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Abstract: We derived reference values of left-ventricular (LV) and right-ventricular (RV) strain
parameters in a cohort of 100 healthy subjects by feature tracking cardiac magnetic resonance (FT-
CMR). Global and regional strain values were calculated for the LV; circumferential and radialSAX

strain parameters were derived from the short-axis (SAX) stack, while longitudinal and radialLAX

strain parameters were assessed in three long-axis (LAX) views. Only global longitudinal strain (GLS)
was calculated for the RV. Peak global LV circumferential strain was −16.7% ± 2.1%, LV radialSAX

strain was 26.4% ± 5.1%, LV radialLAX strain was 31.1% ± 5.2%, LV GLS was −17.7% ± 1.9%, and
RV GLS was −23.9% ± 4.1%. Women presented higher global LV and RV strain values than men; all
strain values presented a weak relationship with body surface area, while there was no association
with age or heart rate. A significant association was detected between all LV global strain measures
and LV ejection fraction, while RV GLS was correlated to RV end-diastolic volume. The intra- and
inter-operator reproducibility was good for all global strain measures. In the regional analysis,
circumferential and radial strain values resulted higher at the apical level, while longitudinal strain
values were higher at the basal level. The assessment of cardiac deformation by FT-CMR is feasible
and reproducible and gender-specific reference values should be used.

Keywords: magnetic resonance imaging; strain; cine; tissue tracking; systolic function; myocardial
deformation

1. Introduction

The assessment of myocardial deformation is of utmost importance for the early di-
agnosis, staging, and follow-up of almost all cardiovascular diseases. In addition to the
established role of left-ventricular (LV) and right-ventricular (RV) ejection fraction as a
global index of systolic function, myocardial strain has emerged as a more sensitive parame-
ter to assess biventricular function [1]. Transthoracic echocardiography represents the most
widespread imaging tool for the assessment of biventricular systolic and diastolic function
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of both ventricles, including tissue Doppler imaging and deformation imaging (strain and
strain rate) [2], but cardiac magnetic resonance (CMR), with its inherently high spatial
resolution, superior signal-to-noise ratio, and multi-parametric and tomographic nature,
represents an attractive imaging modality that is uniquely able to provide morphology,
function, perfusion, viability, and tissue characterization all in a single examination [3].
Several CMR sequences have been specifically developed to assess myocardial deformation,
including tissue-tagging CMR, tissue phase mapping, fast cine displacement encoding
with stimulated echoes (DENSE), and fast strain encoding (fast-SENC), but their use is
limited by prolonged acquisition time and restricted availability [1,4]. Currently, analy-
sis of standard cine imaging represents the most convenient option to assess myocardial
strain without the need of acquiring extra sequences. Indeed, modern cine sequences use
breath-hold, electrocardiographic-gated, segmented steady-state free precession (SSFP) to
produce images with high reproducibility, excellent myocardium-to-blood contrast and
high spatial/temporal resolution. Feature tracking analysis detects anatomical features of
interest in the LV subendocardium and subepicardium on routinely acquired SSFP cine
images and follows them along the cardiac cycle, similarly to echocardiographic speckle
tracking [5].

While most of the deformation imaging techniques are based on the similar principles
of detecting and tracking specific patterns within an image, there are intra- and inter-
imaging modality inconsistencies limiting the wide clinical applicability of strain [6,7].
In particular, normative data on cardiac deformation by feature tracking CMR are of
utmost importance to detect early diseases and should be validated from large cohorts of
healthy subjects.

The aim of this study was to derive reference values of LV and RV strain parame-
ters from a large cohort of healthy volunteers from cine CMR imaging. Moreover, we
investigated the association of biventricular strain measures with anthropometric data and
biventricular function parameters.

2. Materials and Methods
2.1. Subjects’ Recruitment

We prospectively enrolled healthy volunteers from May 2018 to March 2020 among
the hospital staff and their relatives and through word of mouth. Inclusion criteria were
as follows: normal electrocardiogram (performed immediately before the CMR scan), no
history of cardiac diseases or symptoms, no cardiovascular risk factors (diabetes, hyper-
tension, dyslipidemia, overweight/obesity, smoking, family history), no known systemic
diseases, and no absolute contraindications to CMR. To rule out cardiovascular risk factors
and diseases, a lifestyle questionnaire was used to gather data on the individual’s present
health condition, medical history, medication history, and smoking habits. Additionally,
the most recent blood test was scrutinized as part of the assessment process.

The enrolment process followed a stratified approach to ensure the presence of 10 par-
ticipants for both genders in each age decile: 20–30 years, 30–40 years, 40–50 years,
50–60 years, and 60–70 years. If a volunteer was excluded after the CMR scan due to
pathological findings, another individual of the same gender and age group was recruited
in their place to maintain the intended population of 100 volunteers.

The study complied with the Declaration of Helsinki and was approved by the Institu-
tional Ethics Committee of Area Vasta Nord Ovest (protocol number 17781, year 2018). All
subjects gave written informed consent to the protocol.

2.2. CMR Protocol

All CMR exams were performed on a 1.5 T scanner (Signa Artist; GE Healthcare,
Milwaukee, MI, USA). A 30-element cardiac phased-array receiver surface coil with breath-
holding in end-expiration and ECG triggering was used.

Initially, scout images were acquired to localize the long and short axis of the heart.
SSFP cine images were acquired during 8-s breath holds in the vertical and horizontal
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long axis (LAX) planes, with subsequent contiguous 8-mm short axis slices (SAX) from
the atrio-ventricular plane to the apex. The most apical slice included was the first slice
showing no blood pool at end-diastole. The most basal slice included was that which
showed a remaining part of the thick myocardium and was below the aortic valve. Typical
sequence parameters were as follows: repetition time 3.67 ms, echo time of 1.63 ms, flip
angle 45◦, and matrix size 192 × 192 pixels. There were 30 phases per cardiac cycle.

2.3. Image Analysis

Imaging analysis was performed using cvi42 software, version 5.13.7 (Circle Cardio-
vascular Imaging Inc., Calgary, AB, Canada).

Feature-tracking analysis was performed by a single operator (R.C.) (Figure 1). For
LV strain assessment, short-axis and long-axis cine images were used. LV endocardial
and epicardial borders were manually traced on the end-diastolic and and-systolic frames
excluding trabeculae, papillary muscles, pericardium, and epicardial fat. For each subject,
the end-diastolic and end-systolic phases had to be identical in all SAX and LAX acquisi-
tions. The contours were then automatically propagated (tracked) through the cardiac cycle
by matching individual patterns representing anatomical structures. Strain values were
calculated by analyzing the relative displacement of the features with respect to the initially
defined borders. Tracking quality was checked visually and, if necessary, borders were
manually adjusted. For the LV, three-directional myocardial strains were derived: global
longitudinal (GLS), radial (GRS), and circumferential (GCS). Global strain was automati-
cally calculated as the average of peak segmental strain of the entire LV. Circumferential and
radialSAX strain parameters were derived from the short-axis stack while longitudinal and
radialLAX strain parameters were assessed in three LAX views. Due to the high longitudinal
displacement of the RV free wall, for the RV, only the GLS was measured, by defining the
endocardial and epicardial contours in the four-chamber LAX view; neither RV GRS nor
RV GCS were calculated, because of the inherently high through-plane motion of the RV in
the SAX views.

Segmental peak strains were also derived for the LV, in accordance with the standard-
ized American Heart Association 17-segment model, with omission of the apex (segment
17) [8]. For SAX strain analysis, basal, mid-ventricular, and apical slices were selected. The
basal slice was that still showing a complete circumference of myocardium throughout the
entire cardiac cycle while the apical slice was that still showing LV cavity at systole. In
each slice, the anterior insertion of the right ventricle was manually defined and used to
define the segments (six in basal and mid-ventricular slices and four in apical slice). For
further statistical analysis, segments were grouped according to level (basal: segments 1–6;
mid-ventricular: segments 7–12; apical: segments 12–16).

The quantification of biventricular function parameters from SSFP cine images was
performed by expert cardiologists (A.B., G.T., C.G., >15 years of experience in CMR)
and was based on the manual recognition of the endocardial and epicardial LV contours
in end-diastolic and end-systolic phases in each slice [9]. The papillary muscles were
delineated and were considered myocardial mass rather than part of the blood pool. End-
diastolic volume (EDV) and end-systolic volume (ESV) were identified, respectively, by
the global maximum and minimum LV cavity volume, without the need for a geometric
assumption of the ventricle shape. The ejection fraction (EF) was given by the ratio between
the stroke volume (difference between EDV and ESV) and the EDV. The LV mass was
obtained by multiplying the volume of the myocardium by its specific weight (1.05 g/cm3).
Biventricular volumes and LV mass were indexed to the body surface area (BSA), derived
using the variation of the Dubois and Dubois formula [10].
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Figure 1. Strain analysis, showing a short axis (A), two-chamber (B), three-chamber (C), and four-
chamber (D,E) view with left-ventricular radial strain (A), longitudinal strain (B–D), and right-
ventricular longitudinal strain (E) overlay. Please note that the contours were drawn in diastole and
systole, and then automatedly propagated and checked throughout all other cardiac phases; papillary
muscles and trabeculae were excluded to track the same myocardial structures during the cardiac
cycle. GCS (F) and GRSSAX (G) were calculated from the short-axis cine stack, while GLS (H) and
GRSLAX (I) were calculated from the long axis views. Right-ventricular GLS (J) was calculated from
the four-chamber cine view.

2.4. Statistical Analysis

All data were analyzed using SPSS version 27.0 (IBM Corp., Armonk, NY, USA) and
MedCalc® version 19.8 (MedCalc Software, Ostend, Belgium) statistical packages.

The normality of distribution of the parameters was assessed by using the Kolmogorov–
Smirnov test or the Shapiro–Wilk test for a sample size ≤ 50. Continuous variables were
described as the mean ± standard deviation (SD), and categorical variables were described
as frequencies and percentages.

The comparison between two groups was made using the independent-samples
t-test for continuous values with normal distribution while the Wilcoxon rank sum test
was applied for continuous values with a non-normal distribution. The χ2 testing was
performed for non-continuous variables.

Correlation analysis was performed using Pearson’s test or Spearman’s test where
appropriate.

Univariate and stepwise multivariate regression analyses were performed to identify
determinants of strain measures. Multivariate backward regression was performed using
only variables with p < 0.10 in univariate regression analyses. To assess the collinearity of
variables in the multivariate model, the variance inflation factor (VIF) and tolerance statistic
were utilized. A VIF > 5 and/or a tolerance statistic < 0.20 were considered indicative of
inflated collinearity.

On the basis of the distribution (normal or not), the lower and upper limits of normal
for strain values were calculated on original or log-transformed data as the mean ± 2 SD.

One-way repeated-measures ANOVA or the Friedman test were used to evaluate if there
was a significant difference among strain measurements in different segments and slices. The
Bonferroni adjustment was applied to account for multiple pairwise comparisons.
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A two-tailed p < 0.05 was considered statistically significant.

2.5. Reproducibility Analysis

Data related to 50 subjects were randomly extracted from the entire dataset and were
blindly re-analyzed by the same operator after at least 3 weeks to evaluate the intra-observer
agreement and by a different operator (A.B.) to evaluate the inter-observer agreement.

The coefficient of variation (CoV) was obtained as the ratio of the SD of the half mean
square of the differences between the repeated values, to the general mean. A CoV < 10%
was considered good. The intraclass correlation coefficient (ICC) was obtained from a
two-way random effects model with measures of absolute agreement. An ICC ≥ 0.75 was
considered excellent, between 0.40 and 0.75 was considered good, and <0.40 was considered
unsatisfactory. The agreement between the measurements was determined using the Bland–
Altman technique, plotting the difference versus the average of the variables. Bias was the
mean of the difference between two datasets and agreement was the mean ±1.96 SDs.

3. Results
3.1. Study Population

The 100 subjects composing the final study population were all of Caucasian ethnicity.
As per inclusion criteria, all volunteers had a normal CMR scan (normal biventricular
volumes and ejection fractions, absence of crypts, normal wall motion, and no signs of
inflammation or fatty infiltration). Physiological and CMR characteristics of participants
are listed in Table 1. Age was comparable between males and females, but males ex-
hibited higher BSA and biventricular volumes and LV mass indexed by BSA, and lower
biventricular ejection fractions.

Table 1. Physiological and CMR characteristics of healthy volunteers.

All (N = 100) Males (N = 50) Females (N = 50) p-Value

Age(years) 44.7 ± 14.2 44.6 ± 14.4 44.7 ± 14.1 0.89

Caucasian race, N (%) 100 (100) 50 (100) 50 (100) -

Body surface area (m2) 1.8 ± 0.2 1.9 ± 0.2 1.7 ± 1.5 <0.001

Heart Rate (bpm) 65.6 ± 10.0 64.0 ± 11.8 67.1 ± 7.7 0.13

LV end-diastolic volume index (mL/m2) 74.8 ± 12.7 79.5 ± 12.4 70.1 ± 11.3 <0.001

LV end-systolic volume index (mL/m2) 27.5 ± 7.3 30.5 ± 7.1 24.5 ± 6.3 <0.001

LV stroke volume index (mL/m2) 47.4 ± 8.4 49.1 ± 8.1 45.7 ± 8.6 0.027

LV mass index (g/m2) 54.9 ± 12.5 60.3 ± 9.9 49.5 ± 12.6 <0.001

LV ejection fraction (%) 63.5 ± 6.1 61.8 ± 5.4 65.1 ± 6.4 0.012

RV end-diastolic volume index (mL/m2) 74.0 ± 14.3 80.6 ± 13.4 67.4 ± 11.9 <0.001

RV end-systolic volume index (mL/m2) 28.9 ± 8.3 32.7 ± 7.5 25.1 ± 7.4 <0.001

RV stroke volume index (mL/m2) 45.4 ± 8.7 47.9 ± 8.7 42.8 ± 8.0 0.003

RV ejection fraction (%) 61.8 ± 5.5 59.9 ± 4.9 63.5 ± 5.5 0.001

LV GCS (%) −16.7 ± 2.1 −16.0 ± 1.9 −17.4 ± 2.1 0.001

LV GRSSAX (%) 26.4 ± 5.1 24.8 ± 4.5 27.9 ± 5.2 0.001

LV GRSLAX (%) 31.1 ± 5.2 28.9 ± 4.4 33.3 ± 5.1 <0.001

LV GLS (%) −17.7 ± 1.9 −16.9 ± 1.7 −18.5 ± 1.7 <0.001

RV GLS (%) −23.9 ± 4.1 −23.0 ± 3.6 −24.7 ± 4.3 0.036

Continuous variables are expressed as the mean ± standard deviation and categorical variables are expressed as
frequencies (%). The p-values refer to the comparison between males and females and are considered statistically
significant when below 0.05. N = number; LV = left ventricular; RV = right ventricular; GCS = global circumferential
strain; GRS= global radial strain; SAX = short axis; LAX = long axis; GLS = global longitudinal strain.
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3.2. Physiological Correlates of Global Strain Measures

Peak global strains are shown in Table 1.
LV GRS derived from SAX cines was significantly lower than LV GRS derived from

LAX cines (p < 0.001), and their correlation was moderate (R = 0.56; p < 0.001).
LV GCS showed a very strong significant correlation with LV GRSSAX (R = −0.99;

p < 0.001) and only a moderate correlation with LV GRSLAX (R = −0.54; p < 0.001) and LV
GLS (R = 0.55; p < 0.001). A very strong association between LV GLS and GRSLAX was
detected (R = −0.96; p < 0.001). RV GLS exhibited a significant but weak correlation with
LV GCS (R = 0.23; p = 0.020), LV GRSSAX (R = −0.21; p = 0.032), LV GRSLAX (R = −0.36;
p < 0.001), and LV GLS (R = 0.383; p < 0.001).

There was a significant sex difference in all global LV strain values, as well as in the
RV GLS, with a greater deformation among females (Table 1).

The association of strain measures with physiological parameters is summarized in
Table 2. All global LV strains were independent from age and heart rate (HR) but were
influenced by BSA. RV GLS was not associated with age, HR, or BSA.

Table 2. Association of global strain parameters with physiological and CMR parameters.

Age BSA HR LV EDVI LV Mass
Index LV EF RV EDVI RV EF

LV GCS (%) R = −0.06;
p = 0.53

R = 0.21;
p = 0.040

R = −0.09;
p = 0.383

R = 0.24;
p = 0.015

R = 0.16;
p = 0.11

R = −0.73;
p < 0.001

R = 0.12;
p = 0.25

R = −0.50;
p < 0.001

LV GRSSAX (%) R = 0.06;
p = 0.57

R = −0.28;
p = 0.005

R = 0.07;
p = 0.499

R = −0.25;
p = 0.014

R = −0.18;
p = 0.09

R = 0.72;
p < 0.001

R = −0.15;
p = 0.14

R = 0.49;
p < 0.001

LV GRSLAX (%) R = −0.18;
p = 0.07

R = −0.35;
p < 0.001

R = −0.05;
p = 0.617

R = −0.08;
p = 0.43

R = −0.14;
p = 0.18

R = 0.35;
p < 0.001

R = −0.01;
p = 0.89

R = −0.16;
p = 0.12

LV GLS (%) R = 0.19;
p = 0.06

R = 0.34;
p < 0.001

R = 0.06;
p = 0.569

R = 0.12;
p = 0.26

R = 0.12;
p = 0.24

R = −0.37;
p < 0.001

R = 0.01;
p = 0.98

R = −0.12;
p = 0.26

RV GLS (%) R = −0.09;
p = 0.37

R = 0.11;
p = 0.27

R = −0.13;
p = 0.202

R = 0.23;
p = 0.022

R = −0.13;
p = 0.21

R = 0.14;
p = 0.18

R = 0.22;
p = 0.032

R = −0.11;
p = 0.27

Pearson’s or Spearman’s correlation coefficient (R) and significance level (p-value) are presented. Data in bold indi-
cate statistically significant associations (p < 0.05). BSA = body surface area; HR = heart rate; LV = left ventricular;
EDVI = end-diastolic volume index; EF = ejection fraction; RV = right ventricular; GCS = global circumferential
strain; GRS= global radial strain; SAX = short axis; LAX = long axis; GLS = global longitudinal strain.

For each type of global strain (dependent variable), the following potential indepen-
dent variables were tested in univariate regression models: gender, age, BSA, and HR.
According to the stepwise multivariate regression analysis, gender emerged as the only
significant predictor of all strain measures (Table 3). No variable was excluded from the
multivariable models due to excessive collinearity.

3.3. Correlation between Strain and Other Measures of Systolic Function

Table 2 shows the association of strain measures with biventricular functional parame-
ters. Both LV GCS and LV GRSSAX were related with LV end-diastolic volume index (EDVI),
while no global LV strain parameter was related to LV mass index. A significant association
was detected between all LV global strain measures and the LV EF. The global LV strain
measures derived from SAX analysis exhibited a significant association with the RV EF. RV
GLS was significantly associated with biventricular EDVI but was not correlated with LV
or RV EF.

3.4. Reproducibility Results

Table 4 shows the intra-observer and inter-observer reproducibility data for global
strain measures. Among global LV strain parameters, GLS was that with the best intra- and
inter-operator reproducibility in Bland–Altman analyses. The ICC was excellent and the
CoV was <10% for all global strain measures.
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Table 3. Linear regression analyses of strain measures.

Dependent
Variable

Independent
Predictors

Univariate Analysis Multivariate Analysis

Beta Coefficient
(95% CI) p-Value Beta Coefficient

(95% CI) p-Value

LV GCS (%)

Sex (M = 1; F = 2) −1.4 (−2.2; −0.57) 0.001 −1.4 (−2.2; −0.57) 0.001
Age −0.01 (−0.03; 0.02) 0.52
BSA 1.9 (0.09; 3.9) 0.040
HR −0.02 (−0.06; 0.02) 0.38

LV GRSSAX (%)

Sex (M = 1; F = 2) 3.2 (1.3; 5.2) 0.001 3.2 (1.3; 5.2) 0.001
Age 0.02 (−0.05; 0.09) 0.54
BSA −4.7 (−9.3; −0.19) 0.042
HR 0.04 (−0.06; 0.14) 0.41

LV GRSLAX (%)

Sex (M = 1; F = 2) 4.4 (2.5; 6.3) <0.001 4.4 (2.5; 6.3) <0.001
Age −0.05 (−0.12; 0.02) 0.16
BSA −7.9 (−12.2; −3.7) <0.001
HR −0.03 (−0.13; 0.08) 0.62

LV GLS (%)

Sex (M = 1; F = 2) −1.5 (−2.2; −0.82) <0.001 −1.5 (−2.2; −0.82) <0.001
Age 0.03 (−0.00; 0.05) 0.06
BSA 2.8 (1.2; 4.3) 0.001
HR 0.01 (−0.03; 0.05) 0.57

RV GLS (%)

Sex (M = 1; F = 2) −1.7 (−3.3; −0.11) 0.036 −1.7 (−3.3; −0.11) 0.036
Age −0.03 (−0.08; 0.03) 0.37
BSA 2.6 (−1.0; 6.2) 0.16
HR −0.05 (−0.13; 0.03) 0.23

Only those variables with a p < 0.10 in the univariate regression analyses are included in the multivariate backward
stepwise regression analysis. A p-values < 0.05 is considered statistically significant. CI = confidence intervals;
LV = left ventricular; GCS = global circumferential strain; GRS = global radial strain; SAX = short axis; LAX = long
axis; GLS = global longitudinal strain; RV = right ventricular; M = male; F = female; BSA = body surface area;
HR = heart rate.

Table 4. Intra- and inter-observer reproducibility of global strain measures.

Measure

INTRA-OPERATOR INTRA-OPERATOR

Bland–Altman
Analysis CoV (%)

ICC
[95% CI]

Bland–Altman
Analysis CoV (%)

ICC
[95% CI]Bias (%) Limits (%) Bias (%) Limits (%)

LV GCS (%) −0.94 −2.1 to
0.18; 4.4 0.95

[0.63; 0.99] −0.28 −1.5 to 0.91 2.8 0.98
[0.96; 0.99]

LV GRSSAX (%) 1.9 −2.6 to 6.5 7.3 0.95
[0.69; 0.99] 0.78 −2.6 to 4.2 4.9 0.97

[0.94; 0.99]

LV GRSLAX (%) 1.8 −3.6 to 7.3 5.5 0.83
[0.40; 0.95] −0.09 −4.9 to 4.7 5.7 0.93

[0.87; 0.96]

LV GLS (%) −0.65 −2.6 to 1.3 3.9 0.85
[0.46; 0.95] 0.09 −1.7 to 1.9 3.7 0.93

[0.88; 0.97]

RV GLS (%) −0.04 −3.8 to 3.7 5.2 0.88
[0.64; 0.96] 1.2 −3.7 to 6.1 7.7 0.83

[0.61; 0.92]

CoV = coefficient of variation; ICC = intraclass correlation coefficient; CI = confidence interval; LV = left ventricular;
GCS = global circumferential strain; GRS = global radial strain; SAX = short axis; LAX = long axis; GLS = global
longitudinal strain; RV = right ventricular.

3.5. Reference Ranges for Global Strain Values

Lower and upper limits of normal for all global LV strain measures and for the RV
strain are shown in Table 5. The distribution was normal for all global strain measures,
with the exclusion of the LV GRSSAX which was therefore log-transformed. Due to the
gender dependence, gender-specific reference values were developed.
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Table 5. Gender-specific reference ranges for global strain values.

Males Females

LV GCS(%) −12.3 to −19.8 −13.2 to −21.6

LV GRSSAX(%) 17.3 to 34.1 17.5 to 38.4

LV GRSLAX(%) 20.1 to 37.7 23.2 to 43.4

LV GLS(%) −13.7 to −20.3 −14.9 to −21.9

RV GLS(%) −15.8 to −32.5 −16.1 to −33.4
LV = left ventricular; GCS = global circumferential strain; GRS = global radial strain; SAX = short axis; LAX = long
axis; GLS = global longitudinal strain; RV = right ventricular.

3.6. Segmental Strain Values

A total of 1600 segments (16 segments × 100 healthy subjects) were evaluated for cir-
cumferential, radial, and longitudinal strain. Of the segments acquired in short-axis views,
1584 (99.0%) were assessable. Of the segments obtained in long-axis views, 1525 (95.3%)
were interpretable. Figure 2 summarizes the LV segmental strain values.

There were significant regional differences in circumferential strain measures (p < 0.0001),
with the lowest mean value in the mid-ventricular inferior segment (−14.6% ± 2.9%) and the
highest in the apical inferior segment (−21.2% ± 3.5%). Significantly larger circumferential
strain values were observed at the apical level compared to both basal (−19.1% ± 3.1% vs.
−17.7% ± 2.2%; p < 0.001) and mid-ventricular level (−19.1% ± 3.1% vs. −15.6% ± 2.0%;
p < 0.001), and at the mid-ventricular level compared to the basal level (−17.7% ± 2.2% vs.
−15.6% ± 2.0%; p < 0.001) (Figure 3A).

There were significant regional differences in radialSAX strain measures (p < 0.0001),
with the lowest mean value in the mid-ventricular inferior segment (21.7% ± 6.7%) and
the highest in the apical inferior segment (39.9% ± 11.6%). Significantly larger radial
strain values were observed at the apical level compared to both basal (33.9% ± 8.8%
vs. 29.3% ± 5.8%; p < 0.001) and mid-ventricular level (33.9% ± 8.8% vs. 23.8% ± 4.7%;
p < 0.001), and at the basal level compared to the mid-ventricular level (29.3% ± 5.8%
vs. 23.8% ± 4.7%; p < 0.001) (Figure 3B). Regional values of radialLAX strain were also
calculated, but they were not included in the final analysis because they displayed very
dispersed values with little correlation with radialSAX strain, likely related to the imper-
fect alignment of the two-chamber, three-chamber, and four-chamber views in tracking
segmental deformation values.

There were significant regional differences in longitudinal strain measures (p < 0.0001),
with the lowest mean value in the apical lateral segment (−10.2% ± 6.9%) and the highest
in the basal inferior segment (−28.4% ± 3.4%). Mean longitudinal strain was signifi-
cantly higher at the basal level compared to both the mid-ventricular (−22.6% ± 3.0%
vs. −13.9% ± 3.9%; p < 0.001) and the apical level (−22.6% ± 3.0% vs. −13.8% ± 3.3%;
p < 0.001), while no difference was detected between the longitudinal strain at the mid-
ventricular and apical levels (p = 0.87) (Figure 3C).
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The bars in the boxes represent the standard deviation. The significant differences (p < 0.05) between
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4. Discussion

This article derived reference values of LV GCS, LV GRSSAX, LV GRSLAX, LV GLS,
and RV GLS. Women presented higher global LV and RV strain values than men; all strain
values presented a weak relationship with body surface area, while there was no association
with age or heart rate. A significant association was detected between all LV global strain
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measures and LV ejection fraction, while RV GLS was correlated to RV end-diastolic volume.
The ICC was excellent and the CoV was <10% for all global strain measures, with LV GLS
showing the best intra- and inter-operator reproducibility. Regional values were also
calculated for the LV, with circumferential and radial strain values resulting higher at the
apical level, while longitudinal strain values were higher at the basal level.

Our results are in agreement with previous results, even though the reference values
found from different studies do not completely overlap (Table 6). Of note, our article is the
only one to calculate radial strain from both long-axis and short-axis planes, while, in almost
all previous studies, horizontal long-axis cines were tracked to derive longitudinal strain,
while short-axis cines were used to derive circumferential and radial strain. Moreover, the
gender differences in myocardial strain are in agreement with previous studies [11–13],
while the relationship between age and strain values has shown conflicting results. In
particular, differently from our results, several previous studies reported an age-related
increase in LV GCS [11–13], LV GRS [12–14], and all RV strains [13]. On the other hand, in
children, all global LV strains showed a significant parabolic relation to age and an even
stronger one to BSA, but no gender differences [15]. In a recent meta-analysis including 44
studies with a total of 3359 healthy subjects, the pooled means of LV-GLS and RV-GLS were
very close to our findings, while LV-GRS and LV-GCS were slightly higher. In the same
meta-analysis, magnetic field strength and feature tracking vendor emerged as significant
confounders contributing to heterogeneity of global strain values, whereas sex, age, and
MR vendor had no effect [16].

Table 6. Reference strain values from CMR studies.

Study Year Sample Size (N) LV GCS (%) LV GRS (%) LV GLS (%) RV GLS (%)

Augustine et al. [17] 2013 145 −21 ± 3 25 ± 6 −19 ± 3 n.a.

Taylor et al. [11] 2015 100 −26.1 ± 3.8 39.8 ± 8.3 −21.3 ± 4.8 n.a.

Andre et al. [14] 2015 150 −21.3 ± 3.3 36.3 ± 8.7 −21.6 ± 3.2 n.a.

Troung et al. [18] 2017 50 n.a. n.a. n.a −22.11 ± 3.51

Liu et al. [19] 2018 100 −20.9 ± 3.6 46.6 ± 15.4 −19.8 ± 2.9 n.a.

Peng et al. [20] 2018 150 −24.3 ± 3.1 79 ± 19.4 −22.4 ± 2.9 −29.3 ± 6.0

Vo et al. [21] 2018 659 (metanalysis
from 18 studies) −23.0 −34.1 −20.1 −21.8

Weise Valdés et al. [12] 2021 181 −19.2 ± 2.1 34.2 ± 6.1 −16.9 ± 1.8 n.a.

Li et al. [13] 2022 566 −19.6 ± 2.1 34.5 ± 6.3 −16.6 ± 2.1 −21.2 ± 5.0

Yantg et al. [16] 2023 3359 (metanalysis
from 44 studies) −21.4% 43.7% −18.4% −24.0%

Barison et al. 2023 100 −16.7 ± 2.1 26.4 ± 5.1 −17.7 ± 1.9 −23.9 ± 4.1

Strain values are expressed as the mean or as the mean ± standard deviation. N = number; LV = left ventricular;
GCS = global circumferential strain; GRS= global radial strain; GLS = global longitudinal strain; RV = right
ventricular; n.a. = not assessed.

Overall, our analysis focused on the most commonly used strain parameters, i.e.,
GCS, GRS, and GLS for the LV and GLS for the RV. Previous studies have demonstrated
the prognostic role of these global strain values, particularly of LV GLS, across almost all
cardiovascular diseases [22–29]. Currently, feature tracking CMR has become a feasible and
clinically useful tool for myocardial strain calculation of all cardiac chambers in ischemic
and nonischemic heart diseases [30].

On the other hand, LV segmental wall motion analysis is important for clinical decision
making in cardiac diseases, but the finding that segmental deformation assessment with
feature tracking is far less reliable than global strain estimation is in line with previous
results [31,32]. Segmental strain values presented a much higher variability than global
values; thus, the derivation of segmental reference range still needs further larger studies



Diagnostics 2023, 13, 2912 12 of 14

before it can be used in clinical practice. Feature tracking results are highly dependent on
reader experience and on accurate detection of epicardial and endocardial contours [33];
even when particular care is taken to endocardial and epicardial contouring throughout the
cardiac cycle, this inherent limitation might explain the inadequate accuracy of segmental
analysis. In our analysis, both end-diastolic and end-systolic contours were manually
drawn, to minimize inaccuracies of automated contour propagation that may overestimate
inward motion of the endocardial contour when the blood spaces between the trabeculae
close during systole. Moreover, manual correction of automated contouring between
end-systole and end-diastole was limited to correct gross errors, in line with previous
studies, in order to minimize interobserver variability. A significant improvement in strain
measurement may come from 3D feature tracking CMR; even though its reference values
are slightly different (i.e., consistently lower) compared to 2D measures, 3D strain analysis
displays an improved reproducibility, particularly for radial strain, which is perhaps most
sensitive to through plane feature loss [19].

Limitations

Several limitations should be acknowledged in our study.
First, only biventricular systolic strain was analyzed, while other parameters (systolic

strain rate, early and late diastolic strain rate) and other cardiac chambers (left and right
atrium) were not considered in this analysis. On the other hand, the lower temporal
resolution of CMR compared with echocardiography raises concerns over the theoretical
accuracy of any CMR-based deformation algorithm in assessing systolic and diastolic strain
rates; in particular, strain rate values have been found to correlate with the number of
cardiac phases per cardiac cycle [12].

Second, despite extra care being taken to track the endocardial and epicardial contours
throughout the cardiac cycle, we found a limited reproducibility of regional strain analysis,
in line with previous studies [31,32], making it impossible to derive normative strain values
on a segmental basis. In particular, radialLAX strain presented very dispersed segmental
values with little correlation with radialSAX strain, likely related to the imperfect alignment
of the two-chamber, three-chamber, and four-chamber views in tracking segmental defor-
mation values; again, this is in line with the previous literature, which calculated radial
strain from short axis only.

A third limitation is that, for the RV, only GLS was measured, while GCS, GRS, and
regional values were not measured.

Lastly, all subjects involved in this study were Caucasian, limiting generalizability to
other races.

5. Conclusions

The assessment of cardiac deformation by CMR with a post-process feature tracking
analysis of common cine SSFP images is feasible and reproducible. Several different gender-
specific reference global values were derived for the LV and RV, while regional values
resulted quite interspersed with limited reproducibility.

Further larger analyses are needed for the assessment of normative values of biven-
tricular strain rate, of atrial strain and strain rate, and of segmental biventricular values.

Author Contributions: Conceptualization, A.B. and A.M.; methodology, A.B. and A.M.; formal anal-
ysis, A.B., R.C. and A.M.; investigation, A.P. (Alessandro Palmieri), P.P.T., G.T., C.G., I.A.G., C.D.G.,
A.C., A.P. (Alessia Pepe), G.D.A. and V.P.; data curation, L.P.; writing—original draft preparation,
A.B. and A.M.; writing—review and editing, R.C., A.P. (Alessandro Palmieri), P.P.T., G.T., C.G., I.A.G.,
C.D.G., A.C., L.P., A.P. (Alessia Pepe), G.D.A., V.P., M.E. and F.C.; supervision, M.E. and F.C. All
authors read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Ethics Committee of Pisa.



Diagnostics 2023, 13, 2912 13 of 14

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data underlying this article cannot be shared publicly due to
privacy reasons. The data will be shared on reasonable request to the corresponding author.

Acknowledgments: The authors thank all subjects for their cooperation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Scatteia, A.; Baritussio, A.; Bucciarelli-Ducci, C. Strain imaging using cardiac magnetic resonance. Heart Fail. Rev. 2017, 22,

465–476. [CrossRef]
2. Brady, B.; King, G.; Murphy, R.T.; Walsh, D. Myocardial strain: A clinical review. Ir. J. Med. Sci. (1971-) 2022, 192, 1649–1656.

[CrossRef]
3. Merlo, M.; Gagno, G.; Baritussio, A.; Bauce, B.; Biagini, E.; Canepa, M.; Cipriani, A.; Castelletti, S.; Dellegrottaglie, S.; Guaricci,

A.I.; et al. Clinical application of CMR in cardiomyopathies: Evolving concepts and techniques: A position paper of myocardial
and pericardial diseases and cardiac magnetic resonance working groups of Italian society of cardiology. Heart Fail. Rev. 2023, 28,
77–95. [CrossRef]

4. Zlibut, A.; Cojocaru, C.; Onciul, S.; Agoston-Coldea, L. Cardiac Magnetic Resonance Imaging in Appraising Myocardial Strain
and Biomechanics: A Current Overview. Diagnostics 2023, 13, 553. [CrossRef]

5. Hor, K.N.; Gottliebson, W.M.; Carson, C.; Wash, E.; Cnota, J.; Fleck, R.; Wansapura, J.; Klimeczek, P.; Al-Khalidi, H.R.; Chung, E.S.;
et al. Comparison of Magnetic Resonance Feature Tracking for Strain Calculation With Harmonic Phase Imaging Analysis. JACC
Cardiovasc. Imaging 2010, 3, 144–151. [CrossRef]

6. Amzulescu, M.S.; De Craene, M.; Langet, H.; Pasquet, A.; Vancraeynest, D.; Pouleur, A.C.; Vanoverschelde, J.L.; Gerber, B.L.
Myocardial strain imaging: Review of general principles, validation, and sources of discrepancies. Eur. Heart J. Cardiovasc.
Imaging 2019, 20, 605–619. [CrossRef] [PubMed]

7. Pryds, K.; Larsen, A.H.; Hansen, M.S.; Grøndal, A.Y.K.; Tougaard, R.S.; Hansson, N.H.; Clemmensen, T.S.; Løgstrup, B.B.; Wiggers,
H.; Kim, W.Y.; et al. Myocardial strain assessed by feature tracking cardiac magnetic resonance in patients with a variety of
cardiovascular diseases—A comparison with echocardiography. Sci. Rep. 2019, 9, 11296. [CrossRef] [PubMed]

8. Cerqueira, M.D.; Weissman, N.J.; Dilsizian, V.; Jacobs, A.K.; Kaul, S.; Laskey, W.K.; Pennell, D.J.; Rumberger, J.A.; Ryan, T.; Verani,
M.S. Standardized myocardial segmentation and nomenclature for tomographic imaging of the heart: A statement for healthcare
professionals from the Cardiac Imaging Committee of the Council on Clinical Cardiology of the American Heart Association.
Circulation 2002, 105, 539–542. [PubMed]

9. Meloni, A.; Righi, R.; Missere, M.; Renne, S.; Schicchi, N.; Gamberini, M.R.; Cuccia, L.; Lisi, R.; Spasiano, A.; Roberti, M.G.; et al.
Biventricular Reference Values by Body Surface Area, Age, and Gender in a Large Cohort of Well-Treated Thalassemia Major
Patients Without Heart Damage Using a Multiparametric CMR Approach. J. Magn. Reson. Imaging 2021, 53, 61–70. [CrossRef]
[PubMed]

10. Wang, Y.; Moss, J.; Thisted, R. Predictors of body surface area. J. Clin. Anesth. 1992, 4, 4–10. [CrossRef] [PubMed]
11. Taylor, R.J.; Moody, W.E.; Umar, F.; Edwards, N.C.; Taylor, T.J.; Stegemann, B.; Townend, J.N.; Hor, K.N.; Steeds, R.P.; Mazur, W.;

et al. Myocardial strain measurement with feature-tracking cardiovascular magnetic resonance: Normal values. Eur. Heart J.
Cardiovasc. Imaging 2015, 16, 871–881. [CrossRef] [PubMed]

12. Weise Valdés, E.; Barth, P.; Piran, M.; Laser, K.T.; Burchert, W.; Körperich, H. Left-Ventricular Reference Myocardial Strain
Assessed by Cardiovascular Magnetic Resonance Feature Tracking and fSENC—Impact of Temporal Resolution and Cardiac
Muscle Mass. Front. Cardiovasc. Med. 2021, 8, 764496. [CrossRef] [PubMed]

13. Li, G.; Zhang, Z.; Gao, Y.; Zhu, C.; Zhou, S.; Cao, L.; Zhao, Z.; Zhao, J.; Ordovas, K.; Lou, M.; et al. Age- and sex-specific reference
values of biventricular strain and strain rate derived from a large cohort of healthy Chinese adults: A cardiovascular magnetic
resonance feature tracking study. J. Cardiovasc. Magn. Reson. 2022, 24, 63. [CrossRef]

14. Andre, F.; Steen, H.; Matheis, P.; Westkott, M.; Breuninger, K.; Sander, Y.; Kammerer, R.; Galuschky, C.; Giannitsis, E.; Korosoglou,
G.; et al. Age- and gender-related normal left ventricular deformation assessed by cardiovascular magnetic resonance feature
tracking. J. Cardiovasc. Magn. Reson. 2015, 17, 25. [CrossRef]

15. André, F.; Robbers-Visser, D.; Helling-Bakki, A.; Föll, A.; Voss, A.; Katus, H.A.; Helbing, W.A.; Buss, S.J.; Eichhorn, J.G.
Quantification of myocardial deformation in children by cardiovascular magnetic resonance feature tracking: Determination of
reference values for left ventricular strain and strain rate. J. Cardiovasc. Magn. Reson. 2016, 19, 8. [CrossRef] [PubMed]

16. Yang, W.; Xu, J.; Zhu, L.; Zhang, Q.; Wang, Y.; Zhao, S.; Lu, M. Myocardial Strain Measurements Derived From MR Feature-
Tracking: Influence of Sex, Age, Field Strength, and Vendor. JACC Cardiovasc. Imaging 2023, in press. [CrossRef]

17. Augustine, D.; Lewandowski, A.J.; Lazdam, M.; Rai, A.; Francis, J.; Myerson, S.; Noble, A.; Becher, H.; Neubauer, S.; Petersen, S.E.;
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, 8. [CrossRef]

https://doi.org/10.1007/s10741-017-9621-8
https://doi.org/10.1007/s11845-022-03210-8
https://doi.org/10.1007/s10741-022-10235-9
https://doi.org/10.3390/diagnostics13030553
https://doi.org/10.1016/j.jcmg.2009.11.006
https://doi.org/10.1093/ehjci/jez041
https://www.ncbi.nlm.nih.gov/pubmed/30903139
https://doi.org/10.1038/s41598-019-47775-4
https://www.ncbi.nlm.nih.gov/pubmed/31383914
https://www.ncbi.nlm.nih.gov/pubmed/11815441
https://doi.org/10.1002/jmri.27169
https://www.ncbi.nlm.nih.gov/pubmed/32311193
https://doi.org/10.1016/0952-8180(92)90111-D
https://www.ncbi.nlm.nih.gov/pubmed/1540367
https://doi.org/10.1093/ehjci/jev006
https://www.ncbi.nlm.nih.gov/pubmed/25711353
https://doi.org/10.3389/fcvm.2021.764496
https://www.ncbi.nlm.nih.gov/pubmed/34796219
https://doi.org/10.1186/s12968-022-00881-1
https://doi.org/10.1186/s12968-015-0123-3
https://doi.org/10.1186/s12968-016-0310-x
https://www.ncbi.nlm.nih.gov/pubmed/28103933
https://doi.org/10.1016/j.jcmg.2023.05.019
https://doi.org/10.1186/1532-429X-15-8


Diagnostics 2023, 13, 2912 14 of 14

18. Truong, V.T.; Safdar, K.S.; Kalra, D.K.; Gao, X.; Ambach, S.; Taylor, M.D.; Moore, R.; Taylor, R.J.; Germann, J.; Toro-Salazar, O.;
et al. Cardiac magnetic resonance tissue tracking in right ventricle: Feasibility and normal values. Magn. Reson. Imaging 2017, 38,
189–195. [CrossRef]

19. Liu, B.; Dardeer, A.M.; Moody, W.E.; Hayer, M.K.; Baig, S.; Price, A.M.; Leyva, F.; Edwards, N.C.; Steeds, R.P. Reference ranges for
three-dimensional feature tracking cardiac magnetic resonance: Comparison with two-dimensional methodology and relevance
of age and gender. Int. J. Cardiovasc. Imaging 2018, 34, 761–775. [CrossRef]

20. Peng, J.; Zhao, X.; Zhao, L.; Fan, Z.; Wang, Z.; Chen, H.; Leng, S.; Allen, J.; Tan, R.; Koh, A.S.; et al. Normal Values of Myocardial
Deformation Assessed by Cardiovascular Magnetic Resonance Feature Tracking in a Healthy Chinese Population: A Multicenter
Study. Front. Physiol. 2018, 9, 1181. [CrossRef]

21. Vo, H.Q.; Marwick, T.H.; Negishi, K. MRI-Derived Myocardial Strain Measures in Normal Subjects. JACC Cardiovasc. Imaging
2018, 11, 196–205. [CrossRef] [PubMed]

22. Romano, S.; Judd, R.M.; Kim, R.J.; Kim, H.W.; Klem, I.; Heitner, J.F.; Shah, D.J.; Jue, J.; White, B.E.; Indorkar, R.; et al. Feature-
Tracking Global Longitudinal Strain Predicts Death in a Multicenter Population of Patients With Ischemic and Nonischemic
Dilated Cardiomyopathy Incremental to Ejection Fraction and Late Gadolinium Enhancement. JACC Cardiovasc. Imaging 2018, 11,
1419–1429. [CrossRef] [PubMed]

23. Kammerlander, A.A.; Kraiger, J.A.; Nitsche, C.; Donà, C.; Duca, F.; Zotter-Tufaro, C.; Binder, C.; Aschauer, S.; Loewe, C.;
Hengstenberg, C.; et al. Global Longitudinal Strain by CMR Feature Tracking Is Associated With Outcome in HFPEF. JACC:
Cardiovasc. Imaging 2019, 12, 1585–1587. [CrossRef]

24. Hinojar, R.; Fernández-Golfín, C.; González-Gómez, A.; Rincón, L.M.; Plaza-Martin, M.; Casas, E.; García-Martín, A.; Fernandez-
Mendez, M.A.; Esteban, A.; Nacher, J.J.J.; et al. Prognostic implications of global myocardial mechanics in hypertrophic
cardiomyopathy by cardiovascular magnetic resonance feature tracking. Relations to left ventricular hypertrophy and fibrosis.
Int. J. Cardiol. 2017, 249, 467–472. [CrossRef]

25. Fischer, K.; Obrist, S.J.; Erne, S.A.; Stark, A.W.; Marggraf, M.; Kaneko, K.; Guensch, D.P.; Huber, A.T.; Greulich, S.; Aghayev,
A.; et al. Feature Tracking Myocardial Strain Incrementally Improves Prognostication in Myocarditis Beyond Traditional CMR
Imaging Features. JACC Cardiovasc. Imaging 2020, 13, 1891–1901. [CrossRef]

26. Eitel, I.; Stiermaier, T.; Lange, T.; Rommel, K.P.; Koschalka, A.; Kowallick, J.T.; Lotz, J.; Kutty, S.; Gutberlet, M.; Hasenfuß, G.;
et al. Cardiac Magnetic Resonance Myocardial Feature Tracking for Optimized Prediction of Cardiovascular Events Following
Myocardial Infarction. JACC Cardiovasc. Imaging 2018, 11, 1433–1444. [CrossRef] [PubMed]

27. Kersten, J.; Hackenbroch, C.; Gann, P.; Hoestermann, A.S.; Bernhardt, P. Myocardial deformation parameters assessed by CMR
feature tracking in chronic heart failure: The influence of an optimal medical therapy on myocardial remodelling. Acta Cardiol.
2023, in press. [CrossRef]

28. Fijalkowska, J.; Glinska, A.; Fijalkowski, M.; Sienkiewicz, K.; Kulawiak-Galaska, D.; Szurowska, E.; Pienkowska, J.; Dorniak,
K. Cardiac Magnetic Resonance Relaxometry Parameters, Late Gadolinium Enhancement, and Feature-Tracking Myocardial
Longitudinal Strain in Patients Recovered from COVID-19. J. Cardiovasc. Dev. Dis. 2023, 10, 278. [CrossRef] [PubMed]

29. Lange, T.; Gertz, R.J.; Schulz, A.; Backhaus, S.J.; Evertz, R.; Kowallick, J.T.; Hasenfuß, G.; Desch, S.; Thiele, H.; Stiermaier, T.; et al.
Impact of myocardial deformation on risk prediction in patients following acute myocardial infarction. Front. Cardiovasc. Med.
2023, 10, 1199936. [CrossRef]

30. Xu, J.; Yang, W.; Zhao, S.; Lu, M. State-of-the-art myocardial strain by CMR feature tracking: Clinical applications and future
perspectives. Eur. Radiol. 2022, 32, 5424–5435. [CrossRef]

31. Wu, L.; Germans, T.; Güçlü, A.; Heymans, M.W.; Allaart, C.P.; van Rossum, A.C. Feature tracking compared with tissue tagging
measurements of segmental strain by cardiovascular magnetic resonance. J. Cardiovasc. Magn. Reson. 2014, 16, 10. [CrossRef]
[PubMed]

32. Morton, G.; Schuster, A.; Jogiya, R.; Kutty, S.; Beerbaum, P.; Nagel, E. Inter-study reproducibility of cardiovascular magnetic
resonance myocardial feature tracking. J. Cardiovasc. Magn. Reson. 2012, 14, 43. [CrossRef] [PubMed]

33. Feisst, A.; Kuetting, D.L.R.; Dabir, D.; Luetkens, J.; Homsi, R.; Schild, H.H.; Thomas, D. Influence of observer experience on
cardiac magnetic resonance strain measurements using feature tracking and conventional tagging. IJC Heart Vasc. 2018, 18, 46–51.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.mri.2017.01.007
https://doi.org/10.1007/s10554-017-1277-x
https://doi.org/10.3389/fphys.2018.01181
https://doi.org/10.1016/j.jcmg.2016.12.025
https://www.ncbi.nlm.nih.gov/pubmed/28528164
https://doi.org/10.1016/j.jcmg.2017.10.024
https://www.ncbi.nlm.nih.gov/pubmed/29361479
https://doi.org/10.1016/j.jcmg.2019.02.016
https://doi.org/10.1016/j.ijcard.2017.07.087
https://doi.org/10.1016/j.jcmg.2020.04.025
https://doi.org/10.1016/j.jcmg.2017.11.034
https://www.ncbi.nlm.nih.gov/pubmed/29454776
https://doi.org/10.1080/00015385.2023.2246202
https://doi.org/10.3390/jcdd10070278
https://www.ncbi.nlm.nih.gov/pubmed/37504534
https://doi.org/10.3389/fcvm.2023.1199936
https://doi.org/10.1007/s00330-022-08629-2
https://doi.org/10.1186/1532-429X-16-10
https://www.ncbi.nlm.nih.gov/pubmed/24450803
https://doi.org/10.1186/1532-429X-14-43
https://www.ncbi.nlm.nih.gov/pubmed/22721175
https://doi.org/10.1016/j.ijcha.2018.02.007
https://www.ncbi.nlm.nih.gov/pubmed/29876503

	Introduction 
	Materials and Methods 
	Subjects’ Recruitment 
	CMR Protocol 
	Image Analysis 
	Statistical Analysis 
	Reproducibility Analysis 

	Results 
	Study Population 
	Physiological Correlates of Global Strain Measures 
	Correlation between Strain and Other Measures of Systolic Function 
	Reproducibility Results 
	Reference Ranges for Global Strain Values 
	Segmental Strain Values 

	Discussion 
	Conclusions 
	References

