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Purpose: To investigate right ventricular (RV) strain in patientswithout identified cardiac pathology using cardiac
magnetic resonance tissue tracking (CMR TT).
Methods: A total of 50 consecutive patients with no identified cardiac pathology were analyzed. RV longitudinal
and circumferential strain was assessed by CMR TT. The age rangewas 4–81 years with amedian of 32 years (in-
terquartile range, 15 to 56 years).
Results: Analysis time per patient was b5 min. The peak longitudinal strain (Ell) was−22.11 ± 3.51%. The peak
circumferential strains (Ecc) for global, basal, mid-cavity and apical segments were as follows:−11.69 ± 2.25%,
−11.00± 2.45%,−11.17± 3.36%,−12.90± 3.34%. There were significant gender differences in peak Ecc at the
base (P=0.04) and the mid-cavity (P=0.03) with greater deformation in females than inmales. On Bland-Alt-
man analysis, peak Ell (mean bias, 0.22 ± 1.67; 95% CI −3.05 to 3.49) and mid-cavity Ecc (mean bias, 0.036 ±
1.75; 95% CI,−3.39 to 3.47) had the best intra-observer agreement and inter-observer agreement, respectively.
Conclusions: RV longitudinal and circumferential strains can be quickly assessed with good intra-observer and
inter-observer variability using TT.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Recent research demonstrates that for evaluating prognosis in left
ventricle (LV) dysfunction, echo derived myocardial strain value can
be used as a highly sensitive marker as opposed to the LV ejection frac-
tion (EF), since a reduction in the strain often precedes a decline in EF of
patients with LV dysfunction [1,2]. Since right ventricular (RV) function
is increasingly recognized for its prognostic role in awide variety of car-
diovascular and pulmonary conditions, a lot of effort has been focused
on investigating echo derived RV strain, especially longitudinal RV
strain [3,4]. However, quantitatively evaluating RV function using echo-
cardiography is limited by the complex RV geometry, dense myocardial
nnati, OH 45219, USA.
trabeculations, retrosternal position of the ventricle, and complex mo-
tion [5,6].MR imaging can overcome some limitations of echocardiogra-
phy such as the ability to reproducibly visualize the entire RV. In
assessing the RV regional deformation, myocardial tagging is initially
applied. However, the laborious post-processing needed to extract and
track the tag lines remains the main drawback of basic tagging tech-
niques [2]. CMR-derivedmyocardial feature tracking (FT) is a technique
comparable to echocardiography speckle tracking, deriving quantitative
deformation parameters from routinely available steady state free pre-
cession (SSFP) cine sequences [7], has a relatively short processing
time but onlymeasures endocardial strain, with separate analysis need-
ed for epicardial strain [8]. On the other hand, CMR-derived myocardial
tissue tracking (TT) uses both endocardial and epicardial borders to de-
termine themyocardial deformablemodel, then the software construct-
ed a 3D deformable myocardial model based on the tracing, assuming
the myocardium is nearly incompressible [9].
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Standard steady-state free-precession (SSFP) images are routinely
acquired for cardiac functional analysis and it is ideal to obtain strain
measurement from such images, since it does not require additional im-
aging sequences. In order tomeasure RV strain and strain from SSFP im-
ages and overcome the issues with the existing methods such as
relatively long acquisition time and laborious post-processing proce-
dure, we used cardiacmagnetic resonance CMR tissue tracking (TT), be-
cause this technique can be efficiently implemented in a clinical
workflow without extending examination time. The aim of this study
was to derive the normal values of RV strain in patients without identi-
fied cardiac pathology using CMR TT method.

2. Materials and methods

2.1. Patient population

A total of 50 consecutive patients with no identified cardiac pathol-
ogy were retrospectively analyzed. Patients were scanned at The Christ
Hospital, Cincinnati Children's Hospital Medical Center in Cincinnati,
and Connecticut Children's Medical Center between 2012 and 2015.
Only patients with preserved biventricular function (defined as RVEF
N50%, left ventricular ejection fraction (LVEF) N52% for men and N54%
for women) were included in the analysis. Patients with known condi-
tions affecting RV function such as severe chronic obstructive pulmo-
nary disease (COPD), sleep apnea, morbid obesity, known or
suspected pulmonary hypertension, known or suspected shunts were
excluded from the study. Patients with significant valvular heart disease
identified by echocardiography were excluded as well. This study was
approved by the Institutional Review Board.

2.2. CMR acquisition

Standard CMR acquisition was performed as reported previously
[10]. Briefly, imaging was performed on a 1.5 Tesla scanner (Magnetom
Avanto, Siemens, Erlangen, Germany), using a phased-array cardiac coil.
A horizontal long-axis image and a short-axis RV stack from the atrio-
ventricular ring to the RV apex were acquired using an SSFP pulse se-
quence (repetition time of 3.2 ms; echo time of 1.7 ms; flip angle of
60°; sequential 7 mm slices with a 3 mm interslice gap). There were
25 phases per cardiac cycle resulting in a mean temporal resolution of
40 ms.

2.3. Tissue tracking

The RVmyocardial deformation was quantified using a prototype of
RV specific CVI42 Tissue Tracking software (Circle Cardiovascular Imag-
ing, Calgary, Canada). First, an experienced operator traced theRV endo-
cardial and epicardial borders at the end diastolic (ED) phase in both
short-axis and long-axis cine images. The software then constructed a
3D deformable myocardial model based on the tracing, assuming the
myocardium is nearly incompressible [9]. In each of the subsequent
frames the displacements of the myocardial tissues, including the bor-
ders, were automatically determined using a gradient-based optical
flowmethod with an incompressible model constraint. The propagated
myocardial tissue across the cardiac cycle was verified by the operator
to ensure the accuracy of the propagation. Strain values (along the lon-
gitudinal, circumferential, and radial directions) for each tissue point as
well as the global strain values for the short-axis and long-axis views
were automatically derived by the software. The right ventricle was di-
vided into basal, mid-cavity, and apical position to derive regional de-
formation parameters.

2.4. Strain analysis

The horizontal long axis was used for calculation of longitudinal
strain, while the short axis at the base, mid and apex of the right
ventricle was used to calculate circumferential strain (Fig. 1). The inter-
ventricular septumwas not included in the strain calculation. Endocar-
dial and epicardial contours were drawn in the cardiac phase with the
most distinctmyocardiumboundaries; RV trabeculationswere carefully
excluded. The software automatically propagated contours throughout
all phases. Longitudinal (Ell) and circumferential strains (Ecc)were com-
puted as shown in Fig. 1.

2.5. Reproducibility

Inter-observer variability was assessed in 20 patients using MRI im-
ages analyzed by two investigators (K.S. and V.T.). The same images
were analyzed by each operator, who saved the results independently
of the other, to provide a blinded assessment. The intra-observer vari-
ability was assessed by investigator 1 (K.S.) in 20 patients at two time
points 7–10 days apart.

2.6. Statistical analysis

Continuous variables are expressed as mean ± standard deviation
(SD) for normal distributions and median + interquartile range for
non-normal distributions. Statistical analysis was performed using the
SPSS 22 software program. Normality was tested using the Shapiro–
Wilk test. Independent sample t-tests were used to compare inter-gen-
der differences. To test for significant differences between RV strain
measurements in four patient groups (underweight, normal weight,
overweight, obese), analysis of variance (ANOVA) testing was per-
formed. Spearman's Rho correlation test was performed to evaluate
the relationships among longitudinal strain and age, and circumferen-
tial strain and age. Pearson's correlation coefficient (r) was used to
test the association between body mass index (BMI) and strain. Agree-
ment was tested by calculating mean bias and 95% limits of agreement
(confidence intervals) from the Bland–Altman analysis, and inter-class
correlation coefficient (ICC). A P value of b0.05 was considered statisti-
cally significant.

3. Results

3.1. Patients

This was a retrospective study of 50 consecutive patients without
identified cardiac pathology with ages ranging from 4 to 81 years. The
median age of patients was 32 years (interquartile range, 15 to
56 years). Therewere 22menwith amedian age of 32 years (interquar-
tile range, 13 to 58 years) and 28 womenwith a median age of 32 years
(interquartile range, 19 to 52.5 years) (P = 0.577). The mean values of
RVEF and LVEF were 55 ± 5%; 60 ± 5%, respectively. The LV global lon-
gitudinal strain and circumferential strain were −18.15 ± 2.28%;
−18.83 ± 2.44% (Table 1).

The average RV longitudinal strain for all 50 patients was−22.11±
3.51%. The global RV circumferential strainwas−11.69±2.25%. The RV
circumferential strains for the basal,mid-cavity, and apical regionswere
−11.00 ± 2.45%; −11.17 ± 3.36% and −12.90 ± 3.34%, respectively
(Table 2). The circumferential strain was higher in the apex than at
the base or mid-cavity (P b 0.01 for both) but there was no significant
difference between circumferential strain at the base versus the mid-
cavity (P = 0.687).

3.2. Gender and strain

The peak longitudinal strain (−21.22 vs. −22.80, P = 0.11), peak
circumferential strain at the apex (−13.36 vs. −12.54, P = 0,39), and
global circumferential strain (−11.19 vs.−12.09, P= 0.15) were sim-
ilar among males and females. However, there was significant gender
difference in peak circumferential strain at the base (−10.20 vs. −
11.63, P = 0.04) and peak circumferential strain at the mid-cavity



Fig. 1.CMR tissue-tracking. (A) Longitudinal strain in the four chamber view. (B), (C), (D) Circumferential strain at base,mid-cavity and apex respectively in the short axis view. All images
shown are in systole. The yellow color on the images shows the tracking of the ventricle. The graphs to the right of each image show the strain value for each of the 25 phases. The peak
value was recorded.
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(−10.0 vs.−12.09, P=0,03) with greater deformation in females than
males (Fig. 2).

3.3. Age and strain

There was a correlation between peak circumferential strain at the
base and age (Spearman's = −0.427, P = 0.002). There were no
Table 1
Subject characteristics.

Demographics Value Male Female

Study population N = 50 N = 22 (44%) N = 28 (46%)
Median age (IQR) – yr 32 (15–56) 32 (13–58) 32 (19–52.5)
BMI (kg/m2) 27.77 ± 7.88 26.65 ± 7.88 28.6 ± 7.92
RVEF (%) 55 ± 5 56 ± 5 55 ± 4
LVEF (%) 60 ± 5 60 ± 6 60 ± 5
LV global longitudinal strain (%) −18.15

± 2.28
−17.39
± 2.20

−18.75
± 2.21

LV global circumferential strain
(%)

−18.83
± 2.44

−18.46
± 1.85

−19.11
± 2.82

Continuous variables are expressed as mean ± standard deviation with normal distribu-
tion and median and interquartile range with non-normal distribution.
IQR, interquartile range; BMI, body mass index; LVEF, left ventricular ejection fraction;
RVEF, right ventricular ejection fraction; LV, left ventricular.
association between longitudinal strain and age (Spearman's = 0.045,
P=0.75), global circumferential strain and age (Spearman's=−0.271,
P = 0.06), peak circumferential strain at the mid-cavity and age
(Spearman's = −0.089, P = 0.54), and peak circumferential strain at
the apex and age (Spearman's = −0.146, P = 0.31) (Fig. 3). There
was significant difference in peak circumferential strain at the base
(−9.65 vs.−11.70, P=0.004), but not in longitudinal strain, mid-cav-
ity and apex in age subgroup analysis (Table 3).

3.4. BMI and strain

The mean BMI value was 27.77 ± 7.88 kg/m2. There was no associ-
ation between BMI and longitudinal strain (r = 0.167, P = 0.26), BMI
and global circumferential strain (r = −0.001, P = 0.99), BMI and
basal circumferential strain (r=−0.087, P=0.56), BMI andmid-cavity
circumferential strain (r=0.022, P=0.88) or BMI and apex circumfer-
ential strain (r = 0.041, P = 0.79). There was no significant difference
about RV strain between the four patient groups: underweight, normal
weight, overweight, obese (P N 0.05 for each).

3.5. Reproducibility

Table 2 shows both intra- and inter-observer variability. On Bland-
Altman analysis, global peak longitudinal strain (mean bias, 0.22 ±



Table 2
Right ventricular strain.

RV strain Male Female

Longitudinal strain (%) −22.11 ± 3.51
(−21.11 to −23.10)

−21.22 ± 3.4
(−19.71 to −22.73)

−22.8 ± 3.5
(−21.45 to −24.16)

Circumferential strain (%)
Global −11.69 ± 2.25

(−11.05 to −12.33)
−11.19 ± 1.89
(−10.35 to −12.02)

−12.09 ± 2.45
(−11.14 to −13.04)

Basal −11.00 ± 2.45
(−10.30 to −11.69)

−10.2 ± 1.88
(−9.34 to −11.03)

−11.63 ± 2.69
(−10.59 to −12.68)

Mid-cavity −11.17 ± 3.36
(−10.22 to −12.13)

−10.00 ± 2.87
(−8.73 to −11.27)

−12.09 ± 3.48
(−10.75 to −13.44)

Apex −12.90 ± 3.34
(−11.95 to −13.85)

−13.36 ± 3.57
(−11.78 to −14.94)

−12.54 ± 3.17
(−11.32 to −13.77)

Continuous variables are expressed as mean ± standard deviation.
RV, right ventricular.
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1.67; 95% CI −3.05 to 3.49) and mid-cavity circumferential strain
(mean bias, 0.036± 1.75; 95% CI,−3.39 to 3.47) had the best intra-ob-
server agreement and inter-observer agreement, respectively. The cir-
cumferential strain at the base and apex had the lowest intra-
(0.73 ± 2.21, 95% CI −3.60 to 5.06) and inter- (0.42 ± 1.86, 95% CI
−3.23 to 4.07) observer agreement. All parameters had an ICC of ≥0.8
(Table 4).
Fig. 2. Box-and-whisker plot for comparison of RV strain in females and ma
4. Discussion

Transthoracic echocardiography (TTE) derived RV longitudinal
strain is assessed reliably from the apical four chamber view, whereas
circumferential strain is difficult because it is hampered by a low signal
to noise ratio. In contrast,MRI provides highly reproducible information
on RV myocardial motion not only in the longitudinal but also in the
les. Females had greater deformation at the base and mid-cavity levels.



Fig. 3. Relationship between age andmyocardial strain. Rs represents Spearman's rank correlation coefficient. There was a correlation between peak circumferential strain at the base and
age.

Table 3
Right ventricular strain in age subgroup analysis.

Strain

Age

≤18 N18 P

Study population (%) 17 (34%) 33 (66%)
Longitudinal strain (%) −22.21 ± 3.36 −22.05 ± 3.63 0.88
Circumferential strain (%)

Global −10.74 ± 2.17 −12.18 ± 2.15 0.03
Basal −9.65 ± 1.92 −11.70 ± 2.43 0.004
Mid-cavity −10.47 ± 3.33 −11.53 ± 3.37 0.29
Apex −12.09 ± 3.41 −13.32 ± 3.28 0.22

Continuous variables are expressed as mean ± standard deviation.
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circumferential direction [5]. Tissue Doppler data showed that RV con-
traction is primarily in the longitudinal direction [11]. However, in con-
ditions leading to RV pressure or volume overload such as pulmonary
hypertension, tetralogy of Fallot, or Systemic RV, the contractile pattern
changes from longitudinal to circumferential shortening [12–14]. As
such, it is paramount to define the normal RV strain values derived by
CMR TT.

TaggedMRI is the current standard for the assessment of myocardial
deformation. There are alternative techniques for measuring RV strain
such as the percent segmental shortening (PSS) method [15] and finite
element modeling [16]. However, all techniques, including myocardial
tagging, are very challenging because of a very thin free wall, presence
of heavy trabeculations, and resultant laborious post-processing [17].
While, CMR feature tracking is based on the features at the myocardial



Table 4
Intra-observer and inter-observer variability.

Variable (strain) Variability Mean bias ± SD Limits of agreement P ICC (95% CI)

Longitudinal Intra-observer 0.22 ± 1.67 −3.05 to 3.49 0.57 0.87 (0.71–0.95)
Inter-observer 0.72 ± 1.74 −2.69 to 4.13 0.08 0.85 (0.66–0.94)

Circumferential
Basal Intra-observer 0.73 ± 2.21 −3.60 to 5.06 0.15 0.82 (0.60–0.92)

Inter-observer −0.45 ± 1.78 −3.94 to 3.04 0.27 0.84 (0.64–0.93)
Mid-cavity Intra-observer 0.29 ± 1.88 −3.39 to 3.97 0.51 0.88 (0.72–0.95)

Inter-observer 0.036 ± 1.75 −3.39 to 3.47 0.93 0.91 (0.78–0.96)
Apex Intra-observer 0.28 ± 1.88 −3.40 to 3.96 0.51 0.83 (0.62–0.93)

Inter-observer 0.42 ± 1.86 −3.23 to 4.07 0.32 0.83 (0.63–0.93)
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boundary voxels and allows trackingwith only endocardial or epicardial
border defined [10]. However, tracking based on the boundary may be
subject to errors due to the image noise and the complex anatomical
structure along the boundary. In some previous studies using typical
feature tracking software, manual corrections were needed for
correcting inaccurate tracking results,which could potentially introduce
inconsistency into the study [18].

CMR TT requires both endocardial and epicardial borders to deter-
mine themyocardial deformablemodel and it utilizes the nearly incom-
pressible nature of the myocardium during cardiac deformation as an
important factor for the tracking equation [9]. This additional factor pro-
vides information about the myocardium that is not part of the output
from the typical feature tracking software. CMR TT allows the tracking
to be performed based on the myocardium itself so that its result is
not limited to only the features on the boundary voxels andmore insen-
sitive to noise. More importantly, typical feature tracking technique for
RV strain assessment utilizes a LV tracking program, hence the septal
values are included in the analysis, which requires cumbersomemanual
editing. The CMR TT softwarewe used in this study provides a dedicated
RV strain analysis tool which speeds up our study workflow and also
yields more objective results. RV TT method computes the strain with
gradient optical flow algorithmwhich can be very sensitive to morpho-
logic changes affecting RV endocardial or epicardial borders. In our pa-
tient population endocardial border correction was required in 20% of
patient population likely as result of motion discontinuity. Newer tech-
niques such as variational myocardial tracking (also performed on cine
MRI ) is a promising new strain algorithm designing to properly handle
motion discontinuities [19,20].

CMR TT has emerged as a promising method for assessing RV myo-
cardial function. The findings of this study provided normal reference
values for RV myocardial strain using CMR TT, derived from 50 patients
with no identified cardiac pathology. Kempny et al. [21] showed that the
values of FT derived RV longitudinal strain and circumferential strain in
the short axis view at the level of the papillary muscles in 25 healthy
subjects were −24.1 ± 4.0 and −10.6 ± 3.1%, which was concordant
with our result. Heermann et al. [22], using FT technique, reported
values of RV longitudinal strain and circumferential strain at basal, me-
dial and apical levels in 10healthy volunteers as−19.3±6,−9.2±3.6,
−8±2.8, and−12.5±4.5 respectively. These values are slightly lower
than our study. In addition, our results contrasted with those of Youssef
et al. who reported mean values for peak circumferential strain of the
basal, mid, and apical regions of the RV free wall using strain-encoding
MRI as −20.4 ± 2.9%, −18.8 ± 3.9%, and −16.5 ± 5.7%, respectively
[23]. On the other hand, Ermacora et al. conducted a study in 219
healthy volunteers and reported speckle tracking echocardiography
(STE) derived RV longitudinal strain values of −29 ± 4% for the RV
free wall and −24 ± 3% for global [3]. Preliminary results in patients
with history of anthracycline exposure [24], suggest ability of RV TT
software to detect subtle systolic dysfunction when RVEF is still pre-
served, however robust clinical studies are needed to evaluate this
method in wide spectrum of RV pathology affecting not only global
but also regional RV function such as ARVC or ischemic heart disease.
This study demonstrated that circumferential strain values were
highest at the RV apex. This is consistent with previous echocardio-
graphic data, which found the segmental strain to be significantly
higher in the apical segment compared to the basal segment [25,26].
Our findings showed that circumferential strain magnitude at the base
and mid-cavity was greater in females, with no gender differences
noted in apical circumferential and longitudinal strain magnitude.
Ermacora et al. found RV longitudinal strain was higher in women
than men (−26 ± 3% vs. −24 ± 3% for global strain and −32 ± 5%
vs.−29.2± 4.3% for free wall, P b 0.0001 for both) [3]. Moreover, no re-
lationship between age and RV longitudinal strain was found. This is in
agreement with the observations of previous investigators using speck-
le tracking echocardiography [3,26].

This study has some limitations: we did not perform direct com-
parisons with other techniques such as FT. No comparison was per-
formed with myocardial tagging, SENC or DENSE as those
sequences were not available at the time of examination. Our patient
population included individuals referred for cardiac MRI rather than
healthy volunteers, however we carefully excluded patients with
any identified cardiac pathology. In addition, to exclude any possibil-
ity of subclinical LV dysfunction we calculated LV global longitudinal
and circumferential strain which were in normal range, similar to
that reported by Taylor et al. [8]. Strain measurements are more sen-
sitive to subtle abnormalities of ventricular function than global
measures. Despite our attempts to exclude patients with any pathol-
ogy, which could have affected RV function, some of our subject clas-
sified as “normal” on the basis of a lack of global functional measures,
may harbor subtle strain abnormalities. This may be reflected by the
wide range of values seen in the scatter plots (Fig. 3). Furthermore,
given a small number of patients ≥60–65 year old, our results cannot
be extrapolated into elderly population as Kawel-Boehm reported
significant differences in LV and RV size and function between
younger and older adults [27]. Lastly, the youngest patient in our
population (4 year old) required sedation at the time of CMR
examination—we cannot exclude the possibility that this may have
possibly affected RV strain.

In conclusion, our data provides evidence that the RV strain can be
measured using CMR TT with good intra- and inter-observer reliability,
and that it is consistent with the results of other studies [21,28]. In addi-
tion, the RV strain obtained by using CMR TT with automated software,
specifically designed for RV evaluation for strain analysis makes the
analysis process time-efficient and practical. Future studies are needed
to establish utility of CMR TT in the patients with various RV
pathologies.
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