
Aus der Klinik für Kardiologie 
der Medizinischen Fakultät Charité – Universitätsmedizin Berlin   

 
 
 

 
DISSERTATION 

 
 

Left ventricular strain analysis with cardiovascular magnetic 
resonance feature tracking (CMR-FT): a study in Landrace pigs  

-  
Analyse der linksventrikulären Strain mittels kardiovaskulärer 

Magnetresonanztomographie (CMR-FT): eine Studie an 
Landrassenschweinen 

 
 

zur Erlangung des akademischen Grades  
Doctor medicinae (Dr. med.) 

 
 
 

 
 
 

vorgelegt der Medizinischen Fakultät  
Charité – Universitätsmedizin Berlin 

 
 
 

von 
 
 

Alessandro Faragli 
 

aus Alessandria (Italien) 
 
 

 

Datum der Promotion: 25.06.2023  



2 
 

Summary  

Abbreviations ............................................................................................................................. 3 

1 Zusammenfassung ....................................................................................................... 6 

2 Abstract ...................................................................................................................... 8 

3 Synopsis .................................................................................................................... 10 

3.1 Introduction .......................................................................................................... 10 

3.2 Methods ............................................................................................................... 15 

3.3 Results ................................................................................................................. 23 

3.4 Discussion ............................................................................................................ 41 

3.5 Clinical applications .............................................................................................. 46 

3.6 Limitations ............................................................................................................ 48 

3.7 Conclusions .......................................................................................................... 49 

3.8 Declarations ......................................................................................................... 50 

4 Bibliography .............................................................................................................. 51 

5 Statutory Declaration / Declaration of own contribution ........................................... 59 

6 Extract from the Journal Summary List ....................................................................... 62 

7 Publications............................................................................................................... 68 

8 Curriculum Vitae ....................................................................................................... 91 

9 Complete list of publications including impact factors ................................................ 94 

10 Acknowledgements ................................................................................................. 101 

 

  



3 
 

Abbreviations 

List of abbreviations 

2Ch  two chambers 

3Ch  three chambers 

4Ch  four chambers 

avg  average 

bpm  beats per minute 

BSA  body surface area 

BL  baseline 

bSSFP balanced steady-state free precession 

CI  cardiac index 

CAD  coronary artery disease 

CMR   cardiac magnetic resonance 

CMR-FT cardiac magnetic resonance feature tracking 

CO  cardiac output 

CPO  cardiac power output 

DENSE displacement encoding with stimulated echoes 

Dob  dobutamine 

DP  diastolic pressure 

Ees  end-systolic elastance 

EDV  end-diastolic volume 

ESPVR  end-systolic pressure volume relationship 

ESV   end-systolic volume 
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FiO2  fraction of inspired oxygen 

GCS  global circumferential strain 

GCSi  global circumferential strain indexed for mAOP 

GCSw  global circumferential strain indexed for meridional Wall Stress 

GLS  global longitudinal strain 

GLSi  global longitudinal strain indexed for mAOP 

GLSw  global longitudinal strain indexed for meridional Wall Stress 

GRS  global radial strain 

GRSi  global radial strain indexed for mAOP 

GRSw  global radial strain indexed for meridional Wall Stress 

HCM  hypertrophic cardiomyopathy 

HF  heart failure 

HFpEF heart failure with preserved ejection fraction 

HR  heart rate 

ICC  intraclass correlation coefficient 

LV  left ventricle / left ventricular 

LVEF  left ventricular ejection fraction 

LVESD left ventricular end-systolic diameter 

LVP  left ventricular pressure 

LVPsys  left ventricular pressure during systole 

mAOP mean aortic pressure 

MRI  magnetic resonance imaging 

PWT  posterior wall thickness 
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SAX  short axis 

SD  standard deviation 

SENC  strain-encoded imaging 

SP  systolic pressure 

STE  speckle tracking echocardiography 

SV  stroke volume 

SVR  systemic vascular resistance 

TR  repetition time 

TE  echo time 

Ver  verapamil 
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1 Zusammenfassung 

Hintergrund: Die Bildgebung bei linksventrikulärer (LV) Strain ist eine validierte 

Bildgebungstechnik, die in der Lage ist, die myokardiale Funktion zu quantifizieren. Während 

die echokardiographische Beurteilung des LV-Strain eine etablierte klinische Routine ist, ist 

die Analyse des LV-Strain mittels kardiovaskulärer Magnetresonanz (CMR) stattdessen eine 

neu aufkommende Methode. Im Besonderen ist die CMR-Feature Tracking (CMR-FT) eine 

vielversprechende Gewebeverfolgungstechnik, die für die Beurteilung der myokardialen 

Bewegung und Deformation entwickelt wurde. Inwieweit der systolische LV-Strain der CMR-

FT die mechanische Funktion des Herzens widerspiegelt, muss jedoch noch vollständig 

verstanden werden. Aus diesem Grund war es das Ziel unserer Studie, die nicht-invasive 

CMR-FT LV-Strain mit invasiven hämodynamischen Parametern zu vergleichen, die für die 

mechanische Funktion des Herzens repräsentativ sind, wie z.B. Herzindex (CI), Herzleistung 

(CPO) und end-systolische Elastanz (Ees), indem sie bei verschiedenen inotropen 

Zuständen analysiert wurden.  

Methoden: Zehn gesunde Landrace-Schweine wurden intubiert, mechanisch beatmet und in 

die 3-Tesla-MRT-Einrichtung transportiert. Nach den Basislinienmessungen (BL) wurden 

zwei Schritte durchgeführt: I) dobutamininduzierte Hyperkontraktilität (Dob) und II) 

verapamilinduzierte Hypokontraktilität (Ver). In jedem Schritt wurden MRT-Bilder in 

Kurzachsen- (SAX), 2Ch, 3Ch und 4Ch-Ansicht aufgenommen. Die Software MEDIS wurde 

zur Beurteilung der globalen Längs- (GLS), Zirkumferentiell- (GCS) und Radial Strain (GRS) 

verwendet. Die zum Nachweis einer relativen Änderung der BL-Strain erforderliche 

Probengröße wurde berechnet. 

Ergebnisse: Dob erhöhte signifikant die Herzfrequenz, CI, CPO und Ees, während Ver sie 
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verringerte. GLS, GCS und GRS stiegen dementsprechend (im absoluten Wert) während 

der Dob-Infusion an, während GLS und GCS (im absoluten Wert) während der Ver 

abnahmen. Die lineare Regressionsanalyse zeigte eine mäßige Korrelation zwischen GLS, 

GCS und den hämodynamischen LV-Parametern, während GRS schlecht korrelierte. Die 

Indizierung globaler Strain Parameter für indirekte Messungen der Nachlast, wie z.B. 

mittlerer Aortendruck oder Wandspannung, verbesserte diese Korrelationen signifikant.  

Schlussfolgerungen: Die globale Längs- und Zirkumferentiell Strain korreliert mäßig mit LV-

invasiven Parametern wie der kardialen Leistung, dem kardialen Index und der end-

systolischen Elastanz unter verschiedenen inotropen Zuständen. Die Indexierung von Strain 

Parametern für indirekte Messungen der Nachlast verbessert diese Korrelation erheblich. 

Die CMR-FT-LV-Strain kann in der klinischen Routine ein nützliches Instrument zur 

Charakterisierung der LV-Hämodynamik bei Patienten mit unterschiedlichem Grad der LV-

Dysfunktion sein.  
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2 Abstract 

 

Background: Left ventricular (LV) strain imaging is a validated imaging technique able to 

quantify myocardial function. While the assessment of LV strain is an established clinical 

routine in echocardiography, cardiovascular magnetic resonance (CMR) LV strain analysis 

is, instead, a newly emerging method. In specific, CMR feature tracking (CMR-FT) is a 

promising tracking technique for tissue developed for evaluating myocardial movement and 

deformation. However, to what extent CMR-FT LV systolic strain reflects the LV mechanical 

function of the heart still needs to be fully understood. For this reason, the aim of our study 

was to compare the non-invasive CMR-FT LV strain against invasive hemodynamic 

parameters representative of the mechanical function of the heart. This includes the cardiac 

index (CI), cardiac power output (CPO) and end-systolic elastance (Ees), and the data was 

compared by analyzing them at different inotropic states (hypercontractility and 

hypocontractility).  

 

Methods: Ten healthy Landrace pigs were instrumented, intubated, mechanically ventilated, 

and transported to the 3-Tesla MRI facility. After baseline measurements (BL), two steps 

were performed: I) dobutamine-induced hyper-contractility (Dob) and II) verapamil-induced 

hypocontractility (Ver). At each step, MRI images were acquired at short axis (SAX), 2Ch, 

3Ch and 4Ch views. The software MEDIS was utilized to assess the LV mechanical 

parameters such as global longitudinal strain (GLS), global circumferential strain (GCS) and 

global radial strain (GRS). Additionally, we calculated the sample size required for the 

detection of a relative change in baseline strain. 
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Results: Dob demonstrated a noteworthy increased heart rate, CI, CPO and Ees, while Ver 

decreased them. GLS, GCS and GRS accordingly increased (in absolute value) during Dob 

infusion, while GLS and GCS decreased (in absolute value) during Ver. Linear regression 

analysis demonstrated a moderate correlation between GLS, GCS and LV hemodynamic 

parameters, while GRS correlated poorly. The correlations were significantly improved by 

indexing global strain parameters for indirect afterload measures such as mean aortic 

pressure or wall stress.  

Conclusions: Global longitudinal and circumferential strain moderately correlate with LV 

invasive parameters such as cardiac power output, cardiac index and end-systolic elastance 

under various inotropic states. Indexing strain parameters for indirect afterload measures 

greatly improves this correlation. CMR FT LV strain imaging may be a useful tool in the 

clinical routine to characterize the LV hemodynamics in patients experiencing different 

degrees of LV dysfunction.  



10 
 

3 Synopsis 

3.1 Introduction 

Left ventricular ejection fraction (LVEF) currently represents the most utilized parameter in 

the cardiology clinics for identifying the function of the heart3, 4, 5. Even if easy and fast to 

assess even with a simple echocardiography, changes in LVEF generally happen late in 

myocardial diseases, due to several intrinsic limitations of this parameter3-7.  

LVEF estimates only the global function of the ventricle and is not able to identify localized 

myocardial alterations3, 6. Indeed, patients presenting regional dysfunctions, such as 

hypokinetic segments, may still have a normal LVEF8. Another clear disadvantage is that 

LVEF, being a pure systolic parameter, does not provide any information on the relaxation 

of the ventricle and on the diastolic function3, 6. Eventually LVEF is dependent on the preload 

and afterload, being not optimal for the assessment of the intrinsic heart contractility3, 6. In 

other words, LVEF alone does not allow to reproduce and to fully understand the mechanical 

contraction of the heart9, 10.  

The mechanical action of the myocardium cannot be explained with LVEF only, due to the 

complex movements that the heart performs11-13. In specific, the cardiac base pushes 

towards the apex, the ventricular walls contract following an inward direction while the base 

and the apex produce a rotational movement in opposite directions11-13. From an anatomical 

point of view, the subendocardial fibers are the ones producing the longitudinal shortening 

and torsion, expressed as the clockwise rotation of the apex and the counterclockwise 

rotation of the base11-13. The mid-wall layer is, instead, responsible thanks to the 

circumferentially oriented fibers to the circumferential rotation, while the epicardial fibers are 

responsible for the longitudinal stretching of the apical counterclockwise rotation and of the 
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basal clockwise rotation11-13. For a better characterization of myocardial deformation in 

different cardiovascular diseases, several imaging techniques have been developed in the 

past years, ranging from echocardiography to cardiovascular magnetic resonance (CMR)14-

16. Pathologic wall motion abnormalities can be simply detected visually with both 

echocardiography and CMR, however, are often difficult to be fully interpreted being highly 

subjective and poorly reproducible17.  

For this reason, myocardial strain has been proposed in the past decades as an innovative 

method able to quantitatively assess the regional and global myocardial function and the 

deformation ability of the heart both in systole and in diastole, avoiding as much as possible 

geometric assumptions3, 8, 17, 18. Myocardial strain can identify the longitudinal and 

circumferential shortening together with radial thickening and torsion, describing at its best 

the mechanical movements of the heart17. Myocardial strain can be defined as a measure of 

the degree of deformation of a myocardial segment from its initial length (L0, usually in end 

diastole) to its maximum length (L, usually in end systole). It is generally expressed as a 

percentage with the following formula: myocardial strain: L ‐ L0 / L0
17. 

Originally strain imaging has been derived by echocardiographic tissue Doppler myocardial 

velocities19, but more recently speckle tracking echocardiography (STE) has become the 

most preferred and widest available echocardiographic technique, mainly because it can be 

easily performed with standard B-Mode images6, 20. Numerous studies have shown that LV 

strain measured through STE is useful for the diagnosis of several pathologies, identifying 

subclinical myocardial regional changes, in various patients’ populations20-25. Some studies 

showed even the impact of LV strain as a marker of prognosis in cardiovascular pathologies 

such as heart failure with preserved EF (HFpEF), coronary artery disease (CAD), diabetes 

mellitus, hypertensive heart disease and hypertrophic cardiomyopathy (HCM)20, 26-33.  
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In the past years, CMR has emerged as an extremely valid technique to assess the heart 

function and morphology in a more complex way than the standard echocardiography, and 

strain has been widely studied and developed by using various MRI methodologies15, 17, 34. 

The most validated technique to assess myocardial strain is CMR tagging18, 35, 36, a method 

that was first developed by the group of Zerhouni et al37. The method is based on an 

acquisition phase in which magnetic labels or tags are orthogonally over-imposed to the 

myocardium at the start of the cine sequences. The subsequent deformation and movement 

of such lines is analyzed throughout the cardiac cycle detecting myocardial deformation37, 38. 

However, the main limitations of CMR tagging are given by tag fading and by the low spatial 

resolution, due to reduced number and density of tag lines, producing a reduced accuracy 

in thin myocardial walls37, 38. More advanced techniques of CMR tagging, such as 

displacement encoding with stimulated echoes (DENSE) or strain-encoded imaging (SENC) 

have been developed in the past years to improve the reliability of the method, however, 

have mainly remained research tools without obtaining a large spread in the clinical routine17. 

The main reason is that basic or advanced CMR tagging require long dedicated acquisition 

sequence and mostly time-consuming post processing work through specific software 

solutions17. 

A relatively new approach, CMR tissue tracking, has recently attracted interest in the 

cardiovascular imaging field15. Tissue tracking has developed as a new strategy to detect 

myocardial motion and deformation and it has been appeared to be precise in the detection 

of myocardial movement and function by utilizing basic steady-state free procession 

sequences33, 34, 39-41. CMR feature tracking (CMR-FT) is a relatively new technique that 

focuses on the contouring of the endocardium and epicardium, allowing the contrast between 

the myocardium and the blood pool to be identified and it then can be applied to routinely 
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acquired cine CMR images 42, 43. CMR-FT estimates global longitudinal strain (GLS) from at 

least two long-axis cine images while global circumferential (GCS) and global radial strains 

(GRS) are extracted from the short-axis cine images42, 43. It has been shown that the CMR-

FT is comparable to speckle tracking for assessing myocardial strain44. Moreover, CMR-FT 

has been also validated against myocardial CMR tagging technique for the assessment of 

regional myocardial motion in humans showing promising results by being simpler and faster 

than tagging techniques, that need instead a laborious post-processing analysis 45-47.  

Nonetheless, even CMR-FT myocardial strain has not entered completely the routine 

assessment of the myocardial function in CMR and LVEF is still the most utilized 

parameter20. One reason is driven by the lack of studies investigating the physiological 

validation of CMR-FT against hemodynamic invasive measurements17, 48. Moreover, also LV 

strain is known to present the same limitation as LVEF, being a load-dependent 

measurement and is not able to depict optimally myocardial contractility8, 20.  

Load-independent measurements are generally achieved through hemodynamic 

catheterization and, in specific, with the analysis of pressure-volume loops49. In facts, the 

invasive assessment of end-systolic elastance (Ees) represents the gold standard method 

for assessment of the contractile function of the heart49. To assess the LV systolic function 

and dysfunction and cardiac reserve invasively measured parameters such as cardiac index 

(CI) or cardiac power output (CPO) represent some of the most accurate50, 51. CPO has been 

shown to be effective in identifying the mechanical function of the heart. It couples cardiac 

work with the response of the vasculature, providing an assessment of the intraventricular 

flow. On other words, it explains the mechanical function of the heart much more than any 

other hemodynamic parameter50, 52. Eventually, CPO has been shown to be a useful clinical 

parameter able to predict the prognosis of heart failure patients53, 54.  
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However, whether CMR-FT LV strain reflects the hemodynamic parameters and is able to 

describe the mechanical function of the myocardium above has not been yet investigated. 

Even less is known of the behaviour of CMR-FT strain during different inotropic states, such 

as hyper- or hypocontractility states, or during stress and ischemia. 

For this reason, the primary aim of the current study was to compare CMR-FT LV strain 

parameters with invasively measured hemodynamic parameters such as CI, CPO and the 

Ees under various inotropic states in pigs. Since data on CMR-FT LV strain in large animals 

such as Landrace pigs are lacking, a secondary aim of our study was to evaluate the inter- 

and intra-observer reproducibility of CMR-FT derived strain measurements necessary to 

calculate the sample size and aimed to define the number of animals needed for future 

studies. 
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3.2 Methods  

The experimental study was approved by the ethical committee of Berlin, Germany 

(G0138/17), and is conformed to the “European Convention for the Protection of Vertebrate 

Animals used for Experimental and other Scientific Purposes” (Council of Europe No 123, 

Strasbourg 1985). 

 

Experimental setup and protocol 

The experimental setup is displayed in Figure 1.  

 

Figure 1. The experimental setup. This panel represents the experimental setting and 

setup. The Landrace pigs were instrumented with a closed chest procedure in the operating 



16 
 

room (A) (B) and were then transported to the MRI where anesthesia and monitoring was 

kept during the whole experiment (C) (D). This Figure refers to the published article by Faragli 

et al1. 

 

Ten (n=10) female Landrace pigs (51±10 kg) were sedated and intubated on the day of the 

experiment. To achieve the goal of a deep sedation to obtain a stable, hemodynamics, the 

anaesthesia was set with fentanyl, midazolam, ketamine and pancuronium and a low dose 

of isofluorane. Pigs were invasively ventilated (Cato, Dräger Medical, Germany) with a FiO2 

of 0.5, an I: E-ratio of 1:1.5, a positive end-expiratory pressure of 5 mmHg and a tidal volume 

of 10 ml kg-1. The respiratory rate was kept at an end-expiratory carbon dioxide partial 

pressure of 35-45 mmHg. Respiratory gases, heart rate (HR), and invasively derived arterial 

blood pressure were continuously monitored. Body temperature was measured with a 

sublingual thermometer and was maintained at 38°C during CMR imaging through air 

ventilation or, if needed, infusion of cold saline solution. An acute instrumental examination 

of the animal occurred, closed chest, and then transported to the MRI facility for examination. 

The protocol consisted in baseline measurements (BL) and in two different steps: I) 

Dobutamine-stress (Dob), defined also as hypercontractility, and II) verapamil-induced 

cardiovascular depression (Ver), defined as hypocontractility. MRI images were acquired in 

the short axis (SAX), 2Ch, 3Ch and 4Ch views at each protocol step.  

The pharmacologic protocol was established in a previous a small pilot study (data not 

shown), with the goal of obtaining an optimal titration of dobutamine and verapamil. During 

this study data were assessed by LV invasive conductance measurements in line with 

previous publications from our study group 55. The infusion of dobutamine was titrated to 

achieve the 25% increase in heart rate compared to baseline values and verapamil was 
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administered with the aim of decreasing the cardiac index (CI) to 25% of the original value. 

For each experiment, Verapamil was given in repeated 2.5 mg boluses to avoid significant 

hypotension that would cause hemodynamic instability. For this reason, CI was continuously 

assessed in real-time. In case CI was not decreased as expected, a further bolus was 

administered. A wash-out period of 30 minutes was performed between the different protocol 

steps. At the end of the protocol the animals were transported back to the operating room 

for sacrifice. As standard procedure, 80 mmol bolus of potassium was injected to sacrifice 

the animal into the coronary artery. 

 

Cardiac magnetic resonance image acquisition and analysis 

The CMR images were acquired using a 3T MRI scanner (Ingenia, Philips Healthcare, Best, 

The Netherlands) composed of an anterior- and a built-in posterior coil element. Up to 30 

coil elements were employed and adjusted on the individual anatomy of the animals. All the 

animals were scanned with identical imaging protocols. The research protocol initially 

included the first scout to determine cardiac imaging planes. All the cine images were 

acquired using the ECG-gated balanced steady-state free precession (bSSFP) sequence 

obtained in three LV long-axis (two-chamber, three-chamber, and four-chamber) planes. The 

short-axis (SAX) slices encompassing the entire LV were stacked through the ventricular 

two-chamber and four-chamber planes. The following imaging parameters were utilized: 

repetition time (TR) = 2.9 ms, echo time (TE) = 1.45 ms, flip angle = 45°, measured voxel 

size = 1.9 × 1.9 × 8.0 mm3, reconstructed voxel size 1.0 x 1.0 x 8mm³, and 40 cardiac 

phases. 

All the acquired images were analyzed offline through a commercially available software 

(Medis Suite, version 3.1, Leiden, The Netherlands). The image analysis was based on the 
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CMR consensus document for the quantification of LV function56. A blinding of the data was 

conducted by assigning a numeric code to the exported images at the different 

measurements’ steps. By doing so the observers were blinded.  

In the SAX view, the endocardial borders of the LV were traced manually on all slices of each 

cardiac phase. The Simpson method of disks summation was utilized to calculate the 

volumes, by multiplying slice thickness (8 mm) by the sum of the cross-sectional area. The 

Simpson method was utilized also to calculate the left ventricular ejection fraction (LVEF). 

The LV outflow tract, the papillary muscles and the trabeculations are included as part of the 

LV blood volume. The ascending aorta was outlined in all the acquired images allowing flow 

calculation in the corresponding velocity-encoded phase images. The average flow velocity 

(cm/s) was multiplied by the vessel area (cm2) to obtain the measurement of flow (ml/s). 

Then flow was utilized to calculate the cardiac cycle and obtain stroke volume (SV). Cardiac 

output (CO) was indirectly calculated as the product of SV and HR. 

Concerning strain 2Ch, 3Ch and 4Ch cine images, and respectively, 3 preselected mid-

ventricle slices from SAX images were utilized for the analysis. The endocardial and 

epicardial contours previously drawn with QMass version 8.1 were transferred to QStrain RE 

version 2.0. Here, after the application of the tissue tracking algorithm, endocardial and/or 

epicardial borders were detected in the cardiac cycle (Figure 2A, 2D). The long-axis cine 

images were utilized to compute GLS strain, instead the short-axis images were utilized for 

the GLS and GRS strain (Figure 2B, 2E). Global strain was obtained by averaging the 

calculated systolic peak strain according to the American Heart Association 17 segments 

model, excluding the apex57. GCS was obtained from averaging circumferential strain for 6 

basal, 6 mid and 4 apical segmental individual values; GLS as obtained from 2Ch, 3Ch and 
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4Ch averaging 6 basal, 6 mid and 4 apical segments and by using a bull-eye view (Figure 

2C, 2F, 2G, 2H, 2I).  

 

 

Figure 2. Measuring global strain analysis via Qstrain software and representative LV 

strain curves obtained from one animal. This figure shows the steps needed to obtain the 

global strain values of one pig. Displayed in Figure (A) are the endocardial and epicardial 

contouring in short axis; (B) the circumferential measured strain by Qstrain; (C) the end-

systole time-to-peak circumferential strain; (D) the endocardial contouring in longitudinal 

axis; (E) the longitudinal strain measured by Qstrain; (F) the end-systole time-to-peak 

longitudinal strain; and the (G) GLS, (H) GCS, and (I) GRS curves during BL, Dob and Ver 

(mean values of all segments). This Figure refers to the published article by Faragli et al2.  

 

Hemodynamic parameters 
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Systolic (SP) and diastolic (DP) blood pressure and mean aortic pressure (mAOP) were 

measured invasively with a pressure sensing catheter placed in the carotid artery for the 

entire protocol study. The systemic vascular resistance (SVR) was calculated in the following 

manner: 

(1) SVRmmHg/L =
𝑀𝑒𝑎𝑛 𝐴𝑟𝑡𝑒𝑟𝑖𝑎𝑙 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑀𝐴𝑃)−𝑅𝑖𝑔ℎ𝑡 𝐴𝑡𝑟𝑖𝑎𝑙 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒

𝐶𝑎𝑟𝑑𝑖𝑎𝑐 𝑂𝑢𝑡𝑝𝑢𝑡 (𝐶𝑂)
 

Cardiac power outpt (CPO) was calculated as follows: 

(2) 𝐶𝑃𝑂 =
𝐶𝑂×𝑚𝐴𝑂𝑃

451
 

Cardiac index (CI) was calculated as follows: 

(3) 𝐶𝐼 =
𝐶𝑂

𝐵𝑆𝐴
 

End-systolic elastance (Ees) was calculated as follows: 

(4) 𝐸𝑒𝑠 =
𝐿𝑉𝑃𝑠𝑦𝑠

𝑉𝐿𝑉𝑃𝑚𝑎𝑥− 𝑉0
 

where:  

𝐿𝑉𝑃𝑠𝑦𝑠 =
2

3
𝑆𝑦𝑠𝑡𝑜𝑙𝑖𝑐 𝐵𝑙𝑜𝑜𝑑 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 +  

1

3
𝐷𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐 𝐵𝑙𝑜𝑜𝑑 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 

𝑉𝐿𝑉𝑃𝑚𝑎𝑥
= 𝐸𝑛𝑑⎻𝑆𝑦𝑠𝑡𝑜𝑙𝑖𝑐 𝑉𝑜𝑙𝑢𝑚𝑒 

𝑉0 = 0 

as already described in the study by Kelly et al58.  

GLS, GCS and GRS were indexed to the indirect measure of afterload, namely mAOP by 

adapting the formula published by Rhea et al 59:  
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(5) 
𝐺𝑙𝑜𝑏𝑎𝑙 𝑆𝑡𝑟𝑎𝑖𝑛×𝑚𝐴𝑂𝑃

𝑎𝑣𝑔(𝑚𝐴𝑂𝑃)
 

where Global Strain equated to the global value obtained from either longitudinal (GLSi), 

circumferential (GCSi) or radial (GRSi) strain and avg(mAOP) was the respective average 

of the mAOP measured for each step of the protocol, namely at baseline, dobutamine and 

verapamil.  

The calculation of meridional wall stress was obtained via the following formula60: 

(6) 𝐿𝑉 𝑤𝑎𝑙𝑙 𝑠𝑡𝑟𝑒𝑠𝑠 =
(0.334×𝐿𝑉𝑃𝑠𝑦𝑠×𝐿𝑉𝐸𝑆𝐷)

𝑃𝑊𝑇×[1+𝑃𝑊𝑇 𝐿𝑉𝐸𝑆𝐷]⁄
 

where LVESD = left ventricular end-systolic diameter, PWT = posterior wall thickness and 

LVPsys= left ventricular pressure at systole, as already described in the work by Reichek et 

al60. 

Consequently, GLS, GCS and GRS were indexed to the above-defined wall stress utilizing 

the formula of the work by Reichek et al60 as following:  

(7) 𝐺𝑙𝑜𝑏𝑎𝑙 𝑆𝑡𝑟𝑎𝑖𝑛 𝑖𝑛𝑑𝑒𝑥𝑒𝑑 =
𝐺𝑙𝑜𝑏𝑎𝑙 𝑆𝑡𝑟𝑎𝑖𝑛×𝐿𝑉 𝑤𝑎𝑙𝑙 𝑠𝑡𝑟𝑒𝑠𝑠

𝑎𝑣𝑔(𝐿𝑉 𝑤𝑎𝑙𝑙 𝑠𝑡𝑟𝑒𝑠𝑠)
 

where Global Strain was obtained by indexing the global value of either longitudinal strain 

(GLSw), or circumferential strain (GCSw) or radial strain (GRSw). The calculated average 

(LV wall stress) was calculated for each protocol step, meaning at baseline, dobutamine and 

for verapamil (Table 1). 

 

Statistical analysis, reproducibility and sample size 

All data analysed are presented as mean ± SD. To understand whether the data were 

normally distributed the Shapiro-Wilk test was utilized. The Wilcoxon test was used for the 
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non-parametric variables. A p-value of <0.05 was defined as statistically significant. Linear 

regression analysis was utilized to assess the relationship between strain and hemodynamic 

data. The specific conditions (baseline, dobutamine, verapamil) were included as regressors 

in the linear regression model. The slopes were compared to see if the linear corelations 

differed significantly. If the slopes were not different, the intercept was compared, as 

previously described in the work by Weaver and Wuensch61. The data between groups 

measured at different inotropic states were analysed by utilizing the one-way ANOVA for 

repeated measurements. Post-hoc testing was calculated by Tukey’s test. For statistical 

calculations, the software Sigmastat (Version 4.0, Systat Software, Inc) and SPSS (Version 

23.0, IBM, Armonk, NY) were utilized. 

The inter- and intra-observer reproducibility analysis was quantified by using intra-class 

correlation coefficient (ICC) and displayed with Bland-Altman plots62. The agreement was 

considered excellent in case of ICC >0.74, good for ICC 0.60–0.74, fair for ICC 0.40–0.59, 

and poor for ICC <0.4043. After 4 weeks of interval, the intra-observer data analysis was 

repeated. All the operators performed the measurements two times, and the averaged 

calculated values were taken. 

The study sample size needed to detect a 5, 8 and 10% relative change in strain with a 

power of 80% and a significance of 5% was calculated with the following formula63: 

(8) n = ƒ (α, P) σ² 2 / δ 

where n represents the calculated sample size, α represents the significance level, P the 

required study power and f the calculated value of the factor needed for different values of α 

and P (f = 10.5 for α = 0.05 and p = 0.080), with σ representing the standard deviation of 
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differences in measurements between studies or observers and δ the desired difference to 

be found. The sample size calculation was only performed for baseline measurements. 

 

3.3 Results 

Systemic hemodynamics 

The dose of dobutamine necessary to provide a 25% increase in HR was 6.4 ± 2.5 µg/kg/min, 

while 5 ± 2 mg of verapamil was needed to decrease CI of at least 25% from baseline.  

Concerning systemic hemodynamics, a significant increase in heart rate (HR) during Dob 

administration (106 ± 15 to 146 ± 12 bpm) accompanied by a significant decrease during Ver 

(98 ± 19 bpm) was observed. Dob raised significantly baseline CO (6 ± 1 to 9 ± 2 L/min) and 

LV EF (59 ± 8 to 77 ± 7 %), while Verapamil decreased both significantly (4 ± 1 L/min and 

39 ± 9 %). Systemic vascular resistance (SVR) significantly decreased with Dob (15 ± 5 to 

11 ± 4 dyn*s*cm-5) and increased during Ver (19 ± 9 dyn*s*cm-5). Mean aortic pressure 

(mAOP) did not decrease significantly during Dob (90 ± 12 to 98 ± 19 mmHg), but 

significantly fell during Ver (70 ± 10 mmHg). Wall stress increased significantly during Dob 

(0.12 ± 0.02 to 0.16 ± 0.04 mmHg) and decreased during Ver (0.10 ± 0.02 mmHg). Cardiac 

power output (CPO) increased by Dob administration (1.2 ± 0.3 to 2.0 ± 0.6 W) and 

decreased significantly during Ver (0.7 ± 0.2 W). A similar effect was observed for CI with a 

significant rise during Dob (2.5 ± 0.2 to 3.8 ± 0.5 L/min/m2) and fall during Ver (1.7 ± 0.7 

L/min/m2). 

End-systolic elastance (Ees), representing the slope of the end-systolic pressure-volume 

relationship (EPSVR) increased significantly during Dob and decreased during Ver 

administration (Figure 3).  
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Figure 3. End-systolic pressure-volume relationship averaged for baseline, 

dobutamine and verapamil steps. A single-loop obtained from the end-systolic pressure-

volume relationship (ESPVR) has been plotted under different inotropic states. The average 

ESPVR during dobutamine infusion is represented through the lines (green), at baseline 

(blue) and during verapamil (red). An increase in ESPVR with dobutamine and a decrease 

with verapamil are observed. Each animal is plotted in the data (n=10). The dashed lines are 
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representative of the 95% confidence intervals. This Figure refers to the published article by 

Faragli et al2. 

 

Global strain parameters  

Global strain parameters are shown in Table 1A. Global longitudinal strain (GLS) and global 

circumferential strain (GCS) increased significantly during Dob, while a relevant decrease 

was observed during Ver. Global radial strain (GRS) was not significantly decreased during, 

while was decreased during Ver infusion.  

Adjusting global strain parameters for mAOP (Table 1B) or for meridional wall stress (Table 

1C) did not change the effects induced by Dob and Ver described above.   

 

 A.     Baseline      Dobutamine      Verapamil 

GLS (%)      -23 ± 4        -45 ± 9*      -16 ± 3*, § 

GCS (%)      -31 ± 8        -53 ± 10*      -17 ± 5*, § 

GRS (%)       72 ± 19         88 ± 36       30 ± 12*, § 

 B.     Baseline      Dobutamine      Verapamil 

GLSi (%)      -23 ± 4        -45 ± 10*      -16 ± 4*, § 

GCSi (%)      -30 ± 8        -52 ± 8*      -16 ± 5*, § 

GRSi (%)       71 ± 19         84 ± 23       30 ± 13*, § 

 C.     Baseline      Dobutamine      Verapamil 

GLSw (%)      -23 ± 5        -44 ± 10*      -16 ± 3*, § 

GCSw (%)      -31 ± 9        -52 ± 13*      -17 ± 17*, § 
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GRSw (%)       71 ± 20         90 ± 54       35 ± 27*, § 

Table 1. Global strain and adjusted global strain value measured under different 

variable force states. (A) Global strain values (B), global strain adjusted for mean aortic 

pressure (mAOP) and (C) global strain adjusted for meridional wall stress are displayed 

during BL, Dob and Ver states. N=10; *p<0.05 vs. BL; §p<0.05 vs. Dob. Dob = dobutamine; 

GLS = global longitudinal strain; GCS = global circumferential strain; GRS = global radial 

strain; GLSi = global longitudinal strain indexed for mAOP; GCSi = global circumferential 

strain indexed for mAOP; GRSi = global radial strain indexed for mAOP; GLSw = global 

longitudinal strain indexed for Wall Stress; GCSw = global circumferential strain indexed for 

Wall Stress; GRSi = global radial strain indexed for Wall Stress; mAOP = mean aortic 

pressure; Ver = verapamil. 

 

Correlation between global strain, ejection fraction and hemodynamic parameters 

Linear regression analysis demonstrated a moderate correlation between GLS, GCS and 

CPO, while only a weak correlation was observed between GRS and CPO (Figure 4A). s 

Similarly, between GLS, GCS and CI (Figure 4B) a moderate correlation was observed, while 

GRS poorly performed. A same observation could be drawn for GLS, GCS and Ees where 

a moderate correlation was found, while a poor one was observed in the correlation of GRS 

and Ees (Figure 4C). 
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Figure 4. Correlation between global strain and invasive hemodynamic parameters. 

This panel displays the linear correlation analysis between invasive hemodynamic 

parameters and global strain values at different inotropic states. The linear regression 

analysis shows a moderate correlation between GLS and GCS against CPO (A), CI (B) and 

Ees (C). The correlation between invasive parameters and GRS was found to be poor (A-

C). Blue points address BL, green ones’ address Dob, and red ones’ address Ver (n=10). BL 

= baseline; CI = cardiac index; CPO = cardiac power output; Dob = dobutamine; Ees = end-

systolic elastance; GLS = global longitudinal strain; GCS = global circumferential strain; GRS 
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= global radial strain; Ver = verapamil. This Figure refers to the published article by Faragli 

et al2. 

 

By adjusting global strain parameters for mAOP or for wall stress the correlations with CPO 

(Figure 5A and 6A), with CI (Figure 5B and 6B) as well as with Ees (Figure 5C and 6C) 

improved. By analysing LVEF, we found a moderate correlation with CI and CPO (r2 = 0.81 

and r2 = 0.69, respectively), comparable with the one obtained in GLSw with CI and CPO (r2 

= 0.74 and r2 = 0.72, respectively). Moreover, GLSw moderately correlated with Ees in the 

same way as LVEF correlated with Ees (r2 = 0.74 versus r2 = 0.74). All the correlations were 

statistically different with a p<0.0001. 
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Figure 5. Correlation between global strain adjusted for mean aortic pressure and 

invasive hemodynamic parameters. This panel displays the linear correlation analysis 

between invasive hemodynamic parameters and global strain values indexed for mAOP at 

different inotropic states. The linear regression analysis between GLSi, GCSi, GRSi and 

CPO (A), CI (B), and Ees (C) improves after indexing global strain for mAOP. Blue points 

address BL, green ones’ address Dob, and red ones’ address Ver (n=10). BL = baseline; CI 

= cardiac index; CPO = cardiac power output; Dob = dobutamine; Ees = end-systolic 

elastance; GLSi = global longitudinal strain indexed for mAOP; GCSi = global circumferential 
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strain indexed for mAOP; GRSi = global radial strain indexed for mAOP; mAOP = mean 

aortic pressure; Ver = verapamil. This Figure refers to the published article by Faragli et al2. 

 

 

Figure 6. Correlation between global strain adjusted for wall stress and invasive 

hemodynamic parameters. Linear regression analysis between GLSw, GCSw, GRSw and 

CPO (A), CI (B), and Ees (C) improves after indexing strain values for meridional Wall Stress. 

Blue points address BL, green ones’ address Dob, and red ones’ address Ver (n=10). BL = 

baseline; CI = cardiac index; CPO = cardiac power output; Dob = dobutamine; Ees = end-

systolic elastance; GLSw = global longitudinal strain indexed for Wall Stress; GCSw = global 
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circumferential strain indexed for Wall Stress; GRSw = global radial strain indexed for Wall 

Stress; Ver = verapamil. This Figure refers to the published article by Faragli et al2. 

 

 

Relative changes of mechanics between baseline, dobutamine and verapamil 

Relative changes in global LV strain parameters, defined as non-invasive cardiac 

mechanics, and hemodynamic parameters were plotted in comparison to baseline (Figure 

7).  

 

Figure 7. Graphical representation of the relative change of global strain values and 

cardiac mechanics parameters during baseline, dobutamine and verapamil steps. 

Global strain value and relative change of invasive hemodynamic parameters (dashed box)  
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are plotted from baseline (BL, dashed horizontal line) to dobutamine (Dob, green boxes) and 

from BL to verapamil (Ver, red boxes), respectively. N=10; *p<0.05 vs CI, §p<0.05 vs GLS, 

‡p<0.05 vs GCS. BL = baseline; CI = cardiac index; CPO = cardiac power output; Dob = 

dobutamine; GLS = global longitudinal strain; GCS = global circumferential strain; GRS = 

global radial strain; Ver = verapamil. This Figure refers to the published article by Faragli et 

al2. 

 

 

Among global strain values, GLS was found to have a higher relative change than for 

example GRS both at Dob and Ver. GCS was found different for Dob only. Dob effects were 

found to be more prominent in GLS than by CI, while the impact of Ver on GRS was 

negligible, if compared to CI. The effect of Dob and Ver on the other mechanic and 

hemodynamic parameters was comparable. 
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Inter-observer and intra-observer reproducibility 

Table 2 shows the CMR-FT derived strain parameters, which were obtained by two 

independent researchers.                                  

Measurements obtained by two observers 

(inter-observer level) 

  
First observer Second observer 

BL GLS (%) -26.1 ± 5 -25.1 ± 4  

 
GCS (%) -32.7 ± 8 -30.4 ± 6   

 
GRS (%) 73.3 ± 9  51.5 ± 17   

    

Dob GLS (%) -45.1 ± 11*  -40.6 ± 7 * 

 
GCS (%) -55.1 ± 12  -54.7 ± 10 * 

 
GRS (%) 103.0 ± 20  101.8 ± 14 * 

    

Ver GLS (%) -20.8 ± 6 § -17.3 ± 5 *, § 

 
GCS (%) -18.6 ± 4 § -21.0 ± 6 *, § 

 
GRS (%) 53.9 ± 10 § 29.1 ± 9 *, § 

Measurements obtained by one observer 

(intra-observer level) 

  
First measurement Second measurement 

BL GLS (%) -26.1 ± 5 -23.3 ± 4  
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GCS (%) -32.7 ± 8 -31.0 ± 8   

 
GRS (%) 73.3 ± 9  71.7 ± 19   

    

Dob GLS (%) -45.1 ± 11 * -45.6 ± 9 * 

 
GCS (%) -55.1 ± 12  -53.3 ± 11 * 

 
GRS (%) 103.0 ± 20  87.9 ± 36 

    

Ver GLS (%) -20.8 ± 6 § -16.5 ± 3 *, § 

 
GCS (%) -18.6 ± 4 § -16.9 ± 5 *, § 

 
GRS (%) 53.9 ± 10 § 30.3 ± 13 *, § 

Table 2. Global strain parameters obtained by two observers are displayed at different 

inotropic states. The measurements were taken twice, and the average values are shown. 

N=10; *p<0.05 vs. BL; §p<0.05 vs. Dob. BL = baseline; Dob = dobutamine; GLS = global 

longitudinal strain; GCS = global circumferential strain; GRS = global radial strain; Ver = 

verapamil. 

 

The calculated mean differences ± SD, limits of agreement and ICC for strain parameters 

are presented in Table 3.  

 

 
Parameter Steps Mean 

difference ± 
SD 

Limits of 
Agreement 

ICC (95% CI) 

Inter-
observer 
variability 

GLS BL -1.0 ± 3.0 -6.9 to 4.8 0.88 (0.57 – 0.97) 

 
Dob -4.5 ± 10.0 -24.1 to 15.1 0.60 (-0.35 – 0.89) 



35 
 

  
Ver 3.5 ± 4.2 -4.7 to 11.7 0.79 (0.10 – 0.95) 

 
GCS BL -2.2 ± 7.6 -17.2 to 12.6 0.66 (-0.21 – 0.92) 

  
Dob -0.4 ± 11.5 -23.0 to 22.2 0.51 (-0.23 – 0.87) 

  
Ver 2.4 ± 3.4 -4.3 to 9.2 0.61 (-0.40 – 0.90) 

 
GRS BL 21.7 ± 11.6 -0.9 to 44.5  0.80 (0.21 – 0.95) 

  
Dob 1.2 ± 29.6 -56.9 to 59.3 -1.60 (-9.47 – 0.35) 

  
Ver 24.7 ± 12.6 0.1 to 49.4 0.24 (-2.03 – 0.81) 

Intra-
observer 
variability 

GLS BL 2.8 ± 2.9 -2.8 to 8.5 0.81 (0.41 – 0.95) 

 
Dob -0.4 ± 7.3 -14.8 to 14.0 0.87 (0.45 – 0.96) 

  
Ver 4.3 ± 4.3 -4.1 to 12.7 0.75 (0.01 – 0.94) 

 
GCS BL 1.7 ± 1.5 -1.3 to 4.7 0.98 (0.77 – 0.99) 

  
Dob 1.8 ± 3.4 -4.8 to 8.4 0.97 (0.89 – 0.99) 

  
Ver 1.6 ± 1.4 -1.1 to 4.4 0.95 (0.36 – 0.99) 

 
GRS BL -1.5 ± 12.7 -26.4 to 23.3 0.79 (0.15 – 0.94) 

  
Dob -15.1 ± 31.1 -76.0 to 45.8 0.62 (-0.50 – 0.90) 

  
Ver -23.6 ± 15.7 -54.4 to 7.2 0.14 (-2.43 – 0.78)  

Table 3. Inter-observer and intra-observer reproducibility analysis for GLS, GCS and 

GRS. The inter-observer and intra-observer variability data concerning the mean difference 

± standard deviation, the limits of agreement and the intraclass correlation (ICC) during BL, 

Dob and Ver are shown. The measurements were taken twice, and the average values are 

displayed. N=10. BL = baseline; Dob = dobutamine; GLS = global longitudinal strain; GCS = 
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global circumferential strain; GRS = global radial strain; ICC = intraclass correlation 

coefficient; Ver = verapamil. 

 

Analyzing the inter-observer variability, it was observed that the reproducibility for GLS 

during BL and Ver steps was excellent. For Dob, the observed reproducibility was found to 

be only good. With regards to the GCS analysis, a good reproducibility during BL and Ver 

steps was found; while during Dob, the reproducibility observed was only fair. For GRS, an 

excellent reproducibility during BL measurements was found, while for Dob and Ver steps 

the reproducibility was only poor. Regarding intra-observer analysis, the level of 

reproducibility for most measurements is excellent. GLS and GCS reproducibility was 

excellent for all the steps; GRS instead showed an excellent reproducibility only during BL, 

while during Dob was good and during Ver only poor. In Figures 8 and 9, Bland-Altman plots 

have been drawn to show the inter-observer and the intra-observer reproducibility of global 

strain parameters at BL, Dob and Ver steps (see Figures 8, 9). 
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Figure 8. Brand-Altman plot showing reproducibility between observers of global 

strain values. Bland-Altman plots analyzing inter-observer reproducibility for GLS, GCS and 

GRS during BL, Dob and Ver are shown (n=10). GLS = global longitudinal strain; GCS = 

global circumferential strain; GRS = global radial strain. This Figure refers to the published 

article by Faragli et al1. 
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Figure 9. Bland-Altman showing the relationship reproducibility between observers of 

global strain values. Bland-Altman plots analyzing intra-observer reproducibility for GLS, 

GCS and GRS analysis during BL, Dob and Ver are shown (n=10). GLS = global longitudinal 



39 
 

strain; GCS = global circumferential strain; GRS = global radial strain. This Figure refers to 

the published article by Faragli et al1.  

 

 

Sample size  

The required sample sizes calculated for each strain-derived parameter are represented in 

Table 4.  

 

  
Sample Size (n) 

----------------------------------------------------------- 
 

Mean difference ± SD 
pooled 

5%            10%           15% 

GLS -1.08 ± 4.9 20 5 2 

GCS -2.27 ± 7.4 45 11 5 

GRS 21.7 ± 17.9 NA 68 30 

Table 4. Sample size calculation for global strain baseline values. The sample size was 

analyzed to detect the desired percentage relative change with 80% power and α error of 

0.05. The mean difference is calculated from the inter-observer average difference analysis1. 

The pooled standard deviation has been calculated by applying Cohen formula: SDpooled = √ 

(SD1
2 + SD2

2)-1. In the table are displayed the number of animals needed to detect a 5%, 

10% and 15% change in GLS, GCS and GRS respectively. GLS = global longitudinal strain; 

GCS = global circumferential strain; GRS = global radial strain; SD = standard deviation; Ver 

= verapamil. 
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A relative 10% change in GLS in pigs requires five animals, as represented in Figure 10. 

Twenty pigs instead are required to detect a 5% change in GLS (power of 80% and α error 

of 0.05). 

 

 

Figure 10. The sample size of the baseline global strain values visualized. Graphical 

representation of the sample size for GLS, GCS and GRS (baseline measurements) to detect 

the desired percentage relative change of strain (n=10). The calculation was performed 

aiming at the 80% power and α error of 0.05. GLS = global longitudinal strain; GCS = global 

circumferential strain; GRS = global radial strain. This Figure refers to the published article 

by Faragli et al1.  
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3.4 Discussion 

 
The main goal of the current study was to compare CMR-FT LV systolic strain to the 

invasively measured classical hemodynamic parameters2. The goal was to understand 

whether LV strain can reproduce the mechanical function of the heart2. To do so, we 

investigated LV strain under various inotropic states2. What we observed is that although a 

moderate correlation of global strain parameters against LV hemodynamics was found, by 

indexing strain parameters to indirect measures of afterload the correlation was improved2.  

 

Correlation between global strain, ejection fraction and LV hemodynamic parameters 

The role of echocardiographic LV strain in the clinics is already established, and numerous 

studies have already shown its diagnostic and prognostic role in different patients’ 

populations9, 10, 21-25, 28, 29. Cardiovascular magnetic resonance feature tracking (CMR-FT) 

strain analysis represents a relatively new accurate technique utilizing simple steady-state 

free procession sequences for assessing myocardial function and dysfunction 17, 33, 34, 39-41, 

64. CMR-FT been shown to predict major adverse cardiac events in ischemic or non-ischemic 

cardiomyopathy37-39. Nonetheless, due to the current lack of in vivo studies it is not known 

whether CMR-FT LV strain is able to reproduce accurately the mechanical function of the 

myocardium65. Whether CMR-FT LV strain is an effective tool for evaluating cardiac 

mechanics of the myocardium, and how these changes under different inotropic states, is 

still unclear because of the lack of research in this field.  

In our study, we were able to show how CMR LV strain correlated with hemodynamic 

parameters describing the hydraulic and mechanical role of the heart as a pump2 by 
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comparing it with invasively validated parameters such as cardiac power output (CPO) and 

cardiac index (CI)49, 51, 52, 66.  

Up to now, most of the in vivo studies concentrated on 2D and 3D STE20, correlating for 

example the STE with the sonomicrometry in large animal models and showing good 

agreement between the techniques20. In an in vivo study on pigs, the group of Weidemann 

et al was able to show the ability of LV strain to reproduce the LV-contractility of pigs under 

various inotropic conditions and independently of heart rate67. An in vivo study, with a goal 

comparable to ours, is the one performed by Yotti et al26. The aim of the study was to show 

a correlation between echocardiographic assessed LV strain and invasive pressure-volume 

catheterization data26. In their study, circumferential strain correlated moderately, while 

longitudinal strain correlated poorly26. An interesting point raised by the study was that 

circumferential strain, unlike longitudinal strain, was not affected in patients with aortic 

stenosis or hypertension. This could be due to the lower load-dependency of circumferential 

strain or by the effect of afterload26.  

Another main goal of our study was to compare CMR-FT LV strain with one of the most 

accurate parameter of LV contractility, meaning the invasively measured end-systolic 

elastance (Ees)2. End-systolic elastance is a relatively load-independent parameter that 

represents the slope of the end-systolic pressure-volume relationship and can explain. the 

LV inotropic status49. Recently, Seeman et al. were able to assess Ees non-invasively via 

CMR imaging68. In our study, we were able to show a moderate to good correlation between 

both GLS, GCS, and Ees2.  

 

Relative change of mechanics under various inotropic states 
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To understand how global LV strain is able to reproduce the hemodynamic function and the 

mechanical contraction the myocardium, we analyzed the relative changes of global LV 

strain, CPO, CI and Ees between hypercontractility and hypocontractility compared to 

baseline, respectively (Figure 7). What we observed is that the impact of Dob and Ver was 

comparable between global strain and hemodynamic parameters, apart from two 

exceptions62. GLS changed relatively more during Dob induced hypercontractility if 

compared to CI. With Ver induced hypocontractility, instead, the relative changes of GRS 

were small if compared to CI, indicating in those cases a poor comparison between the two 

methods62.  

 

Inter-observer and intra-observer reproducibility 

Concerning the reproducibility of LV strain, few studies analyzed it in animal models. 

Previously, a study from our group showed the high reproducibility of strain measurements 

through CMR-FT in a model of small animals (mice)76, 77. However, the main limitation of that 

study lies in the model, being too small to be able to translate to humans76, 77.  

Large animals, such as Landrace pigs, do present a cardiac anatomy and physiology 

extremely similar to humans. For this reason, we envisioned the importance of having data 

on Landrace pigs to establish the reproducibility of CMR-FT LV strain and this has been 

published as a sub-study of the presented experimental protocol1. The purpose of that study 

was to provides an analysis on the reproducibility of the CMR-FT LV strain and an analysis 

of the sample size needed to detect LV strain changes1.  

For global longitudinal and global circumferential strain, we found a good to excellent inter-

observer reproducibility. Instead, radial strain, in line with the already published literature in 

human studies 78-81, to be poorly reproducible between repeated measurements, in specific 
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for the inter-observer measurements. As expected, the intra-observer reproducibility was 

higher than the inter-observer, and particularly good for circumferential strain. This was also 

in line with previously published studies 62, 82. 

In the published study, we also had the ability to assess the reproducibility of the LV strain 

measurements under different inotropic states1. What it was observed was that during 

dobutamine infusion, a high increase in HR was achieved (mean 146 ± 12 bpm). This caused 

a lower reproducibility of the inter-observer and intra-observer measurements1. One 

explanation could be that the processed images were affected by a worse resolution due to 

the increased frame rate. A reduced precision of the measurement due to high heart rate 

has already been described in previous studies 63, 83. In our model, lower heart rates such as 

during baseline and verapamil were associated with a greater reproducibility of all the global 

LV strain values1. 

Previous studies have shown that CMR-FT global circumferential strain achieved the best 

interobserver agreement62, while global radial strain has the weakest one in agreement with 

our recent published study1. Even if previous studies identified a poorer reproducibility of 

longitudinal strain, probably due to a more difficult tracking of the basal segments at the level 

of the mitral annuls62, in our published study longitudinal strain was found to be highly 

reproducible both for the inter- and the intra-observer measurements1. Nonetheless, one of 

the main causes of variability of strain values comes from the different software utilized of 

the analysis and because of a lack of contouring standardization84. 

 

Sample size 

Since reproducibility has an influence on the sample size required to detect significant 

differences in strain parameters, group variance is key. The greater the variability, the larger 
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is the sample size needed. Sample size is fundamental to test the reliability of new imaging 

methods85, 86, especially in the field of animal studies where the reduction of the number of 

animals needed per experiments is unvaluable87. By utilizing previously published sample 

sizes it is also possible to avoid pilot experiments or unnecessary replications88. In our cohort 

study, we were able to prove that if the effects of animal-to-animal variation on the 

measurement is eliminated or greatly reduced, the animals required to test hypotheses can 

be reduced1.  
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3.5 Clinical applications 

 
In the past years, LV strain measured through echocardiography has emerged as an 

important method to evaluate the clinical function of the heart better than LVEF8, 17, 48. 

Previous studies have already been shown that changes in LV strain may not strictly reflect 

the same alterations in LVEF, mainly given by geometric confounders, as for example an 

increased ventricular wall in diseases such as HCM3, 89. Measurable alterations in GLS may 

not necessarily affect LVEF that, in many cases, may still be normal3, 89. Moreover, since 

LVEF is a parameter of systolic function, LV strain may improve the understanding of the 

heart function in MRI being also an indicator of the diastolic phase3. 

LV strain slowly entered the CMR clinical routine, mainly because of the time-consuming 

post-processing analysis of the sequences, being mostly relegated to research purposes48. 

Even if the newly developed CMR-FT has the advantage of providing the physicians with a 

quick assessment, based on simple steady-state free precession sequences, allowing a 

potential use of LV strain for clinical routine33, 34, 39-41, the main limitation of myocardial strain 

is given by its load-dependency48, 59. 

In this current study we were able to demonstrate that LV strain parameters measured with 

CMR-FT correlate moderately with hemodynamic parameters such as cardiac index (CI), 

cardiac power output (CPO), as well as a load-independent parameter that measures cardiac 

contractility, namely end-systolic elastance (Ees)2. Moreover, we were able to add a relevant 

piece of the puzzle through our study, since we were able to show that by indexing LV strain 

for indirect measures of afterload, such as mAOP as well as meridional wall stress, an 

improvement in the correlation between strain parameters and LV hemodynamics was 

observed2. For instance, by indexing GLS parameter for meridional wall stress, the 
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correlation against Ees was as good as the one between Ees and LVEF in reflecting LV 

contractility2. This shows how an indexed measure of GLS may be as useful as LVEF as a 

routine clinical assessment for CMR purposes. Our results suggest that even a simple non-

invasive measurement of the blood pressure combined with LV strain may provide additional 

information on the heart contractility2.  

Eventually, the possible clinical applications of CMR-FT strain range among different 

pathologies such as for the assessment of CAD, diabetes mellitus, hypertensive heart 

disease and HCM patients3, 17, 44. However, the main clinical advantage of LV strain may be 

for the diagnosis and prognosis of chronic HF patients, and in specific for HFpEF ones, as 

already shown in previous studies10. HFpEF patients are a population presenting with heart 

failure symptoms like dyspnea, but with a normal LVEF90. LV strain may provide the missing 

information that clinicians need since those patients may present an alteration of the heart 

mechanics, that with the sole measurement of LVEF is not detectable90. 
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3.6 Limitations 

There are several limitations to the current study. One of them is related to the setting. Since 

animals were studied under general anaesthesia, necessary to reduce the animals’ distress 

and to gather stable hemodynamic conditions, the results obtained may be influenced by the 

medications needed to maintain the animals anesthetized. Another limitation is given by the 

fact that due to conditions such as easier housing and milder behaviour, all the animals 

selected for the study were females. This creates a potential gender bias of the results. 

Concerning the analysis, only endocardial values were utilized. Endocardial strain has 

already been shown90 to be the most relevant among the other layers (myocardial and 

epicardial) for the assessment of cardiac contraction, however, presenting only endocardial 

values may be perceived as a limitation. Regarding the analysis, software variability between 

the providers should be taken into account when considering the absolute strain values. 

Eventually, even if the animals analysed were healthy ones, with a cardiovascular pathology, 

the induced conditions of conditions of hyper-contractility (stress) and hypo-contractility 

(ischemia) were induced, and we believe to be already representative enough for a potential 

clinical translation. Nonetheless, further research in this field is necessary in a clinical setting 

to prove our hypotheses. A final limitation is related to the sample size required to detect 

finer differences. Adding a 25% dropout rate before planning a study may provide more 

accurate results. 
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3.7 Conclusions 

CMR-FT LV strain correlates with LV hemodynamics in pigs under hypercontractility and 

hypocontractility states. Indexing LV strain for circuitous measures of afterload progresses 

the correlation. In specific, GLS indexed for wall stress provides the best results being at 

least as good as LVEF in assessing LV contractility. CMR-FT LV strain may be easily 

integrated into the clinical CMR routine to characterize the LV mechanics of patients with 

various degrees of dysfunction adding a relevant information on top of LVEF.  
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RESEARCH

Cardiovascular magnetic resonance-derived 
left ventricular mechanics—strain, cardiac 
power and end-systolic elastance under various 
inotropic states in swine
A. Faragli1,2,3,4, R. Tanacli1,4, C. Kolp1, D. Abawi1, T. Lapinskas4,5, C. Stehning6, B. Schnackenburg6, F. P. Lo Muzio7,8, 
L. Fassina9, B. Pieske1,2,3,4, E. Nagel10, H. Post1,2,3,11, S. Kelle1,2,3,4† and A. Alogna1,2,3*†

Abstract 

Background: Cardiovascular magnetic resonance (CMR) strain imaging is an established technique to quantify myo-
cardial deformation. However, to what extent left ventricular (LV) systolic strain, and therefore LV mechanics, reflects 
classical hemodynamic parameters under various inotropic states is still not completely clear. Therefore, the aim of this 
study was to investigate the correlation of LV global strain parameters measured via CMR feature tracking (CMR-FT, 
based on conventional cine balanced steady state free precession (bSSFP) images) with hemodynamic parameters 
such as cardiac index (CI), cardiac power output (CPO) and end-systolic elastance (Ees) under various inotropic states.

Methods:  Ten anaesthetized, healthy Landrace swine were acutely instrumented closed-chest and transported to 
the CMR facility for measurements. After baseline measurements, two steps were performed: (1) dobutamine-stress 
(Dobutamine) and (2) verapamil-induced cardiovascular depression (Verapamil). During each protocol, CMR images 
were acquired in the short axisand apical 2Ch, 3Ch and 4Ch views. MEDIS software was utilized to analyze global 
longitudinal (GLS), global circumferential (GCS), and global radial strain (GRS).

Results: Dobutamine significantly increased heart rate, CI, CPO and Ees, while Verapamil decreased them. Absolute 
values of GLS, GCS and GRS accordingly increased during Dobutamine infusion, while GLS and GCS decreased during 
Verapamil. Linear regression analysis showed a moderate correlation between GLS, GCS and LV hemodynamic param-
eters, while GRS correlated poorly. Indexing global strain parameters for indirect measures of afterload, such as mean 
aortic pressure or wall stress, significantly improved these correlations, with GLS indexed for wall stress reflecting LV 
contractility as the clinically widespread LV ejection fraction.

Conclusion: GLS and GCS correlate accordingly with LV hemodynamics under various inotropic states in swine. 
Indexing strain parameters for indirect measures of afterload substantially improves this correlation, with GLS being as 
good as LV ejection fraction in reflecting LV contractility. CMR-FT-strain imaging may be a quick and promising tool to 
characterize LV hemodynamics in patients with varying degrees of LV dysfunction.

© The Author(s) 2020. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
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other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creat iveco mmons .org/licen ses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creat iveco 
mmons .org/publi cdoma in/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.
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Background
The routine assessment of left ventricular (LV) ejection 
fraction (LVEF), being a measure of global systolic func-
tion, falls short in identifying regional myocardial impair-
ment and the mechanical contraction of the heart [1, 2]. 
Therefore, strain imaging has emerged in the past years 
to better quantify myocardial LV deformation in vari-
ous patient populations [3–7]. Numerous studies have 
validated and shown the utility of myocardial strain in 
the diagnosis of several pathologies, identifying subclini-
cal myocardial changes, and even by showing an impact 
on the prognosis of cardiovascular pathologies [8–15]. 
Recently, cardiovascular magnetic resonance (CMR) fea-
ture tracking (FT) strain analysis was shown to be accu-
rate in the detection of myocardial dysfunction as well 
as useful as a predictor of major adverse cardiac events, 
with the advantage of utilizing conventional balanced 
steady-state free precession (bSSFP) cine sequences [15–
19]. Impaired LV systolic function and cardiac reserve 
can be clinically assessed by hemodynamic parameters 
such as cardiac index (CI), as well as by cardiac power 
output (CPO) at rest and during pharmacological stress. 
In particular, the latest has been shown to strongly cor-
relate with the clinical outcome of chronic heart failure 
patients [20, 21]. Moreover, LV CPO is able to provide an 
assessment of the intraventricular flow as well as of its 
mechanics much more than other hemodynamic param-
eters, since it couples not only with the cardiac work, 
but also with the response of the vasculature [22, 23]. 
The invasively measured end-systolic elastance (Ees) is 
instead, a relatively load-independent parameter describ-
ing the LV inotropic state [24]. Recently, Seeman and col-
leagues successfully investigated a novel CMR method to 
noninvasively quantify Ees [25]. Whether or not, and to 
what extent CMR-FT LV strain reflects the above-men-
tioned hemodynamic parameters under various inotropic 
states has not been investigated thus far. Therefore, the 
aim of this study was to validate the correlation of CMR 
LV strain parameters against hemodynamic parameters 
such as CI, CPO and the Ees mentioned above, under 
various inotropic states in swine.

Methods
The experimental protocols were approved by the local 
bioethics committee of Berlin, Germany (G0138/17), and 
conform to the “European Convention for the Protection 
of Vertebrate Animals used for Experimental and other 

Scientific Purposes” (Council of Europe No 123, Stras-
bourg 1985).

Experimental setup
Female Landrace swine (n = 10, 51 ± 10  kg) were fasted 
overnight with free access to water, and then sedated and 
intubated on the day of the experiment. Anaesthesia was 
continued with fentanyl, midazolam, ketamine and pan-
curonium as needed. The anesthesia regimen included 
low-dose isofluorane to obtain a deeper sedation and 
stabilize hemodynamics without impacting much on sys-
temic vascular resistance. Animals were ventilated (Cato, 
Dräger Medical, Lubeck, Germany) with a FiO2 of 0.5, 
an I: E-ratio of 1:1.5, the positive end-expiratory pres-
sure was set at 5 mmHg and a tidal volume of 10 ml kg-1. 
The respiratory rate was continuously adjusted to main-
tain an end-expiratory carbon dioxide partial pressure 
between 35 and 45 mmHg. Under fluoroscopic guidance, 
all animals were instrumented with a floating balloon 
catheter in the right atrium, as well as in the coronary 
sinus (Arrow Balloon Wedge-Pressure Catheters, Teleflex 
Inc, Wayne, Pennsylvania USA). In order to avoid CMR-
artefacts, the balloon-tip was cut before introducing the 
catheters in the vessel. Respiratory gases (PM 8050 MRI, 
Dräger Medical), heart rate (HR), and invasively derived 
arterial blood pressure were continuously monitored 
(Precess 3160, InVivo, Gainesville, Florida, USA) via a 
sheath access surgically prepared in the internal carotid 
artery. Body temperature was monitored by a sublin-
gual thermometer and was maintained at 38  °C during 
CMR imaging via air ventilation or infusion of cold saline 
solution.

Experimental protocols
After acute instrumentation, the animals were trans-
ported to the CMR facility for measurements. After 
baseline measurements, two steps were performed: (1) 
Dobutamine-stress (Dobutamine) and (2) verapamil-
induced cardiovascular depression (Verapamil). Dobu-
tamine infusion was titrated aiming at a 25% HR increase 
compared to baseline values, while verapamil was given 
as single 2.5  mg bolus, aiming at a 25% decrease of CI. 
This protocol was established beforehand with a small 
pilot study (data not shown), in which the titration of 
dobutamine and verapamil was assessed by LV inva-
sive conductance measurements according to previous 
publications by our group [26]. The cumulative dose for 
each experiment was achieved via careful titration of 

Keywords: Cardiovascular magnetic resonance, Feature tracking, Left ventricular strain, Contractile function, Porcine 
model, Translational studies, Hemodynamics
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verapamil, administered as a 2.5  mg bolus in order to 
avoid a pronounced hypotension leading to hemody-
namic instability. In the pilot experiments CI was con-
tinuously assessed online via a Swan-Ganz catheter in 
the pulmonary artery (Edwards Lifesciences CCO con-
nected to Vigilance I, Edwards Lifesciences, Irvine, Cali-
fornia, USA). In the CMR study, after the first bolus, we 
estimated stroke volume via short-axis cine imaging after 
reaching a hemodynamic steady state (around 5 min after 
bolus injection). In case CI was not decreased as much 
as 25%, we proceeded with a further bolus of verapamil. 
Between the different protocol steps there was a wash-
out period of 30 min. The anaesthesia regimen included 
low dose isoflurane to obtain a deeper sedation and stabi-
lize hemodynamics without impacting much on systemic 
vascular resistance. This protocol was established before-
hand with a small pilot study (data not shown), in which 
the titration of dobutamine and verapamil was assessed 
by LV invasive conductance measurements according to 
previous publications by our group [26]. At each protocol 
step, CMR images were acquired in the short axis (SAx), 
two-chamber (2Ch), three-chamber (3Ch) and four-
chamber (4Ch) views. At the end of the measurements, 
animals were transported back to the operating room for 
sacrifice. Sacrifice was performed with an intracoronary 
80 mmol potassium bolus.

Cardiovascular magnetic resonance
All CMR images were acquired in a supine position using 
a 3  T CMR scanner (Ingenia, Philips Healthcare, Best, 
The Netherlands) CMR scanner with an anterior- and a 
built-in posterior coil element, where up to 30 coil ele-
ments were employed, depending on the individual 
anatomy. All animals were scanned using identical com-
prehensive imaging protocol. The study protocol included 
initial scouts to determine cardiac imaging planes. Cine 
images were acquired using electrocardiogram (ECG)-
gated bSSFP cine sequence in three LV long-axis (2Ch, 
3Ch, 4Ch) planes. The ventricular 2Ch and 4Ch planes 
were used to plan stack of SAx slices covering entire 
LV. The following imaging parameters were used: rep-
etition time (TR) = 2.9 ms, echo time (TE) = 1.45 ms, flip 
angle = 45°, measured voxel size = 1.9 × 1.9 × 8.0  mm3, 
reconstructed voxel size 1.0 × 1.0 × 8mm3, and 40 cardiac 
phases.

Image analysis
All images were analyzed offline using a commercially 
available software (Medis Suite, version 3.1, Leiden, The 
Netherlands) in accordance with a recent consensus 
document for quantification of LV function using CMR 
[27]. A numeric code was assigned to the sequences of 
different measurements steps and the observers were 

therefore blinded to the pharmacological interventions. 
Given the excellent inter-observer reproducibility, we 
averaged values obtained by several measurements from 
one observer.

On SAx view, the outline of the endocardial border of 
the LV was manually traced on all slices of each phase. 
Volumes were computed by Simpson method of disks 
summation, whereby the sum of cross-sectional areas 
was multiplied by slice thickness (8 mm). The LVEF was 
calculated using the Simpson method. The LV outflow 
tract was included as LV blood volume. Papillary mus-
cles and trabeculation were included as LV volume. The 
ascending aorta was outlined in all the images and flow 
calculation was performed in the corresponding velocity-
encoded phase images. The average flow velocity (cm/s) 
was multiplied by the area of the vessel  (cm2) to obtain 
the flow (ml/s) and integrated over one cardiac cycle to 
obtain the stroke volume (SV). Then, the cardiac output 
(CO) is indirectly calculated as the product of SV and 
HR. Finally, the CI is calculated as the CO divided by 
the body surface area (BSA) [28]. For the strain analysis 
2Ch, 3Ch and 4Ch cine images, and respectively, 3 pre-
selected mid-ventricle slices from the LV SAx stack were 
included. The endocardial and epicardial contours drawn 
on cine images with QMass (version 8.1, Medis Medical) 
were transferred to QStrain RE (version 2.0, Medis Medi-
cal) where after the application of tissue tracking algo-
rithm, endocardial and epicardial borders were detected 
throughout all the cardiac cycle (Fig. 1a, d). These long-
axis cine images were further used to compute myocar-
dial global longitudinal strain (GLS), and SAx images 
were used to compute global circumferential strain (GCS) 
and global radial strain (GRS) and strain-rate (Fig. 1b, e). 
The global values were obtained by averaging the values 
of systolic peak strain according to an AHA 17 segments 
model, apex being excluded, as follows: GCS from aver-
aging circumferential strain for 6 basal, 6 mid and 4 api-
cal segmental individual values; GLS from 2Ch, 3Ch and 
4Ch averaging 6 basal, 6 mid and 4 apical segments using 
a bull-eye view (Fig. 1c, f, g, h, i). Data on strain rate are 
presented in Table 3. In line with the global strain param-
eters, dobutamine increased peak systolic SR. Verapamil 
significantly decreased peak systolic SR compared to 
dobutamine but not to baseline values.

Hemodynamic parameters
Systolic blood pressure (SBP), diastolic blood pressure 
(DBP) and mean aortic pressure (mAoP) were invasively 
measured throughout the entire protocol study via a 
sheath access surgically prepared in an internal carotid 
artery.

The systemic vascular resistance was calculated as 
follows:
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CPO, CI and Ees were calculated as follows:

where:

SVRmmHg/L =
MeanArterial Pressure(MAP)− Right Atrial Pressure

Cardiac Output(CO)

CPO =
CO ×mAoP

451

CI =
CO

BSA

Ees =
LVPsys

VLVPmax − V0

LVPsys =
2

3
Systolic Blood Pressure +

1

3
Diastolic Blood Pressure

VLVPmax = End − Systolic Volume

as described in the work by Kelly et al [29].
GLS, GCS and GRS were indexed to the measured 

mAoP adapting the formula from the previous study by 
Rhea et al. [30] as follows:

where Global Strain was the global value of either lon-
gitudinal (GLSi), circumferential (GCSi) or radial (GRSi) 
strain and avg(mAoP) was the average of the mAoP 

measured for each protocol step, namely at baseline, dob-
utamine and verapamil (Table 1).

V0 = 0

Global Strain×mAoP

avg(mAoP)

Fig. 1 Global strain analysis via Qstrain and representative left ventricular (LV) strain curves from one experiment. a Short axis endocardial and 
epicardial contouring; b circumferential strain measured with Qstrain, the lower end of the scale bar is equal to zero and it is not represented in 
the original window from MEDIS; c circumferential strain measured at end-systole time-to-peak; d longitudinal axis endocardial contouring; e 
longitudinal strain measured with Qstrain, the lower end of the scale bar is equal to zero and it is not represented in the original window from 
MEDIS; f longitudinal strain measured at end-systole time-to-peak; g global longitudinal strain (GLS), h global circumferential strain (GCS), and i 
global radial strain (GRS) representative curves from one animal measured during Baseline, Dobutamine (Dob) and Verapamil (Ver) (mean values of 
all segments)
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Meridional wall stress was calculated via the following 
formula [31]:

where LVESD = left ventricular end-systolic diameter 
and PWT = posterior wall thickness as described in the 
paper by Reichek et al. [31]. PLT was measured by aver-
aging three separate measurements in the basal short axis 
sequence.

GLS, GCS and GRS were indexed to the measured wall 
stress adapting the formula from the study by Reichek 
et al. [31] as follows:

where Global Strain was the global value of either 
global longitudinal (GLSw), global circumferential 
(GCSw) or global radial (GRSw) strain. The average for 
both LV wall stress were calculated for each step, namely 
at baseline, dobutamine and verapamil (Table 1).

Statistical analysis
All data are presented as mean ± SD. The association 
between strain data and hemodynamic data was assessed 
by linear regression analysis. The condition (baseline, 
dobutamine, verapamil) was included as a regressor into 
the linear regression model. To verify whether the linear 
regressions were significantly different (p-value < 0.05), 
using custom-made scripts in MATLAB (release R2020a; 
The MathWorks, Inc., Natick, Massachusetts, USA), we 
compared slopes, intercepts as well as correlation coef-
ficients: (i) via t-test (for slopes and intercepts) and (ii) 
via the Fisher’s r-to-z transformation followed by z-test 

LV wall stress =

(

0.334 × LVPsys × LVESD
)

PWT × [1+ PWT/LVID]

Global Strain× LV wall stress

avg(LV wall stress)

(for correlation coefficients), as previously described by 
Weaver and Wuensch [32]. Data between groups at dif-
ferent inotropic states were analysed by one-way ANOVA 
for repeated measurements. Post-hoc testing was per-
formed by Tukey’s test. A p-value < 0.05 was considered 
significant. For statistical calculations, we used the soft-
ware Sigmastat (Version 4.0, Systat Software, Inc., Cranes 
Software, Karnataka, India) and SPSS (Version 23.0, 
Statistical Package for the Social Sciences, International 
Business Machines, Inc., Armonk, New York, USA).

Results
The dose of dobutamine needed to induce a 25% HR 
increase was 6.4 ± 2.5 µg/kg/min, while the dose of vera-
pamil needed to decrease CI significantly was 5 ± 2 mg.

Systemic hemodynamics
Systemic hemodynamic data are summarized in Table 1. 
mAoP was not affected by Dobutamine, but significantly 
decreased during Verapamil. Dobutamine increased 
baseline HR, CO and LVEF, while Verapamil decreased 
them. Systemic vascular resistance (SVR) substantially 
decreased during Dobutamine, while increased during 
Verapamil. CPO and CI both increased during Dobu-
tamine and decreased during Verapamil. Ees, the slope of 
the end-systolic pressure–volume relationship, increased 
during Dobutamine and decreased during Verapamil 
infusion (Fig. 2).

Global strain parameters
Strain parameters are summarized in Table 2a, b and c. 
GLS as well as GCS increased during Dobutamine, while 
decreased during Verapamil. GRS was not significantly 
affected by Dobutamine, while decreased significantly 
during Verapamil.

Systolic strain rate
Data on strain rate (SR) are presented in Table 3. In line 
with the global strain parameters, Dobutamine increased 
peak systolic SR. Verapamil significantly decreased peak 
systolic SR compared to Dobutamine but not to baseline 
values.

Indexing strain parameters for indirect measures 
of afterload
Indexing global strain parameters for either mAoP 
(Table  2b) or for meridional wall stress (Table  2c) did 
not significantly impact the above-described changes 
induced by Dobutamine and Verapamil.

Table 1 Systemic hemodynamics and  cardiac mechanics 
parameters during BL, Dob and Ver steps

HR heart rate, LVEF left ventricular ejection fraction, CO cardiac output, CI cardiac 
index, CPO cardiac power output, SVR systemic vascular resistance, mAoP mean 
aortic pressure

*p < 0.05 vs. Baseline; §p < 0.05 vs. Dobutamine

Baseline Dobutamine Verapamil

HR (bpm) 106 ± 15 146 ± 12* 98 ± 19*,§

LVEF (%) 59 ± 8 77 ± 7* 39 ± 9*,§

CO (L/min) 6 ± 1 9 ± 2* 4 ± 1*,§

CI (L/min/m2) 2.5 ± 0.2 3.8 ± 0.5* 1.7 ± 0.7*,§

CPO (W) 1.2 ± 0.3 2.0 ± 0.6* 0.7 ± 0.2*,§

SVR (dyn s  cm−5) 15 ± 5 11 ± 4* 19 ± 9*,§

mAoP (mmHg) 90 ± 12 98 ± 19 70 ± 10*,§

Wall stress (mmHg) 0.12 ± 0.02 0.16 ± 0.04* 0.10 ± 0.02§
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Correlation between global strain, LVEF and LV 
hemodynamic parameters
Linear regression analysis showed a moderate corre-
lation between GLS, GCS and CPO, while a poor one 
was observed between GRS and CPO (Fig.  3a). A simi-
lar correlation was observed between GLS, GCS and CI 
(Fig.  3b), with GRS worst performing. A moderate cor-
relation was observed between GLS, GCS and Ees, while 
a poor one was observed between GRS and Ees (Fig. 3c). 
Indexing global strain parameters either for mAoP or 
for wall stress improved their correlations with CPO 
(Figs. 4a and 5a), with CI (Figs. 4b and 5b) as well as with 
Ees (Figs. 4c and 5c). LVEF moderately correlated with CI 
and CPO  (r2 = 0.81 and  r2 = 0.69, respectively) as GLSw 
with CI and CPO  (r2 = 0.74 and  r2 = 0.72, respectively). 
GLSw moderately correlated with Ees as well as LVEF 
with Ees  (r2 = 0.74 versus  r2 = 0.74). The above-men-
tioned correlations were both statistically significant with 
a p < 0.0001.

Relative change of mechanics under various inotropic 
states
In Fig.  6, we plotted the relative change of mechanics 
(global LV strain parameters) as well as hemodynamic 
parameters during Dobutamine and Verapamil in com-
parison to baseline.

Among global strain parameters, GLS showed a higher 
relative change than GRS during both Dobutamine and 
Verapamil, while the same was valid for GCS during dob-
utamine only. Moreover, the impact of Dobutamine was 
more prominently expressed by GLS than by CI, while 
the impact of Verapamil on GRS was negligible when in 
comparison to CI. The impact of Dobutamine and Vera-
pamil on the rest of the mechanic and hemodynamic 
parameters was comparable.

Discussion
CMR strain imaging is an established technique to quan-
tify myocardial deformation. However, to what extent LV 
systolic strain, and therefore LV mechanics, reflects clas-
sical hemodynamic parameters under various inotropic 
states is still not completely clear. In the current study, we 
set out to investigate the correlation of LV global strain 
parameters measured via CMR-FT with hemodynamic 

Fig. 2 Averaged end-systolic pressure–volume relationship at 
baseline, during dobutamine and verapamil. Single-loop derived by 
the LV end-systolic pressure–volume relationship (ESPVR) is plotted 
under various inotropic states. The green line corresponds to the 
averaged ESPVR during dobutamine infusion, the blue line represents 
the averaged ESPVR at baseline, while the red one represented the 
averaged ESPVR at verapamil. A steeper increase in ESPVR during 
dobutamine and a relevant decrease during verapamil are observed. 
The equation for each ESPVR is displayed in the graph. Data points are 
plotted for each animal during different inotropic states. The dashed 
lines represent the 95% confidence intervals

Table 2 Global strain and  indexed global strain values 
measured at different inotropic states

(A) Global strain: GLS global longitudinal strain, GCS global circumferential 
strain, GRS global radial strain; (B) Global strain indexed for mean aortic 
pressure (mAoP): GLSi global longitudinal strain indexed for mAoP, GCSi global 
circumferential strain indexed for mAOP, GRSi global radial strain indexed 
for mAoP; (C) Global strain indexed for meridional wall stress: GLSw global 
longitudinal strain indexed for wall stress, GCSw global circumferential strain 
indexed for wall stress, GRSw global radial strain indexed for wall stress. *p < 0.05 
vs. baseline; §p < 0.05 vs. Dobutamine

Baseline Dobutamine Verapamil

(A)

GLS (%) − 23 ± 4 − 45 ± 9* − 16 ± 3*,§

GCS (%) − 31 ± 8 − 53 ± 10* − 17 ± 5*,§

GRS (%) 72 ± 19 88 ± 36 30 ± 12*,§

(B)

GLSi (%) − 23 ± 4 − 45 ± 10* − 16 ± 4*,§

GCSi (%) − 30 ± 8 − 52 ± 8* − 16 ± 5*,§

GRSi (%) 71 ± 19 84 ± 23 30 ± 13*,§

(C)

GLSw (%) − 23 ± 5 − 44 ± 10* − 16 ± 3*,§

GCSw (%) − 31 ± 9 − 52 ± 13* − 17 ± 17*,§

GRSw (%) 71 ± 20 90 ± 54 35 ± 27*,§

Table 3 Global peak systolic strain rates values measured 
at different inotropic states

Strain Rate (SR). *p < 0.05 vs. Baseline; §p < 0.05 vs. Dobutamine

Baseline Dobutamine Verapamil

GLS peak systolic SR (s-1) − 2.5 ± 0.6 − 6.4 ± 1.5* − 2.1 ± 1.1§

GCS peak systolic SR (s-1) − 3.2 ± 2.2 − 8.7 ± 2.5* − 2.0 ± 1.3§

GRS peak systolic SR (s-1) 2.7 ± 1.0 5.5 ± 0.9 2.2 ± 1.5§
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parameters under various inotropic states in swine. We 
observed a moderate correlation of global strain param-
eters with LV hemodynamics. Interestingly, indexing 
strain parameters for indirect measures of afterload sub-
stantially improved this correlation, with GLS indexed 
for wall stress reflecting LV contractility as the clinically 
widespread LVEF.

Correlation between global strain, LVEF and LV 
hemodynamic parameters
Numerous studies have reported a significant diagnos-
tic as well as a prognostic role of LV strain in the assess-
ment of LV mechanics in various study populations [10, 
11], including patients with heart failure with preserved 

ejection fraction, coronary artery disease, diabetes mel-
litus, hypertensive heart disease, hypertrophic cardio-
myopathy, and arrhythmia [1–7]. Recently, CMR-FT 
strain analysis was shown to be accurate in the detection 
of myocardial dysfunction and as well useful as a predic-
tor of major adverse cardiac events in ischemic or non-
ischemic cardiomyopathy [18], with the advantage of 
utilizing simple bSSFP cine sequences [15–19, 33, 34]. 
However, notwithstanding the multitude of published 
papers assessing the clinical usefulness of strain, there is 
a notable lack of in-vivo validation studies [35]. Whether 
CMR-FT LV strain represents a valid tool to assess the 
cardiac mechanics of the myocardium, and how this var-
ies under different inotropic states, is still unclear. In this 

Fig. 3 Correlation between global strain and different invasive parameters of hemodynamics. a Linear regression analysis showing a moderate 
correlation between GLS, GCS, and CI; and a poor correlation between GRS and CI. b Linear regression analysis showing a moderate correlation 
between GLS, GCS and CPO; and a poor correlation between GRS and CPO. c Linear regression analysis showing a moderate correlation between 
GLS, GCS, and Ees; and a poor correlation between GRS and Ees. Blue dots represent BL baseline, green dots represent Dob dobutamine, red dots 
represent Ver verapamil
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work, we could show a role of CMR LV strain as a sur-
rogate of classic hemodynamic parameters such as CI, 
CPO, and a load-independent parameter of cardiac con-
tractility such as Ees, which are established parameters to 
describe the hydraulic and mechanical role of the heart 
as a pump [22, 24]. Previous in vivo studies concentrated 
on the role of 2D and 3D speckle tracking echocardiogra-
phy (STE) [35]. The main validation studies analysed the 
correlation of STE with the sonomicrometry technique in 
open-chest large animal models, showing an overall good 
agreement of the two techniques [35]. Similarly to our 
study, Weidemann et  al. showed the ability of strain as 
well as strain rate to reflect swine LV-contractility under 

different inotropic states and independently of heart rate 
[36]. The invasively measured Ees, the slope of the end-
systolic pressure–volume relationship, is a relatively load-
independent parameter describing the LV inotropic state 
[24]. A recent study by Seeman et  al. established a reli-
able method to assess Ees via CMR imaging [25]. In the 
current work, we showed a moderate to good correlation 
between both GLS, GCS, and Ees. The accuracy of GLS 
in reflecting Ees improved when indexing for wall stress. 
In line with our data, Yotti et  al [8] showed a moderate 
correlation between echocardiographic assessed GCS 
and invasive pressure–volume catheterization data, while 
on the opposite, GLS correlated poorly. The authors 

Fig. 4 Correlation between global strain indexed for mean aortic pressure and different invasive parameters of hemodynamics. Linear correlation 
between GLSi, GCSi, GRSi; and CI (a), CPO (b), and Ees (c), after adjusting strain values for mean aortic pressure (mAoP), according to the 
following formula (Global Strain × mAOP/avg (mAoP). Blue dots represent BL baseline, green dots represent Dob dobutamine, red dots represent 
Ver verapamil. GLSi global longitudinal strain indexed for mAoP, GCSi global circumferential strain indexed for mAoP, GRSi global radial strain indexed 
for mAoP
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highlighted how the GCS measurements, as opposed to 
the GLS, did not change in patients with aortic stenosis 
or hypertension. They hypothesized this could be related 
to a lower load-dependency [8] of the first in comparison 
to the latter ones, but the different methodology of strain 
assessment in comparison to our study is probably play-
ing a role as well.

Indexing strain parameters for indirect measures 
of afterload
In the current study, in order to minimize the load-
dependency of the strain measurements, we indexed all 
the global strain values for indirect measures of after-
load, such as the invasively measured mAoP as well 

as the meridional wall stress, as already described by 
Rhea et  al. and Reichek et  al [30, 31]. Correcting the 
strain measurements, as mentioned above, improved 
the ability of strain parameters to reflect LV hemody-
namics. Yingchoncharoen et  al. already demonstrated 
that blood pressure adjustment of strain is advisable in 
patients with large deviations of SBP from the normal-
reference value [37]. Furthermore, in a study by Weiner 
et al. on the impact of isometric handgrip testing on LV 
twist mechanics, it was shown that longitudinal strain 
is influenced by blood pressure [38]. Finally, in line with 
our study, Rhea et al. showed an improved accuracy of 
pressure-adjusted GLS in predicting cardiac events and 
mortality [30].

Fig. 5 Correlation between global strain indexed for wall stress and different invasive parameters of hemodynamics. Linear correlation between 
GLSw, GCSw, GRSw, LVEF; and CI (a), CPO (b), and Ees (c), after adjusting strain values for meridional Wall Stress, according to the following 
formula (Global Strain × Wall Stress / avg (Wall Stress). Blue dots represent BL baseline, green dots represent Dob dobutamine, red dots represent 
Ver verapamil
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Relative change of mechanics under various inotropic 
states
In order to investigate to what extent global LV strain 
parameters reflect hemodynamic changes we plotted the 
relative change of these parameters during Dobutamine 
and Verapamil compared to baseline. The relative change 
of GLS during Dobutamine was higher than the one of 
CI, while the impact of Verapamil on GRS was negligi-
ble when compared to CI, overall in line with the poor 
reproducibility of GRS measurements. The impact of 
Dobutamine and Verapamil on the rest of the mechanic 
and hemodynamic parameters was comparable. In line 
with previous reproducibility studies [39–42], we showed 
that radial strain is a poorly reproducible and inaccurate 
measurement. In this study we did not show the inter- 
and intra-observer reproducibility because it was already 
assessed in a previous work from our group based on 
the same cohort [43]. Our analysis showed that meas-
urements at baseline were good to excellent (good ICC 
0.60–0.74; excellent ICC > 0.74) for GLS, GCS and GRS, 
but that only GLS and GCS displayed good reproducibil-
ity during both dobutamine and verapamil steps, whereas 
radial strain was highly variable [43].

Clinical and translational perspective
In this in vivo study, we could show that CMR-FT strain 
parameters, such as GLS and GCS, reflect classic hemo-
dynamic parameters such as CI, CPO, as well as a load-
independent parameter of cardiac contractility such as 
Ees. LV strain has indeed emerged in the past year as 

a valid technique to assess LV deformation with high 
reproducibility. However, the spread of this technique in 
the clinical routine is limited by the often lengthy post-
processing of the sequences, confining this important 
resource to the mere research field [44]. FT-strain, in 
particular, possesses the advantage of a quick assessment, 
being based on conventional bSSFP cine sequences [15–
19], and seems to be therefore a promising technique to 
allow a more extensive clinical use of LV strain. Further-
more, indexing the global strain values for indirect meas-
ures of afterload, such as the invasively measured mAoP 
as well as the meridional wall stress, improves the ability 
of strain parameters to reflect LV hemodynamics. After 
accounting for meridional wall stress, GLS performed as 
good as LVEF in reflecting LV contractility, expressed as 
Ees, confirming the potential role of this novel param-
eter in the clinical arena. These results suggest that 
implementing strain measurements with pressure-
derived variables may add accuracy to the evaluation 
of the mechanical and contractile function of the heart, 
improving the impact of LV strain in the clinical routine 
and helping to overcome the limitations of LVEF as a sur-
rogate parameter of LV systolic function. In daily clinical 
routine, this could be potentially achieved even with a 
standard sphygmomanometer, as shown in the paper by 
Seeman at al [25].

Finally, we envision a promising role for CMR-FT LV 
strain investigation of chronic heart failure patients. In 
particular heart failure with preserved ejection fraction 
patients seem that they would benefit the most from this 
assessment, since previous studies have already shown a 
diagnostic and prognostic impact of strain measurements 
[2].

Limitations
Specific limitation of the study are related to the fact that 
animals were investigated under general anaesthesia, 
in order to minimize the animals’ distress and to obtain 
stable hemodynamic conditions. Due to easier housing 
and milder behaviour, all the animals were females. We 
therefore cannot draw any relevant conclusions on the 
role of gender on strain variability. A limitation regard-
ing the strain analysis is that only endocardial values of 
strain were analysed. Moreover, an inter-vendor software 
variability should be considered if looking at the absolute 
strain values. Another limitation is that the animals were 
healthy, and even if conditions of hyper-contractility and 
hypo-contractility were induced, these were only tran-
sient and acutely assessed. We believe the data to be rep-
resentative enough for the clinical translation, however 
further studies are needed in a clinical setting.

In conclusion, CMR-FT derived LV strain param-
eters, such as GLS and GCS, correlate accordingly with 

Fig. 6 Relative change of global strain and cardiac mechanics 
parameters from baseline to dobutamine or verapamil. The schematic 
representation above shows the relative change of global strain 
values and invasive hemodynamic parameters (dashed box) from 
baseline (BL, dashed horizontal line) to dobutamine (Dob, green 
boxes) and from BL to verapamil (Ver, red boxes), respectively. 
*p < 0.05 vs CI, §p < 0.05 vs GLS, ‡p < 0.05 vs GCS
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LV hemodynamics in swine under various inotropic 
states. Indexing strain parameters for indirect measures 
of afterload substantially improves this correlation, with 
GLS being as good as LVEF in reflecting LV contractility. 
CMR-FT strain imaging may be a quick and promising 
tool to characterize LV hemodynamics in patients with a 
various degree of LV dysfunction.
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Abstract
Cardiovascular magnetic resonance feature tracking (CMR-FT) is a novel technique for non-invasive assessment of myocar-
dial motion and deformation. Although CMR-FT is standardized in humans, literature on comparative analysis from animal 
models is scarce. In this study, we measured the reproducibility of global strain under various inotropic states and the sample 
size needed to test its relative changes in pigs. Ten anesthetized healthy Landrace pigs were investigated. After baseline (BL), 
two further steps were performed: (I) dobutamine-induced hyper-contractility (Dob) and (II) verapamil-induced hypocon-
tractility (Ver). Global longitudinal (GLS), circumferential (GCS) and radial strain (GRS) were assessed. This study shows 
a good to excellent inter- and intra-observer reproducibility of CMR-FT in pigs under various inotropic states. The highest 
inter-observer reproducibility was observed for GLS at both BL (ICC 0.88) and Ver (ICC 0.79). According to the sample 
size calculation for GLS, a small number of animals could be used for future trials.

Keywords Cardiovascular magnetic resonance · Feature tracking · Left ventricular strain · Reproducibility · Sample size · 
Porcine model

Introduction

Myocardial strain has been demonstrated as an effective 
method for the assessment of the regional myocardial func-
tion and deformation, and in particular, the cardiovascular 
magnetic resonance (CMR) tissue tracking approach has 
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been established as a technique comparable to the highly 
validated speckle tracking echocardiography [19]. CMR 
feature tracking (CMR-FT) is a relatively novel technique 
that focuses on endocardial and epicardial contouring and 
is able to detect the contrast between myocardium and blood 
pool [4, 14]. CMR-FT has been validated against myocardial 
tagging technique for the assessment of regional myocardial 
motion in humans [8, 12, 17]. As every new technique CMR-
FT has been widely tested for reproducibility, and what has 
been already shown in human is the excellent inter- and 
intra-observer reproducibility, for different parameters and at 
different field strength MRI scanners [13, 20, 21]. However, 
since CMR is becoming widely utilized in animal research, 
there is a lack of standardization, a lack of reference data-
bases and a lack of reproducibility studies. For this reason, a 
previous study from our group demonstrated the high repro-
ducibility of strain measurements through feature tracking 
in a model of small animals (mice) which has already been 
acknowledged in the recent guidelines for animal research 
[9, 10]. Nonetheless, the main limitation of this previous 
study was indeed the model, recognized to be not transla-
tional enough for a comparison with the humans, in particu-
lar regarding the assessment of myocardial function. Large 
animals, such as Landrace pigs, are instead more suited to 
investigate myocardial function under various pharmacolog-
ical interventions given a cardiac anatomy and physiology 
closer to humans. There is only one study in the literature 
that has assessed the reproducibility of myocardial deforma-
tion parameters in large animals (macaque) [15] and no stud-
ies have performed such an analysis in pigs. Accordingly, we 
performed this preliminary study to evaluate inter- and intra-
observer reproducibility of CMR-FT derived strain meas-
urements in a porcine model of pharmacologically induced 
hyper- and hypo-contractility. Furthermore, we performed a 
sample size calculation based on global strain values useful 
to define the number of animals required for future studies.

Methods

Data from ten landrace pigs were selected from an ongo-
ing experiment at our center. The experimental protocols 
were approved by the local bioethics committee of Berlin, 
Germany (G0138/17), and conform to the “European Con-
vention for the Protection of Vertebrate Animals used for 
Experimental and other Scientific Purposes” (Council of 
Europe No 123, Strasbourg 1985).

Experimental setup

Briefly, female Landrace pigs (n = 10, 51 ± 10 kg) were 
fasted overnight with free access to water, sedated and 
intubated on the day of the experiment. Anesthesia was 

continued with isoflurane, fentanyl, midazolam, ketamine 
and pancuronium. Pigs were ventilated (Cato, Dräger Medi-
cal, Germany) with a FiO2 of 0.5, an I: E-ratio of 1:1.5, the 
positive end-expiratory pressure was set at 5 mmHg and a 
tidal volume (VT) of 10 ml kg−1. The respiratory rate was 
adjusted constantly to maintain an end-expiratory carbon 
dioxide partial pressure between 35 and 45 mmHg. Under 
fluoroscopic guidance all animals were instrumented with 
a floating balloon catheter in the right atrium as well as in 
the coronary sinus (Arrow Balloon Wedge-Pressure Cath-
eters, Teleflex Inc USA). In order to avoid MRI artefacts, 
the balloon-tip was cut before introducing the catheters in 
the vessel. Respiratory gases (PM 8050 MRI, Dräger Medi-
cal, Germany), heart rate and arterial blood pressure con-
tinuously monitored. Body temperature was monitored by a 
sublingual thermometer and was maintained at 38 °C during 
CMR imaging via air ventilation and/or infusion of cold 
saline solution. The experimental setup can be visualized 
in Fig. 1a, b.

Experimental protocols

After acute instrumentation the animals were transported to 
the MRI facility for measurements, pigs were ventilated with 
an MRI compatible machine (Titus, Dräger Medical, Ger-
many) (see Fig. 1c, d). After baseline measurements (BL), 
two steps were performed: (I) dobutamine-induced hyper-
contractility (Dob) and (II) verapamil-induced hypocontrac-
tility (Ver). At each protocol, MRI images were acquired 
at short axis (SAX), two chambers (2Ch), three chambers 
(3Ch) and four chambers (4Ch) views. After the MRI meas-
urements were concluded the animals were transported back 
to the operating room for sacrifice.

Cardiac magnetic resonance

All CMR images were acquired in a supine position using 
a 3 Tesla (3 T) (Achieva, Philips Healthcare, Best, The 
Netherlands) MRI scanner with an anterior- and the built-in 
posterior coil element, where up to 30 coil elements were 
employed, depending on the respective anatomy. All ani-
mals were scanned using identical comprehensive imaging 
protocol. The study protocol included initial scouts to deter-
mine cardiac imaging planes. Cine images were acquired 
using ECG-gated balanced steady state free precession 
(bSSFP) sequence in three left ventricular (LV) long-axis 
(two-chamber, three-chamber and four-chamber) planes. The 
ventricular two-chamber and four-chamber planes were used 
to plan stack of short-axis slices covering entire LV. The 
following imaging parameters were used: repetition time 
(TR) = 2.9 ms, echo time (TE) = 1.45 ms, flip angle = 45°, 
voxel size = 1.9 × 1.9 × 8.0 mm3 and 40 phases per cardiac 
cycle.
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Image analysis

All images were analyzed offline using commercially 
available software (Medis Suite, version 3.1, Leiden, The 
Netherlands) in accordance to recent consensus document 
for quantification of LV function using CMR. In the strain 
analysis were included 2Ch, 3Ch and 4Ch cine images, 
and respectively, three preselected mid-ventricle slices 
from the LV short-axis stack. The endocardial and epicar-
dial contours drawn on cine images with QMass version 
8.1 were transferred to QStrain RE version 2.0, where 
after the application of tissue tracking algorithm endo-
cardial and epicardial borders were detected throughout 
all the cardiac cycle. These long-axis cine images were 
further used to compute global myocardial longitudinal 
(GLS) strain and short-axis images were used to compute 
circumferential (GCS) and radial (GRS) strain and strain-
rate. The global values were obtained through averaging 
the values according to an AHA 17 segments model, apex 
being excluded, as follows: GCS and GRS from averaging 
CS and RS for 6 basal, 6 mid and 4 apical segmental indi-
vidual values; GLS from 2Ch, 3Ch and 4Ch averaging 6 
basal, 6 mid and 4 apical segments using a bull-eye view.

Statistical analysis

Data were analyzed using Microsoft Excel and IBM SPSS 
Statistics version 23.0 software (SPSS Inc., Chicago, IL, 
USA) for Windows. Figures 1, 2, 3, 4 were made with 
Microsoft PowerPoint version 17, while Figs. 2, 3 were 
made with GraphPad Prism version 8. All data are presented 
as mean ± SD. Data between groups at different inotropic 
states were analyzed by one-way ANOVA for repeated meas-
urements. Post-hoc testing was performed by Tukey’s test. 
A p-value < 0.05 was considered significant.

Reproducibility testing

Data are expressed as mean ± standard deviation (SD). The 
Shapiro–Wilk test was used to determine whether the data 
were normally distributed. Nonparametric variables were 
compared using the Wilcoxon test. A p-value of < 0.05 was 
considered statistically significant. Inter- and intra-observer 
reproducibility was quantified using intra-class correlation 
coefficient (ICC) and Bland–Altman analysis (13). Agree-
ment was considered excellent for ICC > 0.74, good for ICC 
0.60–0.74, fair for ICC 0.40–0.59, and poor for ICC < 0.40 

Fig. 1  The experimental set-
ting. The animals were acutely 
instrumented closed chest in the 
operating room (a, b) and then 
transported to the MRI facility 
where anesthesia and monitor-
ing was maintained during the 
whole experimental protocol 
(c, d)
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(14). To assess intra-observer agreement data analysis was 
repeated after 4 weeks. All the operators took the measure-
ments twice and the average values were taken.

Sample size calculation

Study sample size required to detect a relative 5, 8 and 10% 
change in strain with power of 80% and significance of 5% 
was calculated as follows (15):

where n is the sample size, α the significance level, P the 
study power required and f the value of the factor for differ-
ent values of α and P (f = 10.5 for α = 0.05 and p = 0.080), 
with σ the standard deviation of differences in measure-
ments between two studies and δ the desired difference to be 
detected. Sample size calculation was performed for baseline 
values only.

n = f(�, P)�2∕�

Results

The volumetric and functional parameters of study popula-
tion are summarized in Table 1. All studies were completed, 
and image quality was sufficient to perform CMR-FT analy-
sis. Table 2 demonstrates CMR-FT derived strain parameters 
obtained by two independent investigators.

Inter‑observer and intra‑observer reproducibility

Mean differences ± SD, limits of agreement and ICC for 
strain parameters are given in Table 3. There was an excel-
lent inter-observer reproducibility for GLS during BL and 
Ver steps, while during Dob the observed reproducibility 
was good. Regarding the GCS analysis, there was a good 
reproducibility during BL and Ver steps; while during Dob, 
the reproducibility was only fair. The GRS analysis showed, 
instead, an excellent reproducibility for BL, while during 
Dob and Ver steps the reproducibility was poor. Concerning 
the intra-observer analysis, the level of reproducibility was 

Fig. 2  Bland–Altman plots for inter-observer reproducibility of 
global strain values. Bland–Altman plots showing inter-observer 
reproducibility for GLS (top row, panels a–c), GCS (middle row, pan-
els d–f) and GRS analysis (bottom row, panels g–i) during BL, Dob 

and Ver steps respectively. BL baseline, Dob Dobutamine, Ver Vera-
pamil, GLS global longitudinal strain, GCS global circumferential 
strain, GRS global radial strain
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generally excellent for most of the measurements. GLS and 
GCS showed an excellent reproducibility for all steps, while 
GRS showed an excellent reproducibility during BL, a good 
one during Dob and a poor one during Ver. Bland–Altman 
plots demonstrate inter-observer and intra-observer repro-
ducibility for GLS, GCS and GRS analysis during BL, Dob 
and Ver steps (see Figs. 2, 3).

Sample size calculation for baseline values

The change in reproducibility has an impact on the sam-
ple size required to detect significant differences in strain 
parameters. Table 4 lists the required sample sizes for each 
strain-derived parameter. For example, to show a relative 
10% change in GLS in pigs would require five animals (not 
measures—Fig. 4). In contrast, 20 pigs are required to detect 
a 5% change in GLS with CMR-FT (power of 80% and α 
error of 0.05).

Discussion

While studies analyzing reproducibility of CMR-FT in humans 
are already present in the literature [3, 16], works on the repro-
ducibility of myocardial deformation parameters of large ani-
mal models are, instead, lacking. The current study was 
designed, therefore, to assess the inter-observer and intra-
observer reproducibility of CMR-FT for the analysis of global 
LV strain in a porcine model of hyper- and hypo-contractility. 
Here we show a good to excellent inter- and intra-observer 
reproducibility of CMR-FT technique in pigs under different 
inotropic states. Furthermore, sample size calculation demon-
strates that for GLS analysis a small number of animals could 
be enough for future trials. A previous study from our group 
has demonstrated a high reproducibility in the LV strain meas-
urements in a murine model [9]. This current study provides a 
more extensive analysis in pigs and confirms the previous one 
regarding the most reproducible parameters derived from 

Fig. 3  Bland–Altman plots for intra-observer reproducibility of 
global strain values. Bland–Altman plots showing intra-observer 
reproducibility for GLS (top row, panels a–c), GCS (middle row, pan-
els d–f) and GRS analysis (bottom row, panels g–i) during BL, Dob 

and Ver steps respectively. BL baseline, Dob Dobutamine, Ver Vera-
pamil, GLS global longitudinal strain, GCS global circumferential 
strain, GRS global radial strain
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CMR-FT. Good to excellent inter-observer reproducibility was 
found for global longitudinal and global circumferential strain, 
whereas radial strain confirms, instead, to be highly variable 
between repeated measurements, in particular when consider-
ing the inter-observers measurements. The weak reproducibil-
ity of radial strain has also been reported in previous studies 
[2, 16, 23, 28]. While global longitudinal strain was the most 
reproducible parameter during the inter-observer analysis, the 
intra-observer reproducibility was predictably higher for most 
of the strain values and excellent for global circumferential 
strain, as already described in previous studies [13, 22]. In a 
previous study from our group, we were able to show the posi-
tive additional role of LV strain analysis during dobutamine 
stress in a group of patients with coronary artery disease [18]. 
A good reproducibility and a low inter-observer variability of 
dobutamine stress Echo and CMR has been previously 
observed in human [21, 26] and animal studies [15]. However, 
only few studies concentrated on the reproducibility of LV 
strain in hyper- and hypo-contractility model. With this study, 
we were able to assess the reproducibility of the LV strain 
measurements under various inotropic states. During the infu-
sion of dobutamine, aiming at an increase of at least 25% of 
the baseline HR, we were able to observe a clinically signifi-
cant increase in LV EF and LV cardiac output. In our study, 
the high HR obtained during dobutamine infusion (mean 
146 ± 12 bpm) was, however, detrimental to the reproducibility 
of the measurements when measured by another observer. This 
can be explained by a worse resolution of the MRI processed 
images and by an increase in frame rates under such fast heart 
beats, as already described in other studies [7, 15]. In one of 
the studies by Schuster et al. a high reproducibility of CMR-FT 
in a group of ischemic cardiomyopathy patients after dobu-
tamine infusion for stress test was observed [21]. Nevertheless, 
it is worth to mention that in that study no reference to the 
heart rate at which the sequences were recorded was men-
tioned, making the comparison with our model not consistent. 
In our study, we were able to show that at lower heart rates, 
such as during baseline state and verapamil infusion, the repro-
ducibility was generally higher for all the strain values. With 
the advent, development and availability of computers, large 
datasets can be used in statistical analysis to calculate the sam-
ple sizes necessary for clinical studies. Sample size calculation 
is an important aspect of study design and enables determina-
tion of how large the study sample should be. Estimates of 
required sample size depend on the variability of the popula-
tion—the greater the variability, the larger the required sample 
size. This is particularly relevant for CMR studies, where the 
role of sample size is extremely useful to test the reliability of 
new imaging techniques [11, 16]. The same should be appli-
cable to animal studies, where the reduction of the numbers of 
animals used is of extreme value [25]. In some cases, by using 
previously published studies, the use of animals can be totally 
avoided by eliminating unnecessary replications [1]. Modern 

Fig. 4  Graphical representation of the sample size calculation for 
global strain values. Representation of the sample size calculation for 
GLS (blue), GCS (red) and GRS (green) baseline measurements to 
detect the desired % relative change of strain with 80% power and α 
error of 0.05. Dashed lines represent the relative change of strain at 
5%, 10% and 15% respectively. GLS global longitudinal strain, GCS 
global circumferential strain, GRS global radial strain

Table 1  Volumetric and functional characteristics of study subjects

Results are reported as mean ± standard deviation
BL baseline, Dob Dobutamine, EDV end-diastolic volume, EF ejec-
tion fraction, ESV end-systolic volume, LV left ventricle/ventricular
SV stroke volume, Ver Verapamil
*p-value < 0.05 versus BL
† p-value < 0.05 versus Dob

Parameter Value

Study population 10
LV EDV (ml) BL 101 ± 24

Dob 83 ± 21*
Ver 108 ± 25†

LV ESV (ml) BL 41 ± 10
Dob 19 ± 7*
Ver 66 ± 18*†

LV SV (ml) BL 60 ± 19
Dob 64 ± 18
Ver 42 ± 12*†

LV EF (%) BL 59 ± 8
Dob 77 ± 7*
Ver 39 ± 9*†

Cardiac output (l/min) BL 6 ± 1
Dob 9 ± 2*
Ver 4 ± 1*†

Heart rate (bpm) BL 106 ± 15
Dob 146 ± 12*
Ver 98 ± 19†

LV Mass (g) 81 ± 20
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imaging techniques in conjunction with new statistical analysis 
methods also allow reductions in the numbers of animals used, 
for example, by providing greater information per animal [27]. 
Too small sample size can miss the real effect, whereas too 
large sample size leads to unnecessary waste of time and 
resources (animals) [1, 25, 27]. In the already published pilot 
study on sample size calculation and variability in small ani-
mals by our study group, we demonstrated that the number of 
animals needed to test a hypothesis could be reduced if the 
effect of animal-to-animal variation on the measurement is 
eliminated or highly reduced [9]. With the present study, we 
were able to show that in this cohort a relatively small sample 
size of animals (not measures) is required to detect a 5, 10 and 
15% change in strain parameters for global longitudinal strain. 
We also observed that a higher sample size is necessary for 
circumferential strain, and particularly high for radial strain. 

The ability to apply human‐like settings to model animals 
increases the chances of translation of new effective diagnostic 
and therapeutic interventions [24]. The importance of large 
animal research in the field of human diseases is evident in 
most medical settings, however, this holds particularly true for 
cardiology where in terms of anatomy, physiology and size, 
large animals such as pigs represent the closest comparison to 
humans [24]. In the European Union, the Directive 2010/63/
EU voted in 2010 has been implemented in 2013 in the Euro-
pean Medicines Agency (EMA) guidelines, resulting in 
restrictions in the use of nonhuman primates in biomedical 
research (EMA 2014) and promoting instead the utilization of 
non-rodents species such as pigs and sheep that should be cho-
sen based on their similarity to humans with regard to in vitro 
metabolic profile [6]. In order to appropriately assure transla-
tional success and safety, at least two animal species that are 

Table 2  Comparison of CMR-FT derived average of global strain parameters obtained by observers in ten pigs during BL, Dob and Ver steps

All the operators took the measurements twice and the average values were taken
BL baseline, Dob Dobutamine, GCS global circumferential strain, GLS global longitudinal strain, GRS global radial strain, Ver Verapamil
*p-value < 0.05 versus BL
† p value < 0.05 versus Dob

Measurements obtained by two observers (inter-observer level)

First observer Second observer

BL (%)
 GLS − 26.1 ± 5 − 25.1 ± 4
 GCS − 32.7 ± 8 − 30.4 ± 6
 GRS 73.3 ± 9 51.5 ± 17

Dob (%)
 GLS − 45.1 ± 11* − 40.6 ± 7*
 GCS − 55.1 ± 12 − 54.7 ± 10*
 GRS 103.0 ± 20 101.8 ± 14*

Ver (%)
 GLS − 20.8 ± 6† − 17.3 ± 5*†

 GCS − 18.6 ± 4† − 21.0 ± 6*†

 GRS 53.9 ± 10† 29.1 ± 9*†

Measurements obtained by one observer (intra-observer level)

First measurement Second measurement

BL (%)
 GLS − 26.1 ± 5 − 23.3 ± 4
 GCS − 32.7 ± 8 − 31.0 ± 8
 GRS 73.3 ± 9 71.7 ± 19

Dob (%)
 GLS − 45.1 ± 11 * − 45.6 ± 9*
 GCS − 55.1 ± 12 − 53.3 ± 11*
 GRS 103.0 ± 20 87.9 ± 36

Ver (%)
 GLS − 20.8 ± 6† − 16.5 ± 3*†

 GCS − 18.6 ± 4† − 16.9 ± 5*†

 GRS 53.9 ± 10† 30.3 ± 13*†
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phylogenetically somewhat apart like a rodent and a non-
rodent species are necessary. Without necessarily requiring 
closeness to man, this is the general rule supported by the 
current international guidelines like the International Council 
for Harmonization of Technical Requirements for Pharmaceu-
ticals for Human Use, Guidance M3 (Revision 2; 2009) [6]. 
Nonetheless, the employment of large animal models carries 
ethical problems and higher costs, mainly because of the size 
of the animals and husbandry needed when compared to 
smaller models [24]. It is evident that all the necessary meth-
ods should be introduced to reduce, refine and replace the 
unnecessary animal experiments [5]. In accordance with the 

3Rs principles on animal use (Directive 2010/63/EU), a scien-
tifically satisfactory method or testing strategy, not entailing 
the use of live animals, should be used wherever possible [6]. 
For this reason, our preliminary study could be paving the road 
to the realization of an open access database of cardiovascular 
magnetic resonance data that could be of great need for future 
laboratory experiments, to reduce the number of animal exper-
iments performed and to be utilized as a platform for simula-
tion and testing of novel compounds. The experiments were 
performed during anesthesia, being a possible confounder for 
reproducibility of the measurements. The animals were not 
awake limiting the translation to clinical settings. The study is 
limited due to the small number of animals and larger sample 
size may be required to detect more subtle differences. The 
addition of a 25% dropout rate (proportion of eligible subjects 
who will not complete the study or provide only partial infor-
mation) before planning a study will further increase the final 
sample size.

Conclusion

Global LV strain parameters analyzed by CMR-FT ana-
lyzed in a large animal model (pig) of hyper- and hypo-
contractility are highly reproducible. The most reproducible 
measures are global circumferential and global longitudi-
nal strain, whereas reproducibility of radial strain is weak. 

Table 3  Inter-observer and intra-observer reproducibility for GLS, GCS and GRS

Results are reported as mean ± standard deviation
BL baseline, CI confidence interval, Dob Dobutamine, GCS global circumferential strain, GLS global longitudinal strain, GRS global radial 
strain, ICC intra-class correlation coefficient, Ver Verapamil

Parameter Steps Mean difference ± SD Limits of agreement ICC (95% CI)

Inter-observer variability GLS BL − 1.0 ± 3.0 − 6.9 to 4.8 0.88 (0.57–0.97)
Dob − 4.5 ± 10.0 − 24.1 to 15.1 0.60 (− 0.35 to 0.89)
Ver 3.5 ± 4.2 − 4.7 to 11.7 0.79 (0.10–0.95)

GCS BL − 2.2 ± 7.6 − 17.2 to 12.6 0.66 (− 0.21 to 0.92)
Dob − 0.4 ± 11.5 − 23.0 to 22.2 0.51 (− 0.23 to 0.87)
Ver 2.4 ± 3.4 − 4.3 to 9.2 0.61 (− 0.40 to 0.90)

GRS BL 21.7 ± 11.6 − 0.9 to 44.5 0.80 (0.21–0.95)
Dob 1.2 ± 29.6 − 56.9 to 59.3 − 1.60 (− 9.47 to 0.35)
Ver 24.7 ± 12.6 0.1 to 49.4 0.24 (− 2.03 to 0.81)

Intra-observer variability GLS BL 2.8 ± 2.9 − 2.8 to 8.5 0.81 (0.41–0.95)
Dob − 0.4 ± 7.3 − 14.8 to 14.0 0.87 (0.45–0.96)
Ver 4.3 ± 4.3 − 4.1 to 12.7 0.75 (0.01–0.94)

GCS BL 1.7 ± 1.5 − 1.3 to 4.7 0.98 (0.77–0.99)
Dob 1.8 ± 3.4 − 4.8 to 8.4 0.97 (0.89–0.99)
Ver 1.6 ± 1.4 − 1.1 to 4.4 0.95 (0.36–0.99)

GRS BL − 1.5 ± 12.7 − 26.4 to 23.3 0.79 (0.15–0.94)
Dob − 15.1 ± 31.1 − 76.0 to 45.8 0.62 (− 0.50 to 0.90)
Ver − 23.6 ± 15.7 − 54.4 to 7.2 0.14 (− 2.43 to 0.78)

Table 4  Sample size calculation for GLS, GCS and GRS (baseline 
measurements) to detect the desired % relative change with 80% 
power and α error of 0.05

The mean difference is calculated from the inter-observer mean dif-
ference analysis. The pooled SD has been obtained by applying 
Cohen formula:  SDpooled = √  (SD1

2 + SD2
2)−1

GCS global circumferential strain, GLS global longitudinal strain, 
GRS global radial strain, SD standard deviation

Mean difference ± SD 
pooled

Sample size (n)

5% 10% 15%

GLS − 1.1 ± 4.9 20 5 2
GCS − 2.3 ± 7.4 45 11 5
GRS 21.7 ± 17.9 NA 68 30
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Sample size calculation are an essential tool that could help 
to reduce the number of animal experiments and databases 
on large animals can be used as a platform to test the effect 
of novel compounds.
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