different imaging modalities. In addition, some information,
such as population characteristics and tag spacing, should be
mandatorily reported.

The present review could serve as a comparison tool for
future studies, would they deal with the healthy heart or with
specific pathologies. The perspectives of this work concerns
1) incorporating quantification results from phase contrast
MRI and other imaging strain modalities (strain-rate imag-
ing), and 2) constructing and validating quantitative func-
tional models for the healthy heart as well as for designated
classes of pathologies.

Appendix

A. Relating strain definitions

Consider a small material segment with end points (x1, x2) at
ED, and (x1’, x2’) at ES. From Eq. 1, one has:

dpES ¼ x02 	 x01

¼ f ðx2Þ 	 fðx1Þ


 rf ½x2 	 x1� ¼ F dpED

The segment length at ES is then:

kdpESk
2 ¼ dpTESdpES

¼ dpTEDF
TF dpED

Table 16. RVFW shortening in the longitudinal section reported in
studies (32) (n = 9) and (33) (n = 10)

Reference Base Mid Apex

(32) 	 34.7 	 22.6 	 31.3
(33) 	 27.6 	 20.5 	 24.7
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Since dpED = kdpEDkv, it follows:

kdpESk
2 	 kdpEDk

2 ¼ dpTEDðFTF	 IdÞdpED

¼ 2kdpEDk
2
vTEv

¼ 2kdpEDk
2
Qv

Using definition (5), we conclude:

eð2Þv ¼ kdpESk
2 	 kdpEDk

2

kdpEDk
2

¼ 2Qv

B. Relating shear definitions

Similarly, one has:

dpES ¼ F dpED

dq ES ¼ F dqED

Computing the scalar product between dpES and dqES
yields:

dpTESdqES ¼ ðF dpEDÞ
T
F dqED

¼ dpTEDF
TF dqED

¼ dpTEDð2Eþ IdÞdqED

¼ 2dpTEDE dqED þ dpTEDdqED

Since dpED = kdpEDkv and dqED = kdqEDkw, it follows:

dpTESdqES 	 dpTEDdqED ¼ 2dpTEDE dqED

¼ 2kdpEDk kdqEDkvTEw

¼ 2kdpEDk kdqEDkQvw

We conclude:

svw ¼ dpTESdqES 	 dpTEDdqED
kdpEDk kdqEDk

¼ 2Qvw

C. Ejection and shortening fractions

The shortening fraction (SF) is defined as:

SF :¼ DED 	 DES

DED

where DED and DES denote the diameter of the LV cavity at
ED and ES, respectively. This expression appears to be
similar to the definition (9) for elongation ev, assuming v
originates radially from the LV cavity center.

The ejection fraction (EF) is defined as:

EF :¼ VED 	 VES

VED

where VED and VES stand for the volume of the LV cavity at
end ED and ES, respectively. Using the Teicholz formula (49)
for approximating volumes by the square of diameters yields:

EF 
 D2
ED 	 D2

ES

D2
ED

revealing a similarly with the strain measure ev
(2) for v defined

as before.
Assuming small deformations, the relationship (9) there-

fore implies:

EF 
 2SF

This approximately holds for normal subjects for which
SF = 30 ± 5% and EF = 67 ± 10% (50, 51).

D. Shear angle

For orthogonal material segments dpED and dqED, Eq. 13
reduces to:

dpTESdqES
kdpEDk kdqEDk

¼ 2Qvw

Since dpES
T dqES = kdpESk kdqESk cos(p 	 avw), it follows:

cosðp	 avwÞ ¼ 2Qvw

kdpESk kdqESk
kdpEDk kdqEDk

Using Eq. 4, one obtains finally:

sin avw ¼ 2Qvw

ðev þ 1Þðew þ 1Þ
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