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ABSTRACT 

Patients receiving cancer treatment are at risk of adverse cardiovascular (CV) 

effects, ranging from asymptomatic cardiac injury to symptomatic heart failure. Global 

longitudinal strain (GLS) and global circumferential strain (GCS) using CMR have 

demonstrated high sensitivity for the early detection of left ventricle (LV) dysfunction in 

patients receiving anthracycline chemotherapy, and while their use in assessing cardiac 

dysfunction has shown promising results, their complete role has yet to be determined.  

In this thesis, the changes in GLS and GCS are assessed before (baseline) and after 

(24-month follow-up) cancer treatment using a CMR feature-tracking approach. We 

performed a longitudinal prospective blinded analysis of images in patients before and 

after chemotherapy and compared the measures of GLS at baseline and 24-month 

follow-up along with the relationship of GLS to both GCS and LVEF. In adults surviving 

cancer treated with anthracyclines, GLS showed a significant worsening between 

baseline and follow-up. Additionally, baseline and follow-up GLS showed significant 

correlation with baseline and follow-up GCS and LVEF. Our current study is the first 

study to use CMR-FT based GLS and GCS strain to assess function at baseline and 24 

months after chemotherapy treatment. 
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CHAPTER ONE: BACKGROUND AND INTRODUCTION 

A. Cardio-oncology: Cancer Therapy Related Cardiac Dysfunction (CTRCD) 

Cancer affects roughly one in three people in their lifetime and there are currently 

over 15.5 million people living with a history of cancer in the United States [3]. With 

cancer mortality rates continuing to decline and life expectancy of treated patients 

increasing, it is vital to consider the long-term effects of various chemotherapy treatment 

regimens. Patients receiving cancer treatment are at risk of adverse cardiovascular (CV) 

effects, ranging from asymptomatic cardiac injury to symptomatic heart failure (Figure 

1), resulting in the need for the emerging field of cardio-oncology. The 2013 ACCF/AHA 

guidelines state that anthracycline-based chemotherapy may lead or contribute to heart 

failure (HF) and have classified any patient receiving these treatments as having Stage 

A HF with the potential of advancing to LV dysfunction, symptomatic HF, or advanced 

HF (stages B, C, and D) [4]. Analyses have shown that the risk of heart failure increases 

by 1.7% at an anthracycline dose of 300mg/m2 to 48% at 650 mg/m2 [5] and the risk of 

stroke can increase by up to 6.7 times [6] compared to healthy controls depending on 

dose. Additionally, cancer survivors have been shown to have decreased exercise 

tolerance [7], including a 27% lower peak VO2 versus predicted values [8]. Despite these 

adverse risks, chemotherapy treatment regimens like those using anthracyclines with 

known cardiovascular effects, are still prevalent – occurring in as many as 32% of breast 

cancer patients [9] - and are the standard of care in both acute myeloid leukemia (AML) 

and diffuse large b-cell lymphoma patients [10, 11]. In addition, a major concern among 

childhood survivors of cancer relates to effects of cardiovascular toxicity from 

anthracyclines. In the United States and Western Europe, 70% of childhood cancer 

patients survive past 5 years but these same patients have a probability of cardiac 

mortality 8.2 times higher than expected [12].  
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From the first use of chemotherapeutic agents like daunomycin (also known as 

daunorubicin and a starting material for current standard of care therapeutics like 

doxorubicin and epirubicin) in the 1960’s, clinicians were aware of potential 

cardiovascular hazards including heart failure [13]. Since that time researchers have 

further investigated anthracyclines including their mechanisms of action through the 

inhibition of DNA and RNA synthesis, redox cycling, mitochondrial dysfunction, and 

production of reactive oxygen species [14] and their dose-dependent effects on the heart 

[15]. Doxorubicin morbidity has been found to be dose-dependent [16]; therefore, the 

total and individual dosage can be modified to reduce the risk of cardiotoxicity. However, 

cardiac injury to specific patients depends on a number of factors in addition to 

anthracycline dose including: female gender, pre-existing disease, cardiac reserve, 

previous radiation therapy, hypertension, and individual variability [17]. One or more of 

these risk factors leads to an increased chance of cardiac dysfunction, most often 

presented through a drop in left ventricular ejection fraction (LVEF). Therefore, it is vital 

to develop a method for determining early LV dysfunction, so patients can undergo 

treatment without subsequent cardiotoxic effects.  
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Figure 1: Adverse Cardiac Events Associated with Chemotherapy Treatment. Myocardial 
strain imaging may be useful in the identification and assessment of myocardial 
contractile dysfunction and myocellular injury. Figure taken from:  
Jordan JH, Todd RM, Vasu S, Hundley WG. Cardiovascular Magnetic Resonance in the 
Oncology Patient. JACC Cardiovasc Imaging. 2018;11(8):1150–1172. 
doi:10.1016/j.jcmg.2018.06.004. 

 Anthracycline damage can occur acutely or chronically after drug administration 

with detection occurring a variable amount of time later due to the risk factors described 

above and cardiac reserve of the patient. As a result of one’s cardiac reserve, damage 

may not clinically appear until a significant amount of time following the start of 
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chemotherapeutic treatment [18, 19]. Typically, this cardiac injury presents in the form of 

a decline in LVEF, though damage can also appear with symptoms of heart failure 

(Stage C) or as subclinical declines in CV function using measures such as LVEF or 

strain (Stage B) [20]. Independent of LVEF, a decrease in LV mass can occur as a result 

of anthracyclines [21]. Declines in LVEF can occur through a decline in the end diastolic 

volume (EDV) through diastolic dysfunction [22, 23] or an increase in the end systolic 

volume (ESV) from perfusion deficits, myocardial fibrosis, increased afterload, or 

myocellular dysfunction. Therefore, it is of high clinical interest for non-invasive 

techniques to: 1) employ imaging capable of monitoring LVEF with a great deal of 

precision and 2) develop imaging techniques which can detect cardiac injury before a 

drop in LVEF occurs. 

 LVEF is measured in a multitude of ways, including echocardiography (Echo), 

cardiac magnetic resonance imaging (CMR), computed tomography (CT), gated 

equilibrium radionuclide angiography (multiple gated acquisition - MUGA), and gated 

myocardial perfusion imaging with single-photon emission computed tomography 

(SPECT) or positron emission tomography (PET). Each technique has its strengths and 

limitations [24]. CT, PET, and SPECT imaging provide accurate assessment and quality 

images; however, their use of ionizing radiation deems them unfit for serial use for 

monitoring of cardiotoxicity after cancer treatment. Though MUGA also uses radiation, 

the clinical impact of serial monitoring using MUGA has been shown to be unnecessary 

in cancer patients [25]. However, the accuracy of MUGA has been shown to be less than 

that of CMR [26]. Echo has distinct advantages in its low cost, ease of use, and lack of 

ionizing radiation but is less accurate in detecting regional variation and often suffers 

from geometric assumptions, poor reproducibility, and limitations surrounding acoustic 

windows [24, 27-30]. CMR is often considered the gold standard for assessing LVEF 
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due to being free of geometric assumptions leading to more accurate imaging, 

reproducibility, high contrast and spatial resolution, and lack of ionizing radiation [24, 26, 

31-33].  

 A recent consensus statement was published by the American Society of 

Echocardiography (ASE) and the European Association of Cardiovascular Imaging 

(EACVI) to address issues with cardiotoxicity detection in cancer treatment [34]. JC 

Plana et. al. defines cancer therapy related cardiac dysfunction (CTRCD) as an absolute 

drop in LVEF of more than 10% to a value less than 53%. In addition, a relative drop in 

global longitudinal strain (GLS) of >15% is defined as abnormal while <8% is not 

considered to be of clinical significance.  

 

Figure 2: A recent expert  consensus paper provided guidelines for detecting subclinical 
LV dysfunction using GLS [34]. In the absence of CTRCD determination from LVEF 
decline, a relative decrease in GLS should be used. 

However, there were several limitations to this statement: 1) The statement was an 

“expert consensus” rather than a guideline document. As such, alternate definitions are 
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still prevalent in the literature and a true consensus in cardiac monitoring following 

cancer therapy does not yet exist. 2) The definition was largely based on data studying 

trastuzumab and anthracyclines (Type I and II distinction whose classifications are 

somewhat controversial [35]) and while this treatment regimen is responsible for 

cardiotoxicity, it is preferable to take a more holistic approach when establishing 

guidelines. Therefore, additional data incorporating various cancer treatment regimens 

would be beneficial. 3) The results of the study were based on echocardiographic data 

and while studies using Echo to monitor cardiotoxicity are prevalent, CMR is still 

considered the gold-standard for cardiac functional and structural imaging. As such, 

more research and guidelines incorporating the use of CMR would be valuable. 

B. Myocardial Strain 

The current key clinical parameter in assessing cardiotoxicity is LVEF; however, 

LVEF has numerous limitations, including simplified geometric assumptions, reliance on 

image quality, difficulty in reproducibility, and inability to detect regional variations in the 

myocardium, especially using echocardiography [27]. Additionally, LVEF may fail to 

detect subtle changes in LV function and often after an LVEF decline is detected, the 

cardiac damage may already be irreversible [36]. As a result, a more reliable and 

sensitive measure of cardiac function is required. Myocardial strain imaging improves 

upon LVEF measurement in that it can detect both global and regional assessment, 

evaluates throughout the cardiac cycle (systole and diastole), and can detect subclinical 

cardiac dysfunction [34, 37]. A systemic review of twenty-one studies showed that in 

most studies of myocardial strain using Echo, decreases in GLS occurred before a 

decrease in LVEF was detected [38] and separate studies have shown that reduction in 

GLS was predictive of subsequent cardiotoxicity [34, 39, 40]. Stanton et. al. performed a 

study that indicated GLS was superior to LVEF in assessment of global LV systolic 
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function [41]. These studies indicate that ideally, a baseline value should be compared 

with strain measurements throughout chemotherapy treatment and follow-up. Of note, as 

CMR is superior to Echo at assessing LVEF, CMR is capable of detecting small changes 

in LVEF that correspond to changes in myocardial strain [42]. However, the full 

relationship of LVEF to strain measurements using CMR-based methods is still 

unknown.  

LVEF is a global measure of the myocardial layers and serves as an indirect 

measure of LV contractility and function. However, while LVEF is the result of the sum of 

regional functions, the individual contributions of these regions cannot be determined 

through LVEF alone. As cardiotoxicity impairs myocardial structure unequally across the 

heart, detection of these regional variations is beneficial. Myocardial strain can serve to 

elucidate these small disparities in segments and layers with respect to contractile 

patterns. The three layers of the left ventricular wall include the subendocardial, mid-

wall, and subepicardial layers, each with fibers oriented in a particular direction resulting 

in deformation along three individual axes (Figure 3). The subendocardial and 

subepicardial layers have fibers oriented longitudinally from the base to the apex while 

the mid-wall layer has circumferentially oriented fibers [43].  
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Figure 3: Cross section of the heart wall and left chambers of the heart. Layers are 
oriented in different directions, resulting in deformation along three axes [44, 45]. 

Myocardial strain is measured as a percentage of the change in initial length to 

the maximum length.  

𝑆𝑡𝑟𝑎𝑖𝑛 =
𝐿 − 𝐿0
𝐿0

 

 Using imaging, strain is calculated through the measurement of displacement at 

a fixed point in the myocardium using the deformed myocardium as its own reference 

(Lagrangian) or using fixed spatial coordinates with changing material points (Eulerian) 

[43].  Engineering strain is a measurement of deformation of a small cube during a short 

time interval. Similarly, by dividing the myocardium into multiple small cubes, the 

deformation of each cube can be measured using real-time imaging through the cardiac 

cycle [37]. Using an internal coordinate system, shortening and lengthening in the 

longitudinal, radial, and circumferential directions can be measured.  

As shown in Figure 4.A, Global Longitudinal Strain (GLS) characterizes the 

shortening of the myocardium from the base to the apex along the long-axis while Global 

Circumferential Strain (GCS) involves shortening of the fibers along the perimeter of the 

short-axis view Figure 4.B. Both GLS and GCS are expressed as negative values. 
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Global Radial Strain (GRS) is the deformation in the radial direction, towards the center 

of the left ventricle and indicates thinning or thickening of the myocardial wall and is 

shown as a positive value [43]. Studies have shown normal values using feature-tracking 

cardiac magnetic resonance (CMR-FT) in healthy individuals ranging from a GLS value 

of -21.3 ± 4.8% and GCS of -26.1 ± 3.8% [46] to -19 ± 3% for GLS and -17.4 ± 4% for 

GCS [47]. Using echocardiography in healthy patients, typical values for GLS range from 

-15.9% to -22.1% while GCS ranges from -20.9% to -27.8% [48]. Anthracycline-based 

chemotherapy would cause contractility to decrease and both GLS and GCS to worsen, 

meaning they have a less negative value – meaning their values move towards zero. 

  

Figure 4: Strain directions in three-dimensional (A), short axis (B), and long-axis  [49]. 
Global Circumferential Strain is calculated using short-axis CMR images while Global 
Longitudinal Strain utilizes long-axis images. Deformation of the cardiac wall occurs in 
three directions: radial (RR), circumferential (CC), and longitudinal (LL).  

Echocardiography (Echo) – Speckle-tracking echocardiography (STE) is the 

most commonly used method of serial monitoring of LV function due to its speed, low 

cost, and wide availability [34, 50-53]. STE calculates deformation using 2D grey scale 
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images frame-by-frame over the entire cardiac cycle. Distance between the speckles 

provide information on wall motion and velocities and allow for global and regional 

assessment of the region of interest. Due to the wealth of research and data using STE, 

a recent expert consensus was published for monitoring of patients with suspected 

CTRCD [34]. In this consensus statement, circumferential strain was shown to be 

inconclusive in its prediction of subsequent CTRCD and instead serial monitoring of 

LVEF and GLS was recommended. However, CMR is still considered the gold-standard 

in describing cardiac motion due to its superior image quality; therefore, a method of 

detecting GLS using CMR would be preferred. 

CMR techniques for cardiac strain include imaging techniques like displacement 

encoding with stimulated echoes (DENSE), strain encoding (SENC), and Spatial 

Modulation of Magnetization (SPAMM), and image analysis techniques like Harmonic 

Phase (HARP) and feature-tracking, each of which are described in detail below:  

DENSE – Displacement encoding with stimulated echoes is another form of 

myocardial motion tracking (Figure 5). DENSE uses pixel phase modulation through a 

Figure 5: Example of a DENSE 
pulse sequence and DENSE 
image of the LV  from Ibrahim 
[1]. Modulation and 
demodulation gradients are 
applied after the first and third 
RF pulses with a “crusher” 
gradient applied after the second 
RF pulse for dephasing of 
transverse magnetization. Part b 
of this image shows vector 
magnitude and direction of the 
displacement value. 



17 
 

map generated on the cine image, allowing for pixel-level spatial resolution. Three radio-

frequency (RF) pulses are used to generate a stimulated echo along with a modulation 

gradient for displacement encoding. During modulation, the longitudinal magnetization is 

tipped into the transverse plane for encoding followed by a mixing phase. Finally, for  

imaging, a third stimulated echo is used to tip the magnetization back into the transverse 

plane and then is decoded with an equal-magnitude gradient. By acquiring two 

subsequent DENSE images with varying modulations, displacement information can be 

obtained for motion analysis [1]. Additionally, phase contrast is improved due to large 

encoded displacements over long time intervals [54] and circumferential strain has been 

show to correlate well with conventional tagged CMR imaging [55]. DENSE is capable of 

calculating strain with a short acquisition time and high spatial resolution but suffers from 

low signal-to-noise ratio [1, 43]. 

SENC – Strain-encoded magnetic resonance imaging (SENC) uses a specific 

pulse sequence consisting of a “tuning frequency” to maintain constant signal intensity 

throughout the cardiac cycle for improved spatial and temporal resolution compared to 

SPAMM (Figure 6) [56]. Additionally, SENC is capable of strain calculation 

perpendicular to the imaging plane, allowing for circumferential strain measurements in 

the long-axis view as opposed to multiple short-axis views [57]. Similar to DENSE, 

SENC is capable of achieving high resolution with fast post-processing but also suffers 

from low signal-to-noise ratios as well as tag fading [1, 43]. 
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 Figure 6:SENC measures through-plane strain by applying tag planes parallel to the 
imaging slice. The tuning gradient in part b is used to obtain two difference tunings for 
strain acquisition. Part c shows both low-tuning and high-tuning to calculate global 
circumferential strain [1]. 

SPAMM – SPAMM works through tag creation by wrapping the magnetization 

periodically with two RF pulses separated by a gradient [1]. Through the use of RF-

saturation pulses, an underlying coordinate pattern can be placed on the heart and 

follow the image throughout the cardiac cycle (Figure 7). This motion tracking allows for 

wall motion evaluation throughout the cine stack. A simple SPAMM sequence includes a 

group of spectral peaks in the Fourier domain. Using the inverse Fourier transform, a 

directional component of the tissue motion relates to a specific phase of the spectral 

peak through multiplication of a tag pattern like a finite cosine series [58, 59]. SPAMM 

tagging is readily available for clinical use; however, it has only moderate resolution, can 

only be performed in 2D, and due to T1 relaxation it weakens by the end of the cardiac 

cycle, leading to blurring or fading of the grid, making image analysis difficult to perform 

at systole [1]. 
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Figure 7: SPAMM pulse sequences consist of two RF pulses with a modulating tag pulse 
and crusher gradient. The first RF pulse is used to disperse the spins in the transverse 
plane while the second RF pulse is used to diphase the spins another 45 degrees, so 
they have longitudinal and transverse components. After T2 decay and the crusher 
gradient, only longitudinal magnetization in a sinusoidal pattern remains. One sequence 
above will produce a stripe or line pattern which is often preferred for long-axis images 
while two RF pulse sequences as described above will create a grid tagging pattern as 
shown in part b, which is often used for short-axis images [1]. 

HARP - HARP is one of the most widely used methods of tissue tagging 

analysis and is based on the use of SPAMM tagging patterns to produce spectral peaks 

in the Fourier domain. Using phase demodulation and a bandpass filter, specific spectral 

peaks can be isolated to describe specific aspects of cardiac motion and allow for 

tracking of pixels across the cine stack of a phase. Per Osman et. al., the inverse Fourier 

transform used to yield the image is given by: 

𝐼𝑘(𝒚, 𝑡) = 𝐷𝑘(𝒚, 𝑡)𝑒
𝑗𝜙𝑘(𝒚,𝑡) 

where Dk is the harmonic magnitude image and ϕk is the harmonic phase image. The 

harmonic magnitude image(Dk) is used to roughly track the changes in the geometry or 

motion of the heart and allows for segmentation from the selection of end-systole and 
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end-diastole. The harmonic phase image (ϕk) along with the harmonic phase angle gives 

provides detailed motion of the myocardium in the tag direction. After calculating the 

inverse Fourier transform, the motion of the material points can be tracked due to the 

time-invariance of the HARP value. To calculate circumferential strain, three concentric 

circles placed along the LV long axis are used to measure distance change between two 

points in the LV wall over time. With end-diastole as a material reference point, the three 

circles are able to calculate the strain of the endocardial, epicardial, and mid-wall 

borders. HARP has been shown to be fast and reliable and is especially useful in 

measuring Lagrangian and Eulerian circumferential and radial strain [59, 60]. However, 

it has limited ability to track longitudinal strain which has been found to be more useful in 

clinical decision making; as a result, a more suitable use of CMR in strain analysis would 

be preferred. 

CMR Feature-Tracking – Feature-tracking for CMR (CMR-FT) has been applied 

to steady-state free precession (SSFP) cine sequences and validation with 

echocardiography speckle tracking has been shown for GCS but not GLS [61]. Without 

the need for tagging, common issues like lower temporal resolution and tag fading can 

be avoided along with faster post-processing. Additionally, retrospective studies are 

possible using CMR-FT as phase mapping or tagging are not required for existing CMR 

image sets. The software in CMR-FT tracks specific features related to the tissue 

boundary across the endocardial and epicardial contours [2]. Then, the movement of the 

borders are evaluated frame-by-frame across the cine-stack. After the borders are 

evaluated across the cardiac cycle, the global and regional deformation of the contours 

is quantified (Figure 8). Previous studies have shown CMR-FT to be acceptably 

reproducible for GCS when evaluated against myocardial tagging (HARP) techniques 

[62, 63]. However, while some studies exist using GLS with CMR, most utilize GCS. In 
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addition, most studies using Echo for cardiotoxicity analysis show GLS as the most 

reliable predictor of a subsequent LVEF drop and development of cardiotoxicity [34, 38, 

64-66]. As a result, the full extent of the relationship between GCS and GLS using CMR-

FT requires further evaluation. 

CMR Feature Tracking Software Overview – There are a number of commercial 

CMR-FT analysis software packages available that use two general approaches for 

analysis. As a result, it is important to evaluate the methodology and development of 

various CMR-FT myocardial strain analysis software packages, especially as each 

vendor attributes their differences in results on the accuracy of their own approach. The 

benefits and limitations of each approach have been summarized (Table I) and can help 

in establishing practical guidelines in diagnosing LV function using CMR-FT.  

  

 

 

 

Figure 8: Example of a DENSE 
pulse sequence and DENSE 
image of the LV  from Ibrahim. 
Modulation and demodulation 
gradients are applied after the 
first and third RF pulses with a 
“crusher” gradient applied after 
the second RF pulse for 
dephasing of transverse 
magnetization. Part b of this 
image shows vector magnitude 
and direction of the displacement 
value. 

Figure 8: Typical feature-tracking analysis in 
which anatomical features on cine-CMR 
images are identified over time in the 
subsequent images of the sequence. This is 
done by searching the most probable pattern 
correspondence between phases [2]. 
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CMR-FT vendors currently use either optical flow technology or a non-rigid, 

elastic algorithm for segmentation and myocardial strain quantification (Figure 9). 

Optical flow completes contours on the first image followed by searching for the same 

features in subsequent phases of the cardiac cycle. Under the assumption that the 

image frames are separated by short time intervals (comparable to T1 recovery), 

intensity of the image structures is constant under motion. The automatic contouring 

done using this technique is completed through estimation of a dense deformation field 

using a non-parametric motion model. This model sets to minimize pixel intensity 

differences between phases and can also use block matching to detect motion through 

similarity of small image regions. In addition to this automatic contouring, manual 

adjustments can also be made. Non-rigid registration methods find an optimal transform 

that spatially aligns every image with a reference image – such as the first image of the 

sequence. Time-based iterative optimization techniques then allow for measurement of 

the degree of alignment between each image [67]. Through the use of a parametric 

motion model, this technique uses intensity-based cost functions to determine the 

optimal match between images for motion analysis.  
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Figure 9: Common workflow for calculating strain. After identification of ED and ES, 
regions of interest in the myocardium are defined. CMR feature-tracking uses either 
optical flow or elastic registration for deformation analysis to produce regional and global 
strain measurements [2]. 

A previous study compared reproducibility of four different commercially available 

CMR feature-tracking software’s. Currently, there is no “gold standard” in relation to 

assessing accuracy or reproducibility of the various feature-tracking methods. Therefore, 

this study proved useful in that it found the various software packages were each able to 

have acceptable intra-and inter-observer variability. However, results for GLS were not 

found to be interchangeable between the various vendors [68]. This discrepancy is the 



24 
 

result of a number of factors as mentioned above and highlights the lack of consensus 

between methods in calculating strain. In this thesis the methodologies are reviewed for 

four commercially available software packages for CMR-FT: TomTec Arena, Circle cvi, 

Segment Medviso, and Medis QSTRAIN (used in the research study completed in 

Chapter II). 

TomTec Arena: In the short-axis view, TomTec requires drawing of an endo-and 

epicardial contour while only the endocardial border is needed for the long-axis. In 

addition, it is necessary to draw the contours on an end-systolic image and then track all 

subsequent contours across the remainder of the cardiac cycle. The software algorithm 

tracks image features like signal inhomogeneities, tissue patterns of the myocardium, or 

anatomic structures and the strain values are calculated by comparing the movement of 

the features in relation to each other along drawn borders. Manual editing of the contour 

in the case of inaccurate tracking is also available [69].  

 Circle cvi: Tissue-tracking using the Circle cvi software starts with a reference 

phase (most commonly end-diastole) in which the user defines both endo- and epicardial 

contours. In the short axis, this reference phase is traced for all slices of the left 

ventricle. For regional analysis in the short-axis, reference points are also added at 

insertion points on the right ventricle. In the long-axis, a similar contouring method is 

used in the same phase as the short-axis with relevant features at the basal point 

identifying the muscle and not the valve. After completing the analysis on the reference 

phase, the software will automatically perform strain analysis. It is recommended to have 

at least three slices in the long-axis and one mid-ventricular short-axis slice to generate 

a polar map for regional segmentation. 

 Segment Medviso: Medviso feature-tracking software is the only of the four not to 

use optical flow analysis, instead employing non-rigid image registration. The 
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deformation of the tissue is computed through an iterative process that uses an intensity-

based similarity metric. Instead of purely using myocardial boundary tracking, the 

Medviso algorithm uses the entire image content including the blood pool and entire 

myocardium during the optimization process. Additionally, the tracking methodology 

takes the temporal information of the entire cardiac sequence into account at once which 

prevents non-smooth deformations while simultaneously tracking the relevant dense 

deformation. Both endo- and epicardial contours are manually drawn at end diastole in 

the long and short-axis with the initial contours defining the relevant features of the 

deformation field for strain computation. Contours are propagated automatically by the 

software throughout the cardiac cycle with the option to manually adjust the original 

contour and re-propagate. Finally, a reference axis is manually positioned on the mid-

septum in order to establish left ventricle segmentation using the 16-segment AHA 

model, as opposed to the 17-segment model [70]. 

 Medis QSTRAIN: The tissue tracking software used by Medis QSTRAIN employs 

an optical flow method, in which recognition of patterns of features can be tracked 

throughout the cardiac cycle. The tracking begins by identifying a small region of interest 

(ROI) in one image and searching for the most comparable gray-scale pattern in the 

subsequent phase. Generally, the smaller the ROI the more accurate the detection; 

however, larger windows are required for larger deformations like those around the basal 

end points. In addition, sufficient temporal resolution is required, as too large a 

displacement between phases will result in image de-correlation and too small a 

temporal resolution without adequate spatial resolution results in sub-pixel level 

displacements. In the long-axis view, tracking begins with the large motion at the atrio-

ventricular junction due to the large displacement there. Next, the border is adjusted in 

relation to this motion with smaller windows used at the apex where the deformation is 
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smaller [71]. QSTRAIN is most effective around endocardial borders due to the distinct 

contrast there, with accuracy of epicardial contouring depending on the overlying 

structures. After defining the contours in each phase throughout the cardiac cycle, 

QSTRAIN calculates the global deformation based on the length of each contour line 

from its initial phase at end-diastole to final phase at end-systole using the equation 

shown earlier. Medis has various definitions used for segmentation. In the apical view at 

end-diastole, the left and right base are defined as the end-points of the endocardial 

border, the midbase is the midpoint between the two basal end-points on the 

endocardial border, and the apex is the most distant point on the endocardial border 

from the midbase. At end-diastole, ROIs are defined on the left and right side from the 

base to the apex and each side is divided into equal length segments. In the case of the 

17-segment model used in QSTRAIN, the basal, mid, and apical segments have the 

length of 2/7th of the right and left ROI length, while the apical cap is 1/7th of the right plus 

1/7th of the left. In the short-axis, QSTRAIN defines segments by measuring the angle 

relative to the center of the cavity and uses equality of angle instead of the equality of 

length used in the long-axis, with the anterior insertion of the right ventricle used as an 

anatomic reference [72].  
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Table I: Comparison of feature-tracking software packages for myocardial strain image 
analysis. 

 Extensive research has been performed showing the effects of chemotherapy on 

GLS using echocardiography and this work has found speckle tracking 

echocardiography to be useful in clinical decision making; however, CMR is still 

considered the gold-standard in describing cardiac motion due to being free of geometric 

assumptions leading to more accurate imaging, reproducibility, and high contrast and 

spatial resolution. Therefore, a method of detecting GLS using CMR would be preferred. 

As feature-tracking is the most similar CMR method to STE, it presents an advantage in 

establishing corroboration between CMR and echocardiography. As a result, it would be 

beneficial to analyze GLS in patients receiving potentially cardiotoxic chemotherapy 

using a CMR feature-tracking approach. 

 

 

 

 Method Contours required Advantages Disadvantages 

TomTec Arena optical flow 
short axis: endocardial 

and epicardial 
long axis: endocardial 

Less contouring 
involved in the 

long axis 

Lack of 
reproducibility in 

GRS values 

Circle cvi optical flow 
endocardial and 

epicardial 

Straightforward 
manual 

adjustment 

Lower absolute 
GCS values 

reported  

Segment Medviso 
non-rigid, elastic 

registration 
endocardial and 

epicardial 

Manual 
adjustment on 

only end-
diastole image 

required 

Different method 
may lead to 

different absolute 
strain values 

Medis QSTRAIN optical flow 
endocardial and 

epicardial 

Good 
endocardial 

edge detection 

Segmentation not 
based on 

anatomical 
features 
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C. Specific Aims 

We hypothesize that GLS using CMR-FT is an early and reliable predictor of a 

subsequent drop in LVEF in recipients of cardiotoxic chemotherapy treatment regimens. 

To test this hypothesis, we propose the following specific aims: 

Specific Aim 1: To assess the changes in GLS before (at baseline before 

anthracycline-based chemotherapy) and after (24-month follow-up) cancer treatment 

using a CMR feature-tracking approach. 

Specific Aim 2: To evaluate GLS derived from CMR-FT as a method of determining 

LV function by examining the relationship between GLS and GCS and LVEF in patients 

receiving potentially cardiotoxic chemotherapy. 
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CHAPTER TWO: MANUSCRIPT 

Assessment of Global Longitudinal Strain and Global Circumferential Strain using 

Cardiovascular Magnetic Resonance in Cancer Patients Receiving Chemotherapy 

A. Abstract 

Background 

 Global longitudinal strain (GLS) and global circumferential strain (GCS) using 

CMR have demonstrated high sensitivity for the early detection of left ventricle (LV) 

dysfunction in patients receiving anthracycline chemotherapy, and while the use of GLS 

and GCS in assessing cardiac dysfunction has shown promising results, their complete 

role has yet to be determined. The purpose of this study was to assess the changes in 

GLS before (at baseline before anthracycline-based chemotherapy) and after (24-month 

follow-up) cancer treatment using a CMR feature-tracking based approach and to 

evaluate the relationship of GLS to GCS and LVEF. 

Methods 

 We performed a longitudinal prospective blinded analysis of SSFP cine images in 

patients before and after anthracycline-based chemotherapy (n=39). We compared the 

measures of GLS at baseline and 24-month follow-up along with the relationship of GLS 

to both GCS and LVEF.  

Results 

When compared to baseline, GLS worsened in that it became less negative at 24 

months (-19.98 ± 3.02 to -17.66 ± 3.22 with p < 0.05). There was a significant 

relationship between baseline GLS and GCS (p = 0.0016, r = 0.552), 24-month GLS and 
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GCS (p = 0.0137, r = 0.361), baseline GLS and LVEF (p = 0.00023, r = 0.539), and 24-

month GLS and LVEF (p = 0.00279, r = 0.443).  

Conclusion  

 In adults surviving cancer treated with anthracyclines, GLS showed a significant 

worsening between baseline (before initiating treatment) and 24-month follow-up. In 

addition, baseline and follow-up GLS showed significant correlation with baseline and 

follow-up GCS and LVEF. Our current study is the first study to use CMR-FT based GCS 

and GLS strain to assess function at baseline and 24 months after chemotherapy 

treatment. 
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B. Background/Introduction 

 With cancer mortality rates continuing to decline and life expectancy of treated 

patients increasing, it is vital to consider the long-term effects of various chemotherapy 

treatment regimens. Patients receiving cancer treatment are at risk of developing left 

ventricular (LV) dysfunction resulting in the development of heart failure [42], [39]; 

therefore, development of methods of early detection of cardiac dysfunction from cancer 

treatment is required. Current non-invasive methods involve techniques for early 

detection of a drop in LV ejection fraction (LVEF), a global marker of systolic 

dysfunction. Following observation of a LVEF drop, modification of chemotherapeutic 

regimens or institution of cardio-protective medication occurs. Recently, global 

longitudinal strain (GLS) and global circumferential strain (GCS) have demonstrated high 

sensitivity for the early detection of left ventricle (LV) dysfunction [73-75]. GLS has been 

used in detection of all-cause mortality in cardiovascular diseases, cardiac death, 

malignant arrhythmia, heart transplantation, and acute coronary ischemic events [37, 76, 

77]. While the use of GLS and GCS in assessing cardiac dysfunction has shown 

promising results, their complete role has yet to be determined. GLS assesses 

measurement of global long-axis function and a change in GLS over the treatment 

period can possibly be used to alter chemotherapy regimens. Cardiac magnetic 

resonance (CMR) imaging is considered the gold standard for evaluation of LV volumes 

and function [38, 43].  However, data gathered using CMR has historically been 

gathered using GCS while the data indicating cardiotoxicity using echocardiography has 

typically shown GLS as the most reliable marker for global myocardial strain. As a result, 

it would be beneficial to evaluate the full extent of the relationship between GCS and 

GLS using CMR-FT. The purpose of this study was: 1) to assess the changes in GLS 

before (at baseline pre-Anth-bC) and after (24-month follow-up) cancer treatment using 

a CMR-based approach and 2) to evaluate the relationship of GLS to GCS and LVEF. 
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C. Methods  

This study was approved by the Institutional Review Board (IRB) of the Wake 

Forest School of Medicine and all participants provided witnessed, written informed 

consent. Beginning January 2013, eligible patients scheduled to receive anthracycline-

based chemotherapy for breast cancer, sarcoma, or lymphoma were recruited from the 

Comprehensive Cancer Center of Wake Forest Health Sciences. Exclusions included 

those with CMR contraindications such as implanted metal or electronic devices or 

claustrophobia.  

Patients underwent scanning on a 1.5-T Magnetom Avanto scanner (Siemens 

Medical Solutions USA, Malvern, PA) at baseline and 24 months. Cine white blood 

steady-state free precession techniques were used with a 192 x 109 matrix, a 40-cm 

FOV, a 10-ms repetition time (TR), a 4-ms echo time (TE), a 20-degree flip angle, a slice 

8-mm thick, and a 40-ms temporal resolution. After locating the mid-slice, the analyst 

traced contours of the endocardial and epicardial borders of the LV on sequential long-

axis cine images from end-diastole to end-systole using QMASS software (QMASS 

version 8.1, Medis Medical Imaging Systems, Leiden, the Netherlands) for each phase 

of the cardiac cycle. Ventricular volumes were assessed from a contiguous short-axis 

stack of the LV covering cardiac base to apex via semi-automated computer software 

(QMASS) by blinded readers.  

Feature-tracking software was used with 4-chamber and 2-chamber cine views in 

the long-axis and views in the short-axis to calculate Global Longitudinal and Global 

Circumferential strain (QSTRAIN version 2.0, Medis Medical Imaging Systems, Leiden, 

the Netherlands) and LVEF. Images were deidentified and reordered in a random 

fashion and analysts were blinded to participant identifiers, study group, and the date or 

results of other CMR examinations (a blinded, unpaired read). Strain was calculated 
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using the corresponding QSTRAIN software (Figures 8, 9, 10) with long-axis cine 

images used to derive GLS and short-axis cine images used to derive GCS. Strain 

values were obtained for each mid-wall segment corresponding to the American Heart 

Association 17-segment model and global values defined as the mean of all segmental 

values.  

 

Figure 10: Screenshot of QSTRAIN software analyzing two-chamber long axis view. The 
left figure shows the anatomical profile of the cardiac cycle, specifically the endocardial 
and epicardial borders. Segmental and global strain values are also shown. The right 
image tracks each segment over the cardiac cycle with the minimum point of the 
longitudinal chart indicates the maximum deformation point, usually corresponding with 
systole. 

 

Figure 11: Screenshot of QSTRAIN software analyzing four-chamber long axis view. The 
left figure shows the anatomical profile of the cardiac cycle, specifically the endocardial 
and epicardial borders. Segmental and global strain values are also shown. The right 
image tracks each segment over the cardiac cycle with the minimum point of the 
longitudinal chart indicates the maximum deformation point, usually corresponding with 
systole. 
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Figure 12: Screenshot of QSTRAIN software analyzing the short-axis view used to 
measure GCS and LVEF. The left figure shows the anatomical profile of the cardiac 
cycle, specifically the endocardial and epicardial borders. Segmental and global strain 
values are also shown. The right image tracks each segment over the cardiac cycle with 
the minimum point of the circumferential chart indicates the maximum deformation point, 
usually corresponding with systole. 

Demographics 

Patient demographic characteristics, vital signs, chemotherapy regimen, cardio-

protective medications, and cardiovascular risk factors were collected at baseline (Table 

II).  

Statistical Analyses 

Baseline and 24-month follow up were compared using 2-sample paired t-tests. 

All analyses were performed using R version 3.4.1 (R Core Team, Vienna, Austria) with 

p < 0.05 considered statistically significant.  

We evaluated cancer therapy related cardiac dysfunction (CTRCD) based on two 

prior definitions prioritizing GLS and LVEF. JC Plana et. al. define cardiotoxicity as a 

drop in LVEF of more than 10% to a value less than 53%. In addition, a relative drop in 
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GLS of >15% is defined as abnormal while <8% is not considered to be of clinical 

significance [34].  

D. Results 

             Age Years 56 ± 13 
 

Sex Male 14 35.90% 

Race 
   

 
White 33 84.62%  
Black/African-
American 

6 15.38% 

CV risk factors 
   

 
Hypertension 15 38.46%  
Diabetes 7 17.95%  
Smoker 4 10.26%  
CAD 2 5.13% 

Cancer type 
   

 
Breast 14 35.90%  
Lymphoma 22 56.41%  
Sarcoma 3   7.69% 

Chemotherapy 
   

 
Doxorubicin1 20  56.41%  
Trastuzumab 2 5.13%  
Rituximab 13 33.33%  
Paclitaxel 3 7.69%  
Vincristine 14 35.90%  
Docetaxel 9 23.08%  
Cytoxan 20 51.28% 

Cardio-
protective 

medications 

   

 
ACE 7 17.95%  
Diuretics 7 17.95%  
Beta blockers 5 12.82%  
Angiotensin 4 10.26%  
Lipid modifiers 14 35.90%  
Anti-platelet  14 35.90%  
Diabetes meds 6 15.38% 

 Calcium channel 
blocker 

4 10.26% 

Table I: Study participant descriptive characteristics of demographics, cancer diagnosis, 
chemotherapy treatment, and cardio-protective medications. Measurements are reported 
as frequency (percentage) or are shown as an average ± standard deviation.                 
1. Doxorubicin average dose of 567.4 mg/m2. 
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Thirty-nine participants (64.1% female, all participants average age 56 ± 13 

years) were enrolled and CMR was performed at baseline before treatment and at 24 

months follow-up (Table I). Participants were treated for breast cancer, lymphoma, and 

sarcoma. Twenty patients (56.41%) were treated with doxorubicin with an average dose 

of 567.4 mg/m2. Other chemotherapy drugs used comprised of: trastuzumab, rituximab, 

paclitaxel, vincristine, docetaxel, and cytoxan. Multiple cardiovascular risk factors were 

identified in the participant population including: hypertension, diabetes, active smoker, 

and coronary artery disease along with cardio-protective medications like angiotensin-

converting enzyme (ACE) inhibitors, diuretics, beta blockers, angiotensin, lipid modifiers, 

anti-platelets, diabetes medications, and calcium channel blockers (Table II). 

 Baseline Follow-Up  

LVEF (%) 62.09 ± 8.08 56.71 ± 9.19  

Global Longitudinal Strain (%) -19.98 ± 3.02 -17.66 ± 3.22  

Global Circumferential Strain (%) -20.82 ± 4.49 -16.19 ± 4.60  

Table II: Comparison of LVEF, GLS, and GCS at baseline and follow-up. Results are 
shown as average ± standard deviation. 

Changes in LVEF, GLS, and GCS are shown (Table III). When compared to 

baseline, both GCS and GLS worsened at 24 months (p < 0.05 for both). There was a 

significant decrease in LVEF at 24-month follow-up (p <0.05) with an average LVEF of 

62.09 ± 8.08% at baseline and 56.71 ± 9.19% at 24 months.  

There was a significant relationship between baseline GLS and GCS (p = 0.0016, 

r = 0.552), 24-month GLS and GCS (p = 0.0137, r = 0.361), baseline GLS and LVEF (p 

= 0.00023, r = 0.539), and 24-month GLS and LVEF (p = 0.00279, r = 0.443). A linear 

regression was performed for the relationship between the change in GLS and LVEF (p 

= 0.25, r = 0.096) and the change in GLS and GCS (p = 0.90, r = 0.163) and no 

significant relationship was found. 
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We evaluated cancer therapy related cardiac dysfunction (CTRCD) individually 

prioritizing GLS and LVEF. These definitions described cardiotoxicity as a drop in LVEF 

of more than 10% to a value less than 53%. In addition, a relative drop in GLS of >15% 

is defined as abnormal while <8% is not considered to be of clinical significance. Seven 

patients out of the thirty-nine had a LVEF drop greater than 10% (Figure 11) while GLS 

decline of over 15% was measured in 14 patients (Figure 12). In participants with a 

decrease in LVEF greater than 10%, the average absolute GLS change was 2.9 versus 

2.19 in patients with less than a 10% LVEF change between baseline and follow-up. 

Similarly, the patients with a LVEF decline greater than 10% recorded an average of 

7.21 decline in absolute GCS versus 4.07 that did not experience significant LVEF 

decline. Due to the limited sample size of the >10% group (n=3), neither change is 

statistically significant (p = 0.65 for GLS, p = 0.06 for GCS). As a result, sensitivity of 

GLS vs. GCS cannot be sufficiently determined prioritizing LVEF. Patients with a relative 

drop in GLS greater than 15% averaged an LVEF decline of 7.86% vs. 3.21% in those 

without a significant GLS change (p = 0.05) (Figure 11). Interestingly, these patient 

groups did not experience a significant difference in absolute GCS change (4.54 vs. 

4.17, p = 0.81). 



39 
 

 

Total patients 

receiving 

chemotherapy (n=39) 

Drop in LVEF to > 53% 

(n=4) 

Avg. ΔGLS = 2.91 

Avg. ΔGCS = 7.31 

 

Drop in LVEF to < 53% 

(n=3) 

Avg. ΔGLS = 2.89 

Avg. ΔGCS = 7.08 

 

Drop in LVEF > 10% 
(n=7) 

Drop in LVEF < 10% 
(n=32) 

Avg. ΔGLS = 2.19 

Avg. ΔGCS = 4.07 

 

Total patients receiving 

chemotherapy (n = 39) 

Drop in GLS compared 

to baseline < 8% (n=16) 

Avg. ΔLVEF = -3.21% 

Avg. ΔGCS = 4.17 

Drop in GLS compared to 

baseline > 15% (n=14) 

Avg. ΔLVEF = -7.86% 

Avg. ΔGCS = 4.54 

Figure 13: Tree diagram of cardiotoxicity prioritizing LVEF. Of the patients with a drop in 
LVEF greater than 10%, both the change in GLS and GCS showed differences. 

Figure 14: Tree diagram of cardiotoxicity prioritizing GLS. A relative drop in GLS of >15% 
is defined as abnormal while <8% is not considered to be of clinical significance. Patients 
with a drop in GLS greater than 15% had statistically significant change in LVEF while 
GCS did not have a significant difference. 
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E. Discussion 

This investigation is the first longitudinal prospective study of patients receiving 

cancer therapy with cardiovascular MRI feature-tracking taken at baseline and 24 

months for evaluation of LVEF, GLS, and GCS. At both baseline and follow-up, data was 

collected for LVEF, GLS, and GCS (Figure 13, 14, 15). At the 24-month follow-up, there 

was a significant decline in LVEF with a significant worsening in GLS and GCS. In 

addition, decline in both GLS and GCS were associated with a decrease in LVEF. GLS 

showed a statistically significant increase between baseline and follow-up in agreement 

with several prior studies [38, 75, 78]. There was a significant relationship between 

baseline GLS and GCS, 24-month GLS and GCS, baseline GLS and LVEF, and 24-

month GLS and LVEF.  

Previous studies have shown CMR-FT to be acceptably reproducible for GCS 

when evaluated against myocardial tagging (HARP) techniques [62, 63]. However, most 

studies related to cardiotoxicity show GLS as the most reliable predictor of a subsequent 

LVEF drop and development of cardiotoxicity. Thus, we were able to gain insight into the 

effect of anthracyclines on GLS using CMR-FT as well as the relationship between GLS, 

GCS, and LVEF. 
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Figure 15: Patient specific data for change of GLS at baseline and follow-up. Thirty-one 
patients experienced a worsening in GLS after treatment. 

 

 

Figure 16: Patient specific data for change of GCS at baseline and follow-up. Thirty-
seven patients experienced a worsening in GCS after treatment. 
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Figure 17: Patient specific data for change of LVEF at baseline and follow-up. Thirty-four 
patients experienced a decrease in LVEF after treatment. 

Multiple studies have shown changes in GLS and GCS occur earlier than a 

change in LVEF and have predicted subsequent cardiotoxicity in both asymptomatic and 

symptomatic patients [38, 39, 75, 78-83]. However, these studies do not perform follow-

up past 12-18 months. One study observed trastuzumab-treated patients versus control 

over a period of 3.1-4.2 years after treatment and showed reduced GLS with no 

significant difference in LVEF at that time point [84]. Another study by Halsbauer et. al. 

used CMR to investigate GLS, GCS, and LVEF using controls at baseline and at both 

early (< 3 months) and late (12-18 months) post-treatment time points [85]. They 

reported values at baseline (GLS = 24 ± 5%, GCS = 29 ± 4%, LVEF = 60 ± 7%), early 

(GLS = 21 ± 8%, GCS = 27 ± 8%, LVEF = 55 ± 11%), and late (GLS = 17 ± 11%, GCS = 

27 ± 5%, LVEF = 48 ± 12%) time points. These findings mirror our own in that they show 

a worsening of GLS and LVEF after treatment. However, they found no significant 

reduction in GCS between the late treatment group and controls. It is also important to 
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note that their treatment group was assessed against a group of CV risk, age, and 

gender-matched controls while our study followed the patient cohort longitudinally from 

baseline to follow-up. Our current study is the first study to use CMR-based GCS and 

GLS strain to assess function at baseline and 24 months after chemotherapy treatment. 

 Feature-tracking cardiovascular magnetic resonance (CMR-FT) was introduced 

as a similar analysis technique to echocardiographic speckle tracking; as CMR is 

considered the gold standard for imaging LV wall motion, CMR-FT allows for increased 

sensitivity in wall motion abnormalities. Previous studies have been inconclusive relating 

GLS and GCS in CMR [43, 46, 71, 74], mostly due to variability in inter- and intra-

observer agreements. In addition, small rotation and through-plane motion in the GLS 

view and lack of consistency between feature-tracking software vendors, specifically in 

contouring standardization, can contribute to inconclusive comparisons of GLS and 

GCS. However, GLS has been shown to be the most robust and reproducible of the 

strain parameters for echocardiographic speckle tracking [71]. Through this study, we 

have shown a correlation between GLS and GCS at baseline and 24-month follow-up 

using CMR-FT which is in agreement with other studies [71].  

 There are a few limitations of our current study. First, this is a single-center 

prospective longitudinal study and while, as shown in the demographics (Table 1), these 

results occur in a diverse population, a multi-center study would aid in better 

understanding the full relationship of GLS to GCS and LVEF. In addition, a multi-center 

study would allow for an increased population sample. While thirty-nine patients were 

recruited for this study, an increase in the overall sample size would allow for more 

robust analysis by increasing the generalizability and accounting for confounders that 

may not be explored in this initial study of 39 patients. Second, it would be 

advantageous to look at the change in GLS, GCS, and LVEF with additional serial 
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exams such as at three months after initiation of treatment. Consistent views of each 

parameter over time would further elucidate the cardiac changes undergone during 

chemotherapy. One example would be to examine the believed compensation of GCS 

and GRS for a reduction in GLS early after beginning treatment. Additionally, our data 

were based only on 2- and 4-chamber views and it would be beneficial to also have a 3-

chamber view. 

F. Conclusion 

In adults surviving cancer treated with anthracyclines, GLS showed a significant 

worsening between baseline (before initiating treatment) and 24-month follow-up. In 

addition, baseline and follow-up GLS showed significant correlation with baseline and 

follow-up GCS and LVEF. Our current study addresses a gap in scientific knowledge of 

the longitudinal changes in GLS 24 months after initiating anthracycline chemotherapy 

using CMR-FT. This work contributes much needed corroboration between CMR and 

echocardiography with respect to consensus screening and surveillance with 

noninvasive imaging in cardio-oncology. Further studies are warranted to further 

evaluate this relationship serially and fully assess the ability of GLS to predict 

subsequent cardiotoxicity. 
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CHAPTER THREE: ANCILLARY ANALYSES 

 In this section, we will discuss the ancillary analyses of the effects of 

chemotherapy on the EDV, ESV, and LV ED mass at baseline and follow-up. 

Additionally, we will discuss future directions of cardiotoxicity detection in patients 

receiving anthracyclines, including possibilities using strain with automation, machine 

learning, and precision medicine and non-strain techniques like T1 and T2 mapping. 

A. Effect of Chemotherapy on End Diastolic/Systolic Volumes and Masses 

Left ventricle systolic dysfunction and reductions in end-diastolic volume have been 

shown to occur as a result of cardiotoxic chemotherapy [23, 35, 86]. Myocardial strain 

may decline as a result of a reduction in end diastolic volume or an increase in end 

systolic volume. Therefore, it is important to observe both the EDV and ESV when 

evaluating GLS. Limited CMR data on LV mass exists, but studies have shown normal 

mass immediately after anthracycline therapy with dose-dependent reductions in mass 

occurring at a significant time after treatment associated with worsening heart failure 

symptoms [21, 87, 88]. 

As shown in Table IV, End Diastolic Volume (EDV) did not have a significant 

difference between baseline and follow-up (p = 0.83) while End Systolic Volume (ESV) 

did have a statistically significant increase between baseline and follow-up (p < 0.0069). 

The change in ESV from baseline to follow-up had a significant correlation with the 

change in LVEF (p < 0.05) and change in EDV and change in EF had a significant 

relationship (p = 0.03). Our study showed no significant LV mass change between 

baseline and follow-up and there was no correlation found between LV mass change 

and LVEF. In addition, no significant change was observed between the change in GLS 
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and the change in LV mass (p = 0.49, r = 0.12), change in EDV (p = 0.37, r = 0.069), or 

change in ESV (p = 0.42, r = 0.092). 

 Baseline Follow-Up 

Mean EDV (ml) 121.87 ± 36.70 122.72 ± 40.43 

Mean ESV (ml) 47.25 ± 20.57 54.56 ± 25.72 

LV mass (g) 103.86 ± 25.69 105.40 ± 29.00 

Table III: Heart volumetric and mass data at baseline and follow-up. Results are 
presented as average ± standard deviation 

Our study confirms the findings of previous research in that the changes in ESV 

contribute to the drop in LVEF and indicate systolic dysfunction as a result of 

anthracycline treatment. While EDV and LV mass had no significant change, other 

studies have indicated that these changes may not occur until years after the initial 

treatment. Additionally, ten out of the thirty-nine patients experienced had a decrease in 

EDV of more than 10%, indicating diastolic changes may have occurred due to a change 

in pre-load conditions. These findings reinforce the importance of observing both the 

EDV and ESV when evaluating GLS. As a result, further study of these parameters is 

necessary. 

B. Future Directions: Automation and Machine Learning, Radiation Therapy, and 

Precision Medicine  

Automated or semi-automated methods of myocardial strain acquisition would be 

beneficial to lead to a reduction in inter- and intra-observer variability and increased 

processing speed. Currently, studies have shown significant inter-vendor discrepancies 

especially between post-processing software leading to issues with reproducibility and 

consistency [89]. Therefore, academics and industry partners have begun working 

toward using automated or semi-automated methods of evaluation myocardial strain 

using both speckle-tracking echocardiography and cardiac MRI [90, 91]. CMR feature-

tracking has great potential to benefit from machine-learning and other deep learning 



48 
 

neural networks due to its ability to detect image patterns over phases of the cardiac 

cycle, specifically related to shape and edge detection. In addition, one reason the use 

of CMR-FT is limited compared to echocardiography is because of post-processing time 

and cost. The ability of deep-learning to mimic human vision would result in faster 

analysis time without the use of trained experts and allows for more prominent use of 

CMR in cardiac structure and function analysis. As myocardial strain imaging through 

CMR-FT uses contouring and edge detection, deep learning can automatically learn to 

identify these image features and track the motion of the LV wall across the cine images 

[92]. 

Another area in which global longitudinal strain may be beneficial for detecting 

CTRCD is in radiotherapy. Cancer patients often receive radiotherapy in conjunction with 

their chemotherapy regimen. Radiation exposure greater than 30 Gy has been shown to 

be a risk factor for  cardiotoxicity [93], especially in patients with left breast cancer and 

lymphoma. These effects often do not appear until decades after treatment. Cardiac 

screening after radiation exposure is recommended to begin 5 years after initial 

exposure and strain imaging has been used to detect subclinical cardiotoxicity. This 

detection occurs through a decrease in global strain with the most decline occurring in 

patients receiving larger dose to the left side [94]. Lo et. al. observed a drop in 

longitudinal strain continuing up to 6 weeks after radiation therapy [95]. A study by 

Jacob, et. al. also reported a statistically significant reduction in GLS 6 months after 

radiation therapy; this cohort only included patients undergoing radiation therapy with no 

chemotherapy [96]. However, further studies are required as the long-term effects are 

still unknown. 

Medicine is trending towards an integrative system to treatment, including focus on 

specific risk factors to an individual. In cardiovascular disease and cancer treatment, this 
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approach includes the individual’s genetics, lifestyle, and underlying cardiac burden to 

address the limitations of a broad-based approach. Through the use of biology and 

network science, individuals are placed into specific clusters of phenotypes that allow for 

optimal medical intervention with minimal risk [97]. Myocardial strain imaging provides a 

unique opportunity to play a part in precision medicine in that it evaluates sub-clinical LV 

dysfunction before the appearance of symptoms. Further research may allow for detailed 

evaluation of this sub-clinical cardiac burden and lead to more precise management of 

chemotherapeutic care specific to the cancer patient. 
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