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Abstract 

While there may be numerous underlying origins, myocardial fibrosis is a common, 

unifying finding in various forms of heart disease. Unfortunately, its presence goes beyond 

simply being a herald of myocardial injury. The alterations in the extracellular space lead to 

abnormalities in both systolic and diastolic heart function and have been associated with adverse 

outcomes such as hospitalizations, heart failure, arrhythmias, and death. The gold standard 

assessment for myocardial fibrosis involves histopathological assessment of tissue acquired 

either at autopsy or via invasive endomyocardial biopsy, which is not without associated risks of 

complications. 

Cardiac magnetic resonance imaging (MRI) provides clinicians and researchers a 

powerful and versatile imaging system to help in their endeavours to better understand and 

characterize how the heart develops and adapts to numerous stresses and insults. This is 

particularly true with recent developments in the non-invasive assessment of myocardial fibrosis 

using MRI based T1-mapping techniques. The goal of the thesis was to explore the impact of 

physiological and pathological stresses on the heart, through the use of MRI T1-mapping. 

In particular, the effects of aging, sex, and risk factors for the development of heart 

failure were studied. It was determined that there were no significant alterations in T1-mapping 

markers of myocardial fibrosis associated with the aging process. Importantly, however, there do 

appear to be sex differences in the response to risk factors for heart failure. Next, different 

distinct phenotypes of heart failure were studied to gain insight into differences in remodeling 

that may contribute to the observed functional and clinical heterogeneity. 
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While much of the focus is on the heart’s left ventricle, it cannot be forgotten that the 

right ventricle may be involved additionally, or even as the primary site of pathology. In patients 

with Anderson-Fabry disease, characterized by interstitial deposition of glycosphingolipids, the 

development of right ventricular thickening is driven by the same infiltrative process that occurs 

in the left ventricle. This contrasts with hypertrophy and myocardial fibrosis that is occurring in 

response to increased right ventricular afterload, as seen in pulmonary hypertension. 

Finally, a novel approach to T1-mapping was developed to overcome some limitations in 

current T1-mapping techniques, allowing for increased spatial resolution and imaging at end-

systole, at which point in time there are more pixels across the ventricular wall. This new 

technique, based on a lookup table approach using image ratios, was validated by means of 

numerical simulations, phantom experiments, and in vivo. 

Cardiac MRI provides insight into myocardial form and function that may otherwise 

require multiple, possibly invasive, approaches. It has been instrumental in developing our 

understanding of the normal and diseased heart. Further studies, expanding on work presented 

here, will be important in providing new knowledge and techniques critical to moving the field 

forward.  
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Chapter 1 

Introduction 

1.1 Overview 
The field of medical imaging is driven by the principle to obtain the most accurate and 

reliable information, with an important focus on developing alternative methods to obtain 

information that may otherwise require more invasive approaches. Within cardiology, this is 

exemplified in the evolution of the use of invasive cardiac catheterization and angiography. 

Assessment of myocardial function, anatomy, and perfusion are now readily assessed using 

alternative techniques such as echocardiography, radionuclide imaging, cardiac computerized 

tomography, and cardiac magnetic resonance imaging (MRI). 

While many aspects of cardiac catheterization have non-invasive alternatives, there is 

significant interest in developing methods to supplant perhaps its most invasive diagnostic use – 

endomyocardial biopsy. While there are many factors that affect the safety and risks associated 

with biopsy, there can be complications related to the venous access or the biopsy procedure itself, 

with an overall complication rate of approximately 6%, including death.(1) These risks are 

balanced with the breadth of information available from examination of the acquired tissue, 

including histology, molecular analysis, immunologic assessment, and/or detection of viral genetic 

materials.(1) 

Non-invasive imaging of the heart, and in particular the myocardium, can be performed 

with numerous modalities. The most familiar to many may be cardiac ultrasonography, typically 

referred to as echocardiography. Due to its portability, relative reduced expense, and safety, an 

echocardiogram may be a patient’s first non-invasive imaging study. While it was once stated that 

echocardiography may be “the single most useful diagnostic test in the evaluation of patients with 

heart failure”, as stated in the 2001 ACC/AHA guidelines for the evaluation and management of 

chronic heart failure,(2) the strength of this statement is less evident in the updated guidelines from 

2013.(3) Echocardiography typically will focus on ventricular structure and function, such as 

estimates of ventricular sizes and ejection fraction, and provides excellent evaluation of the cardiac 

valves. However, though overt structural changes of the myocardium may be present in severe 
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cases, there is limited clinical use of echocardiography for assessment of the myocardium itself. 

While there had been interest in techniques such as integrated backscatter,(4) routine use in the 

clinical sphere is not present. Cardiac computerized tomography is able to provide complimentary 

information on structure, and to a lesser extent function; however, it provides excellent non-

invasive assessment of the epicardial coronary arteries. Similar to echocardiography, myocardial 

assessment is limited with computerized tomography, particular in clinical use; however, non-

invasive assessment of the extracellular space has been shown.(5) Unfortunately, as its use is 

associated with ionizing radiation, alternative strategies are continually sought after. 

Recently, there has been a significant amount of effort in the non-invasive assessment of 

myocardial fibrosis, particularly in the field of cardiac MRI. Tissue characterization, of which the 

assessment of fibrosis falls under, is a principal strength of cardiac MRI and is relatively unique 

to the modality. As the field matures, the application of existing techniques in health and illness is 

crucial to aid in comprehending not only the effects diseases have on the heart, but also the 

strengths and limitations of these techniques, providing valuable information to influence technical 

development.  

1.2 Heart Failure 
Many individuals worldwide are affected by heart failure (HF), with an estimated 600,000 

Canadians(6) and 6.5 million Americans(7) affected. The heart is often considered as a simple 

pump, and its inability to maintain effective contractile function would be expected to be 

associated with typical symptoms of “heart failure”. However, the reality is much more complex 

and requires synthesis of numerous clinical, imaging, and biochemical aspects.  

1.2.1 Types of Heart Failure 

Individuals may be asymptomatic even in the presence of reduced left ventricular (LV) 

systolic function, though they are at high risk for progression to overt HF.(8) Alternatively, 

individuals may demonstrate HF symptoms in the presence of preserved ejection fraction, the gold 

standard measure of heart pump function, equivalent to the fraction of blood pumped from the full 

ventricular chamber in each heartbeat. Recent Canadian guidelines on the management of heart 

failure utilize three main terminologies when discussing heart failure phenotypes(9): HF with 

preserved ejection fraction (HFpEF): LV ejection fraction (LVEF) ≥ 50%; HF with a mid-range 

ejection fraction (HFmEF): LVEF 41%-49%; HF with reduced ejection fraction (HFrEF): LVEF 
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≤ 40%. There is also further consideration to individuals who may display a “recovered EF” 

phenotype,(9) where an individual who was previously classified as HFrEF has recovery of their 

systolic function and may be considered as a HFmEF or HFpEF. Importantly, while these 

classifications of heart failure help to provide a sense of commonality in cohorts of patients, there 

may be numerous divergent, underlying diagnoses and risk factors that have led to the development 

of HF which may carry additional prognostic information not accounted for by simple 

categorization. Given the varying underlying pathophysiology of myocardial dysfunction in heart 

failure, varying patterns of myocardial remodeling can be expected. Much of this remodeling is 

related to myocardial fibrosis, which may occur in distinct patterns. 

1.3 Myocardial Fibrosis 

1.3.1 Overview of Myocardial Architecture 

To best understand the disease state, it is important to appreciate the healthy state. In the 

normal heart, cardiac myocytes represent roughly 2/3 – 4/5 of the heart tissue volume, despite 

representing only 1/4 - 1/3 of the number of cells.(10, 11) Of the remaining non-myocyte space, 

roughly 14% is represented by blood vessels, and 2% by connective tissue cells, based on animal 

studies.(12) Finally, the extracellular space (~20% of the heart muscle volume) primarily consists 

of a gel-like substance containing glycosaminoglycans, glycoproteins, and collagen fibres.(11, 12) 

Changes to the extracellular space, particularly alterations in the distribution and types of 

collagen fibres, are the hallmark of myocardial fibrosis. The extracellular matrix, and in particular 

collagen fibres, plays a key role in the structure and function of the heart, including providing 

support and connections between myocardial cells and blood vessels, impacting myocardial 

stiffness over the cardiac cycle, altering the shape and relative wall thickness.(11) 

1.3.2 Types of Myocardial Fibrosis 

While myocardial fibrosis is a common finding in many conditions affecting the 

cardiovascular system, the extent and distribution will vary depending on the disease severity and 

etiology. It is then helpful to think of, and describe, myocardial fibrosis based on the pattern of 

changes to both the cellular and extracellular components of the myocardium. Overall, three main 

patterns of myocardial fibrosis are typically described(13): 

Reactive Interstitial Fibrosis 
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Characterized by a typically progressive, diffuse distribution of increased collagen 

throughout the extracellular space from increased production by myofibroblasts, this form of 

interstitial fibrosis is seen in a variety of conditions, including diabetes, dilated cardiomyopathy, 

and pressure-overloaded conditions such as hypertension or aortic stenosis.(13) It is not typically 

associated with myocyte cell loss, the key feature of replacement fibrosis,(11) described further 

below. Importantly, it is felt to be a potentially therapeutic target, with the goal of reversing the 

changes.(14-19)  

Replacement Fibrosis 

Following myocyte loss, such as that associated with myocardial infarction or myocarditis, 

there is significant remodeling that occurs within the myocardium including the formation of overt 

scar tissue.(20, 21) The scar tissue acts together with other remodeling processes to distribute wall 

stress and minimize dilation.(20) Since myocyte replacement of those lost to necrosis or apoptosis 

does not typically occur, this form of fibrosis is felt to be irreversible. 

Infiltrative Interstitial Fibrosis 

Lastly, there is an additional form of fibrosis, which can be considered a variation of 

interstitial fibrosis. However, it is associated more so with abnormal infiltrative processes explicit 

to the specific disease, rather than the abnormalities in collagen synthesis and remodeling seen in 

reactive or replacement fibrosis. Examples of this include the non-caseating granulomas in 

sarcoidosis,(22) cardiac amyloid deposition in amyloidosis,(23) or as is the case in Anderson-

Fabry disease, a deficiency in the α-galactosidase A enzyme causes progressive multiorgan 

accumulation of intracellular sphingolipids, including within the heart. However, though data is 

limited, coexisting myocardial fibrosis can be seen on biopsy.(24, 25) 

1.4 Sequelae of Myocardial Fibrosis 

1.4.1 Functional Impact 

The increased production of collagen and other extracellular matrix proteins will ultimately 

impact the performance of the myocardium. Typically, myocardial stiffness is increased, affecting 

ventricular filling and diastolic function.(14, 26, 27) This stiffness may be mediated by the amount 

of collagen present,(28) alterations in the ratio of collagen types,(29) and/or the degree of collagen 

cross-linking,(30) independent of the presence of ventricular hypertrophy (increased wall 
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thickness and mass).(28) The presence of myocardial fibrosis is also associated with systolic 

dysfunction,(31, 32) and the degree of dysfunction has been correlated with the fibrosis 

burden.(32, 33) 

1.4.2 Clinical Impact 

In addition to structural and functional changes the heart, the presence of fibrosis can also 

have considerable clinical impact. Alterations in collagen synthesis and fibrosis have been shown 

to alter the electrical propagation in the heart, creating a substrate for arrhythmias.(34-39) 

Presumed to be related to this increased risk of arrhythmias, there is extensive evidence that 

myocardial fibrosis is associated with increased mortality risk.(40-46) Much of our understanding 

of the association of myocardial fibrosis and clinical outcomes is due to advances in non-invasive 

imaging, particularly cardiac MRI. 

1.5 Cardiac MRI Assessment of Myocardial Fibrosis 

1.5.1 Basics of Cardiac MRI 

Since the first MRI image of thin water-filled glass capillaries almost 50 years ago,(47) 

there have been incredible advances in the field of MRI. While the versatility of MRI allows it to 

be used for nearly limitless applications, those with experience in MRI understand there are 

balances required in the acquisition of MRI images affecting various aspects of the final image 

quality, including the overall signal intensity, spatial resolution, temporal resolution, and total 

acquisition time. This is likely no better exemplified than in the field of cardiac MRI, where 

additional challenges are presented with both respiratory and cardiac motion. A comprehensive 

resource on MRI physics and techniques can be found in a textbook by Brown et al.(48) 

The ability to obtain an image, be it from a water-filled capillary or a living person, stems 

from the fact that certain arrangements of the constituent nuclei within atoms are able to create a 

magnetic, or “dipole”, moment. While not all atoms, or their associated isotopes, are able to have 

a magnetic moment, it is fortunate that the hydrogen nucleus, consisting of a single proton, is not 

only able to produce such a moment, but is also the most abundant nucleus in the body. Water, and 

other complex molecules such as fats, exist in nearly all body tissues. Therefore, the hydrogen 

nucleus, henceforth referred to simply as a “proton”, is an ideal source of magnetic resonance 

signal. 
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The production of an image with MRI requires, in a simplistic description, three main steps. 

Initially, all the protons within the body’s tissues are “prepared” when exposed to the strong, static 

magnetic field (B0) within the MRI scanner. The strong magnetic field causes the protons to find 

an equilibrium between high and low energy states, though this process is not instantaneous, as 

will be discussed below. Importantly, there are not equal amounts of protons existing in the two 

energy states, described as being either parallel or anti-parallel to the external magnetic field, and 

this inequality is necessary in providing a net magnetization state. The ratio of the number of anti-

parallel to parallel protons can be estimated using the Boltzmann distribution: 

𝑛𝑎𝑛𝑡𝑖−𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙

𝑛𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
= 𝑒

−𝐸𝑧
𝑘𝑇  

where n is the number of protons in a given state, Ez is the difference in energy between 

the two states, k is the Boltzmann constant (equal to 1.38 x 10-23 J/K), and T is the temperature in 

Kelvin. 

The difference in energy between states is related to the gyromagnetic ration (γ), which are 

constant values for a given nucleus, Planck's constant (ħ = 6.63 x 10-34 J s), and the strength of the 

external magnetic field (B0), by the following: 

𝐸𝑧 = 𝛾ħ𝐵0 

To put this into perspective, for protons (γ = 42.58 MHz/T) in the body (37°C, 310 K) at 

1.5T (B0) field strength, this equates to about 10 more protons in the parallel state for every 

1,000,000 protons in the anti-parallel state. Given one millilitre of water has approximately 6.7 x 

1022 protons, this would translate to roughly 3.3 x 1017 more parallel spins. 

As stated above, the inequality of parallel to anti-parallel protons leads to net 

magnetization, noted as M0, along the main magnetic field (conventionally assigned the Z-axis). 

The net magnetization (M0) can, using non-quantum descriptions, can be considered as a vector 

with components that project onto the longitudinal (Z-axis) or transverse (XY-axis) planes. In the 

unperturbed state, following exposure to a strong external magnetic field (B0) and reaching 

equilibrium, all of the net magnetization (M0) exists as longitudinal magnetization (Mz) along the 

Z-axis, with no net transverse magnetization (Mxy)  

However, hydrogen protons in the tissues can be “excited” to rotate the net magnetization 

towards the transverse plane following an applied, time-varying magnetic field (B1
+). Following 

excitation, the excited protons produce a signal that is received using radiofrequency antennae 
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(“coils”). In conjunction with subtle changes to the static magnetic field, referred to as gradients 

(Gx, Gy, and Gz), the excited transverse magnetization is encoded with characteristic frequencies 

(or phases) that are related to the position of the precessing magnetization (1H nucleus) within the 

MRI system. As such, this frequency and phase information can be used for spatial localization, 

paramount to creation of a 2- or 3-dimensional image.  

Typically, these repeated excitations are collected one “line” at a time in a grid-like fashion, 

referred to as k-space, from which an image can be generated using a Fourier transformation of 

the acquired frequency information.  

 

Figure 1.1: Example image of k-space data and the corresponding cardiac image that results from 

a two-dimensional Fourier transformation 

While there are many approaches to this process of acquiring magnetic resonance imaging 

data, there are two general strategies that are commonly used for cardiovascular MRI, in particular. 

Specifically, these methods have different approaches to address the primary technical challenge 

of cardiac MRI, the constant and rapid motion of the beating heart. 

 First, all k-space data can be acquired as quickly as possible, for example within one 

heartbeat. Advantages to this “single-shot” technique include less sensitivity to irregular cardiac 

rhythm or diaphragmatic movement. However, it typically comes at the expense of limitations in 

spatial and temporal resolution, as the overall number of lines of k-space need to be minimized to 

be collected all within a period where the heart is as still as possible, such as the diastasis filling 

phase that occurs shortly after the rapid early filling phase prior to the atrial contraction.  
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Figure 1.2: Simplified schematic representation of "single-shot" imaging, where all necessary k-

space data for a given image (ex: Image 1) is collected within one heartbeat, with subsequent 

images collected in subsequent heartbeats 

Alternatively, portions of k-space can be acquired over a series of heartbeats, referred to as 

“segmented” imaging. Through the use of a physiologic trigger, such as the electrocardiographic 

impulses, the segments of k-space can be acquired at a consistent part of the cardiac cycle. This 

typically allows more total k-space lines to be acquired for a given image (i.e. an increased imaging 

matrix size), leading to an increase in spatial resolution. Though the time required to obtain an 

image may be longer using the segmented approach, as complete k-space data is acquired over 

multiple heartbeats, each segment occurs over a small temporal footprint. Thus, there is less motion 

over that shorter period, which if present can lead to image blurring or artifacts. 

 

 

Figure 1.3: Simplified schematic representation of "segmented" imaging, where a defined portion 

of k-space data (ex: portion A, B, and C) is collected at separate instances, such as sequential 

heartbeats 
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One of the strengths of MRI imaging is its ability to obtain images with excellent and 

highly programmable contrast between different tissues and structures in the body. There are 

numerous factors that determine the appearance (relative signal intensities) of the attained MRI 

images. This tissue response is primarily affected by its relaxation properties, which govern how 

groups of protons behave following excitation and in their return to their pre-excited, or 

“equilibrium” state. Importantly, protons will have differing relaxation properties, depending on 

the tissue as well as the pathological state.  

 

 

Figure 1.4: Sample non-contrast enhanced axial images through the chest at similar slice locations 

in the same individual, highlighting the different appearances of the same structures depending on 

the imaging sequences used, such as a balanced steady-state free precession (bSSFP) image on the 

left and a HAlf fourier Single- shot Turbo spin-Echo (HASTE) image on the right 

T1 – Longitudinal Relaxation Time 

As alluded to above, protons exposed to a strong, static magnetic field will seek a state of 

equilibrium between energy states. This occurs both when the subject is initially placed in the MRI 

system, and following the perturbation of this equilibrium during excitation in image acquisition. 

Through this process, protons exchange energy through interactions with other molecules in the 

environment, or so-called “lattice”. Thus, the time that characterizes this recovery to equilibrium 

is referred to as the longitudinal relaxation time (T1), or spin-lattice relaxation, with a T1 value 

specifically identifying the time it takes to recover 63% of the equilibrium value when starting 

from zero longitudinal magnetization.  
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Figure 1.5: Longitudinal magnetization (Mz) recovery, or spin-lattice relaxation, as a function of 

time (t) following a saturation pulse (Mz = 0) 

T2 – Transverse Relaxation Time 

Following excitation, the precessing magnetization decays in amplitude due to a number 

of mechanisms including a loss of coherence of phase due to interactions between neighbouring 

molecules. The rate at which the coherence disappears is referred to as the transverse relaxation 

time (T2), or spin-spin relaxation, characterized by the time it takes to lose ~63% of the maximum 

signal. Additional causes of loss of phase coherence can occur that have the potential to be 

recovered or refocussed, such as inhomogeneities in the static magnetic field. When all sources of 

signal loss of transverse magnetization are considered, the notation T2* is used. 

 

 

Figure 1.6: Transverse magnetization (Mxy) decay, or spin-spin relaxation, as a function of time (t) 

following an ideal 90-degree excitation pulse (Mxy = 1) 

1.5.2 T1 and T2 in Tissues 
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As stated above, tissues can have differing proton relaxation times due to inherent 

differences in molecular environment, such as inherent differences between organ composition, 

such as between the brain and skeletal muscle. Importantly, relaxation times are also field strength 

dependent. Typical values for various biological tissues are provided in Table 1.1, with examples 

of differences for two field strengths.(49) Myocardial T1 values range between 965 to 1170 ms at 

1.5T and 1315 to 1523 ms at 3T, depending on the measurement method.(50-52). Myocardial T2 

values are typically 53 ms at 1.5T and 44 at 3T.(53) 

 

 

 

Table 1.1: T1 and T2 Relaxation Constants for Several Tissues. Table from Bushberg et al. The 

Essential Physics of Medical Imaging. (2011) 

 T1 (0.5T) T1 (1.5T) T2 (1.5T) 

Tissue (ms) (ms) (ms) 

Fat 210 260 80 

Liver 350 500 40 

Muscle 550 870 45 

White matter 500 780 90 

Gray matter 650 900 100 

Cerebrospinal fluid 1800 2400 160 

 

However, it is also important to note that relaxation time can also change as a result of 

pathological tissue changes that can occur as a result of a disease process. For example, subjects 

with acute myocarditis, characterized by myocardial inflammation and edema, demonstrate 

increased T1 and T2 relaxation times compared to control subjects, with increases in average T1 

from 965 ms to 1048 ms and average T2 from 52.6 ms to 62.2 ms.(54) Decreased relaxation times 

can also be seen, with perhaps the best example in those with iron overload, including reduced T1 

values(55) and T2
* values.(56) 
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1.5.3 T1, T2, and Gadolinium Contrast Agents 

As discussed above, the T1 and T2 of a tissue are important factors that affect the acquired 

MRI signal. These values are strongly affected by the surrounding molecular environment and thus 

they may be altered in the disease state. Importantly, however, they can also be purposely 

manipulated through the use of contrast agents, including the highly paramagnetic gadolinium-

based agents typically delivered via an intravenous injection as part of the cardiac MRI study 

protocol. 

Gadolinium-based contrast agents lead to changes in both T1 and T2 in a predictable pattern, 

based on the agent’s proton relaxivity, which can be thought of as the magnitude to which the 

agent can shorten the proton’s T1 and/or T2 times for a given concentration. The mechanism of 

relaxation enhancement is result of a direct dipole interaction between the water molecules and the 

unpaired electron spins in the gadolinium itself. Ultimately the agents’ effects can be described 

following the relaxivity equations: 

𝑅1𝐺𝑑 = 𝑅1 + 𝑟1[𝐺𝑑] 

𝑅2𝐺𝑑 = 𝑅2 + 𝑟2[𝐺𝑑] 

where R1 represents 1/T1, R2 represents 1/T2, r1 and r2 represent the agent’s proton 

relaxivity (mM-1s-1) for T1 and T2, respectively, and [Gd] represents the concentration of contrast 

agent. Thus, any tissue that contains a higher concentration of the contrast agent will have a 

proportionally shorter relaxation time. 

1.5.4 Late Gadolinium Enhancement 

Perhaps the most widely recognized and utilized cardiac MRI sequence for assessing the 

presence or absence of myocardial fibrosis, called “late gadolinium enhancement” (LGE), exploits 

the behaviour of gadolinium contrast agents. Typical gadolinium agents used clinically remain 

extracellular, residing in the vascular and interstitial space. However, water molecules move 

between tissue spaces, from the cells to the other pools, and thus the contrast agents affect the 

whole tissue water pool, but with an effective dilution effect as a function of the relative size of 

the extracellular volumes. Therefore, changes in the myocardial architecture associated with 

fibrosis, resulting in a relative increase in the extracellular space, will accrue more contrast agent 

and have proportionally shorter relaxation times than other non-fibrotic areas. 
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The LGE technique uses T1-weighted imaging (increased signal intensity with reduced T1 

values) to highlight these areas with shorter T1 times due to the high concentration of gadolinium 

contrast, like those seen with replacement fibrosis following myocardial infarction.(57) The image 

acquisition for the LGE technique occurs following a preparatory inversion pulse, resulting in 

protons returning to equilibrium based on their respective T1 times. The timing of the imaging 

portion of the pulse sequence, following a prescribed “inversion time”, is such that normal, healthy 

myocardium will provide no signal, leaving signal only to be obtained from tissue where there is 

additional T1 shortening due to a relative increase in contrast agent concentration. 

 

 

Figure 1.7: Late gadolinium enhancement. Left: An illustrative example of two different 

longitudinal magnetization (Mz) recovery curves following a preparatory inversion pulse. The 

white curve represents an area of tissue with fibrosis and relative increased gadolinium 

concentration, and thus a relatively reduced recovery time of Mz compared to the black curve, 

which would represent healthy myocardial tissue. The double arrow head line highlights the 

principle of late gadolinium enhancement (LGE) imaging, wherein image contrast is created by 

imaging at a time where there is separation in the Mz recovery curves and healthy tissue (black 

curve) would provide little signal as the longitudinal magnetization is at a null point (Mz = 0). 

Right: An in vivo illustration of "positive" late gadolinium enhancement imaging in a 52 year old 

male, depicting a moderate sized subendocardial infarction (replacement fibrosis) involving the 

inferolateral wall (open arrowhead), compared to healthy myocardium (solid arrowhead) 
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The development of LGE imaging meant that the relationship between functional and 

clinical abnormalities and fibrosis could be explored without the need for invasive biopsy or post-

mortem histopathology. 

1.5.4.1 Critical Limitations of LGE Imaging 

 The image contrast illustrated in Figure 1.7 that is used to detect myocardial scar is 

dependent on the relative signal intensity difference between the scar and surrounding, assumedly 

healthy, tissue. No information is provided regarding the potential presence of scar, notably the 

more diffuse interstitial fibrotic scar. Additionally, LGE is used most commonly as a binary test, 

to identify pixels that are positive for scar, but provides no information regarding the severity of 

the scar. Thus, LGE imaging is of no utility in the case where there are no focal areas of fibrosis 

and cannot be used to more acutely classify the nature of the scar, by the severity of changes in the 

tissue environment.  

1.5.5 T1 Quantification 

As described previously, the relaxation times of a tissue are related to the tissue’s 

composition, which can be altered in the disease state. Thus, if the relaxation times can be 

measured directly, they may provide a more objective and quantifiable biomarker. Indeed, T1 

measurements found some early clinical use in the assessment of myocardial fibrosis or perfusion, 

however scan time was often long or required multiple breath-holds.(58-62)  

More recent technical advances have led to the development of robust, reproducible and 

patient-friendly measurements of T1 in the heart, referred to as T1-mapping. Messroghli et al. 

developed a T1-mapping method of the heart that was feasible within a breath-hold.(63) This 

modified Look-Locker inversion recovery (MOLLI) sequence, and its variants, are the most 

widely used approach for cardiac T1-mapping today. They all share a common approach, where a 

series of T1-weighted images are obtained following an inversion preparation pulse. The signal 

intensities within the images, obtained at varying inversion times (TI) can be used to solve for T1, 

following the equation for T1 recovery following an inversion pulse: 

𝑆𝑖𝑔𝑛𝑎𝑙(𝑇𝐼) =  𝐴 − 𝐵𝑒
−𝑇𝐼

𝑇1
∗⁄
 

𝑇1  =  (
𝐵

𝐴
− 1)𝑇1

∗ 
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where T1* is the “apparent” T1, affected by the Look-Locker imaging sets altering the 

relaxation course, that may be accounted for with the use of the “Look-Locker correction factor” 

(B/A–1). While the MOLLI family of sequences have been extensively used, there is extensive 

evidence illustrating systematic errors in the T1 values on several pulse sequence and physiologic 

parameters, such as inversion pulse efficiency, flip angle, off resonance, T2 values, magnetization 

transfer, and heart rate.(50, 64) Many of these dependencies stem from the need to acquire multiple 

images in each Look-Locker set (i.e. with each inversion pulse). It may take 8-10 seconds for full 

recovery of longitudinal magnetization following an inversion pulse, which is important in 

combining Look-Locker sets. Thus, to acquire more than 2-3 images within an achievable breath-

hold, multiple images are obtained following each inversion pulse. 

T1-mapping can also be performed using a saturation preparation pulse, instead of an 

inversion pulse, as is performed in the SAturation-recovery single-SHot Acquisition (SASHA 

method).(51) The principal advantage to the saturation approach is that an image can be acquired 

following each preparatory pulse without needing to wait for full recovery of longitudinal 

magnetization, thus minimizing many of the sources of dependencies seen with the inversion 

approach.(50) Similar to the inversion recovery approach, the signal intensities within the series 

of images, each acquired a variable saturation time (TS) following their own saturation pulse, can 

be used to solve for T1, following the equation for T1 recovery following a saturation pulse: 

𝑆𝑖𝑔𝑛𝑎𝑙(𝑇𝑆) =  𝑘 (1 − 𝜂𝑒
−𝑇𝑆

𝑇1
⁄ ) 

where 𝑘 is a scaling constant and 𝜂 is the saturation pulse efficiency. Note there is no T1
* 

term, as the signal recovery is not altered by the readout effects as is seen in the Look-Locker 

approach. The main disadvantage to the saturation method is a reduced range of image contrast, 

which adds some loss of precision to the fitting.(50, 51)  
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Figure 1.8: Sample T1 maps in a healthy individual, including MOLLI (left) and SASHA (right), 

where pixel-wise T1 values are calculated to generate an image where the signal intensity in a 

given pixel corresponds to a particular T1 time 

Myocardial non-contrast T1 times, or “native T1”, have been used to study a variety of 

physiological and pathological conditions, such as aging, hypertension, heart failure, dilated 

cardiomyopathy, hypertrophic cardiomyopathy, myocarditis, myocardial infarction,(65-71) where 

interstitial, diffuse fibrosis may be expected in addition to possible areas of replacement fibrosis. 

Native T1 evaluation has also been performed in conditions associated with infiltrative interstitial 

fibrosis, such as amyloidosis, Anderson-Fabry disease, and iron-overload.(55, 69, 72-75)  

Performing T1-mapping following the administration of a gadolinium-based contrast agent 

can take advantage of the same principle used for LGE imaging; the relationship between 

shortened T1 times and contrast agent concentration. Indeed, this has been correlated with 

endomyocardial biopsies showing a strong relationship between the post-gadolinium myocardial 

T1 time and histological measures of diffuse fibrosis.(76-78) However, the post-gadolinium T1 

time is dependent on a variety of factors including the contrast agent’s relaxivity, dose, time 

between injection and imaging, and an individual’s hematocrit and renal clearance.(13) This limits 
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the ability to perform comparisons between different sites, or even within the same site, as any of 

these factors may lead to differences in T1 values that are not related to the disease process itself. 

1.5.6 ECV Estimation 

Thankfully, some of these factors that affect post-gadolinium T1 times may be mitigated 

by considering that the concentration of contrast agent in the tissue is dependent on the blood 

contrast agent concentration. This ratio is referred to as the partition coefficient, or lambda (λ). 

𝜆 =
[𝐺𝑑]𝑡𝑖𝑠𝑠𝑢𝑒
[𝐺𝑑]𝑏𝑙𝑜𝑜𝑑

 

However, as described previously, the gadolinium contrast agent resides only outside of 

cells, including red blood cells. Thus, a correction factor is also needed to normalize the estimated 

blood concentration of gadolinium-based on an individual’s plasma volume, equal to 1-hematocrit. 

Thus, the extracellular volume fraction (ECV) can be estimated using lambda and the hematocrit. 

𝐸𝐶𝑉 =
[𝐺𝑑]𝑡𝑖𝑠𝑠𝑢𝑒

(
[𝐺𝑑]𝑏𝑙𝑜𝑜𝑑

1 − ℎ𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡
)
 

Considering the relaxivity equation described previously, and that a contrast agent’s 

relaxivity is typically assumed to be consistent between the blood and tissue,(79) the equation can 

be rewritten as: 

𝐸𝐶𝑉 = (1 − ℎ𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) (
[𝑅1𝐺𝑑 − 𝑅1]𝑡𝑖𝑠𝑠𝑢𝑒
[𝑅1𝐺𝑑 − 𝑅1]𝑏𝑙𝑜𝑜𝑑

) 

This can further be expressed in terms of T1 values: 

𝐸𝐶𝑉 = (1 − ℎ𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) 

(

 
 
[
1
𝑇1𝐺𝑑

−
1
𝑇1
]
𝑡𝑖𝑠𝑠𝑢𝑒

[
1
𝑇1𝐺𝑑

−
1
𝑇1
]
𝑏𝑙𝑜𝑜𝑑)

 
 

 

This approach to myocardial ECV estimation has been shown to have good agreement with 

invasive histological measurements of fibrosis.(80-85) Alterations in ECV have been 

demonstrated in a variety of conditions, such as aortic stenosis, myocardial infarction, myocarditis, 

dilated cardiomyopathy, hypertrophic cardiomyopathy, heart failure, cardiac amyloidosis, 

congenital heart disease, and following heart transplantation, amongst others.(86-95) Importantly, 

it has also been found to have important prognostic information, showing associations with adverse 

outcomes such as hospitalization and death.(85, 96-103)  
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Figure 1.9: Extracellular volume fraction (ECV) map, using the SASHA sequence, in a healthy 63 

year old female. Similar to the T1 maps in Figure 1.8, pixel-wise ECV values are calculated, and 

the signal intensity in a pixel corresponds to a given ECV value  

It is important to note, that despite evidence of correlation between T1-mapping and 

histological measures of fibrosis, they are not direct measures of collagen accumulation. Any 

causes of changes to the ratio of extracellular and intracellular compartments may be detected, 

such as edema.(104-106) While T1-mapping sequences have been shown to have dependencies on 

various physiologic and imaging parameters, as described above, it is not yet known how these 

may interact together when deriving ECV.  

The achievement of developing cardiac T1-mapping within a single, comfortable breath-

hold requires some concessions to image acquisition. The single-shot acquisition strategy typically 

used limits the spatial resolution to 1.4 to 2.3 mm.(50) This, along with a typical slice thickness of 

8 mm, may lead to partial volume artifacts of structures adjacent to the myocardial tissue, such as 

blood or epicardial fat. Additionally, the single-shot images are acquired over 150 to 200 ms,(50) 

thus are typically restricted to the diastasis phase of diastole, where cardiac motion may be 

minimum. Significant cardiac phase or respiratory motion can lead to significant artifacts, and 

even subtle motion can lead to blurring within the acquired image.(50) This limits the application 

of T1-mapping in thin walled structures, such as the right ventricle. Thus, ongoing development is 

often focused on improvements in image acquisition strategies, including alternatives to the single-

shot approach. 
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1.6 Scope of Thesis 
Subsequent chapters in this thesis will focus on the development and application of T1-

mapping in health and disease, along with the development of a novel approach for non-invasive 

ECV assessment that has improved spatial and temporal resolution. Chapters 2 and 3 uses T1-

mapping to investigate for alterations in ECV as a function of age and sex. In Chapter 3, 

consideration is given to any differences that may exist in the heart’s adaptation in healthy 

individuals compared to those with cardiovascular risk factors associated with the development of 

heart failure, such as hypertension and diabetes. Chapter 4 uses T1-mapping to characterize 

differences within the heart failure population, including the different phenotypes often 

encountered in clinical practice. This includes individuals with reduced ejection fraction, who have 

long been the “classical” perception of those with heart failure, and those with preserved ejection 

fraction, a group that is receiving increasing attention in the cardiology community. Chapter 5 

examines right ventricular changes, when hypertrophy is present, in subjects with Anderson-Fabry 

disease and those with pulmonary hypertension. In addition to highlighting different 

pathophysiologic origins to the right ventricular hypertrophy, it also demonstrates limitations in 

the use of existing techniques in all areas of the heart. Chapter 6 explores the development of a 

new method for estimation of tissue contrast agent concentration and extracellular volume. With 

this method, the single-shot approach is abandoned for a segmented acquisition to provide an 

increase in spatial resolution and decreased temporal footprint, allowing imaging at end-systole 

when there is increased myocardial wall thickness. The technique, referred to as Contrast Level 

Assessment using Intensity Ratios (CLAIR), relies on pre- and post-contrast signal intensity ratios 

that can be converted to tissue contrast agent concentrations based on a lookup table approach. 

Finally, Chapter 7 speaks to some of the limitations encountered in both the application and 

development of cardiac T1-mapping techniques, with further discussion on future directions of the 

field. 



20 
 

Chapter 2 

Normative Data for Myocardial Native T1 

and Extracellular Volume Fraction in 

Children 

 

2.1 Introduction 
Measurement of myocardial T1 relaxation times and extracellular volume fraction (ECV) 

by cardiac magnetic resonance (CMR) provides non-invasive biomarkers for diffuse myocardial 

fibrosis, demonstrating excellent correlation with invasive histological methods.(80, 95) 

Myocardial fibrotic remodelling occurs in a variety of pediatric and congenital heart diseases and 

is associated with ventricular dysfunction and arrhythmias.(91, 107, 108) Cardiac magnetic 

resonance metrics of diffuse myocardial fibrosis have been shown to be increased in children 

following repair of tetralogy of Fallot,(109) Fontan physiology,(93) heart transplantation,(95) and 

muscular dystrophy.(110)  

 The clinical and scientific utility of measures of diffuse fibrosis in children is 

hampered by a lack of reference values. While it has been suggested that each centre establish their 

own local reference values,(111) this is challenging in the pediatric population due to limitations 

to research in children, especially when it involves intravenous access and administration of 

gadolinium. 

The primary aim of this study was to establish pediatric normative myocardial native T1 

times and extracellular volume fractions using the modified Look-Locker inversion recovery 

(MOLLI) approach. 

2.2 Materials and Methods 

2.2.1 Study Population 
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This study was approved by the research ethics board at The Hospital for Sick Children 

(study number 1000053256). Due to the retrospective nature of the study, the need for informed 

consent was waived. 

Between April 2014 and March 2017, a convenience sample of healthy pediatric subjects, 

between 9-18 years of age, who underwent a clinical cardiac magnetic resonance examination 

including T1-mapping were identified via the institutional CMR database. Subjects were included 

if there was no known history of recent viral illness and the CMR was indicated for: 1) screening 

of an asymptomatic individual based on a family history of cardiomyopathy or sudden cardiac 

death, in whom all other tests, including the CMR study and genetic workup, were normal; 2) 

anatomic clarification based on findings from echocardiography, such as difficulty visualizing 

portions of the aorta, pulmonary veins, or coronary arteries, which were found to be normal on 

CMR; 3) a workup of syncope or chest pain if the clinical suspicion of a cardiac etiology was low 

and if the CMR study revealed normal proximal coronary arteries and origins and was otherwise 

normal; 4) a workup for inverted T waves in leads V1-V3 (which are a normal finding in children 

and most adolescents) or frequent monomorphic premature ventricular complexes without coupled 

complexes if the CMR study was normal. 

2.2.2 Cardiac Magnetic Resonance 

Studies were performed on a single 1.5T system (‘Avanto’, Siemens Medical Solutions, 

Erlangen, Germany. Software release VB17 and VE11B), with a phased array flexible surface coil 

for signal receiving and the inherent system bodycoil for radiofrequency transmission. Assessment 

of ventricular volumes, function, and myocardial mass was performed using balanced steady-state 

free procession imaging, acquired as a short-axis stack. Typical parameters included: minimal 

repetition (TR) and echo times (TE), flip angle (FA) 70°, in-plane spatial resolution between 1.5-

2.0 mm2, slice thickness 5 mm, gap adjustment to cover both ventricles with at least nine slices, 

temporal resolution to provide 20 true reconstructed frames per cardiac cycle. 

T1 quantification was performed at a mid-ventricular short axis level during diastasis, using 

a 5(nHB)3 MOLLI sequence, including inline motion correction, where nHB was 3 to 5 heart beats 

depending on the heart rate to allow for T1 recovery between the two inversion experiments. 

Typical scan parameters are provided in Table 2.1, and include 8 mm slice thickness, FA 35°, TE 

1.13-1.26 ms, TR 2.68-2.95 ms, bandwidth 1085 Hz/pixel, minimum inversion time 100-120 ms 

with 80 ms increment, and generalized autocalibrating partially parallel acquisitions (GRAPPA) 
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with an acceleration factor of two. When gadolinium was injected, T1 quantification was repeated 

15 minutes after administration of 0.2 mmol/kg gadobenate dimeglumine (‘MultiHance’, Bracco 

Diagnostics Inc., Montreal, QC, Canada). 

 

Table 2.1: MOLLI sequence parameters 

Weight HR Recovery 

Beats 

FOVread 

(mm) 

FOVphase 

(%) 

Matrix Pixel Size 

(mm) 

20-49 kg (n=16) <80 3 320 85.2 256x144 1.89x1.25 

80-100 4 320 85.2 256x144 1.89x1.25 

>100 5 320 85.2 256x144 1.89x1.25 

>50 kg (n=33) <80 3 360 85.2 256x144 2.13x1.41 

80-100 4 360 85.2 256x144 2.13x1.41 

>100 5 360 85.2 256x144 2.13x1.41 

 

2.2.3 Image analysis 

Ventricular volume analysis was performed in 'Qmass’ (in ‘MedisSuite’, Version 2.1, 

Medis, Leiden, The Netherlands), following a standardized approach, with manual tracing of the 

endocardial borders of both ventricles on the short-axis images for quantification of end-diastolic 

and end-systolic volumes. Papillary muscles were included in the blood pool. Ejection fraction 

was calculated as the stroke volume (end-diastolic – end-systolic volumes), normalized to the end-

diastolic volume. Left ventricular epicardial tracing was also performed to derive the myocardial 

mass, calculated from the myocardial muscle volume multiplied by the specific gravity of the 

myocardial tissue (1.05 g/mL). All volumes and masses were indexed to the individual’s body 

surface area, with Z-scores derived based on data from Buechel et al.(112)  

T1 quantification was carried out by a single observer (JP), with 7 years experience in 

CMR, in ‘Qmap’ (in ‘MedisSuite’, Version 2.1, Medis). For assessment of interobserver and 

intraobserver reliability, analysis was repeated by a second, independent observer (CZL), blinded 

to any previous results. Studies with significant artifacts were excluded from analysis. Left 

ventricular (LV) endo- and epicardial borders were contoured on the in-line motion corrected T1-
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weighted images, including only the inner 50% of myocardium to avoid partial volume errors 

(Figure 2.1). Contours were manually adjusted on individual T1-weighted images to compensate 

for incomplete motion correction. A single region of interest (ROI) was placed in the blood pool 

of the left ventricular cavity. The LV myocardium was divided into six segments according to the 

American Heart Association model, which allowed for removal of segments containing visible 

artifact and for quantification of septal (average of T1 in the antero- and inferoseptal segments) 

and LV free wall (average of T1 in the antero- and inferolateral segments). 

 

Figure 2.1: Sample native T1 image from a healthy pediatric patient, including endocardial (red), 

epicardial (green), and blood pool (dashed maroon) contours. The slice is divided into six 

equidistant segments. 

T1 values were calculated using average ROI signal and a curve fitting algorithm. Resultant 

T1 times were corrected for incomplete inversion using correction factors depending on the 

inversion pulse utilized; 1.0811 for a traditional hyperbolic secant pulse and 1.0365 for a tan/tanh 
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adiabatic pulse.(113) In those subjects receiving intravenous contrast, ECV was calculated as 

previously described(111)  using pre- and post-contrast T1 times and the subject’s hematocrit, 

drawn immediately prior to the CMR and analyzed in the hospital central laboratory.  

 

2.2.4 Statistical Analysis 

Values are reported as mean ± standard deviation, or count (%), where applicable. 

Comparisons within the same patients were performed using paired Student’s t-tests. Comparisons 

between groups of patients were undertaken using the unpaired Student’s t-test or Mann-Whitney 

U test, depending on the normality of the data. Associations between myocardial native T1 or ECV 

and other parameters, were assessed using univariate linear regression, with variables included in 

a multivariate regression model if the p-value was < 0. 1 on univariate testing. Reliability was 

assessed using intraclass correlation coefficient for interobserver and intraobserver reliability, with 

additional assessment using Bland-Altman plots and associated limits of agreement. A p-value of 

0.05 was regarded as significant. Statistical analysis was performed using STATA software 

(Version 11.2, Stata Corporation, College Station, TX, USA). 

2.3 Results 
The CMR examinations of 50 subjects met the inclusion criteria and were included in the 

study. Two patients were excluded due to significant image artifacts precluding analysis. Patient 

characteristics for the 48 analyzed subjects are outlined in Table 2.2. The most common indication 

for cardiac MRI was for screening of asymptomatic individual based on a positive family history 

(19/48, 40%), followed by both anatomical clarification (12/48, 25%) or syncope/chest pain 

(12/48, 25%), and finally for abnormal T-waves / PVCs (5/48, 10%). The youngest subject was 

8.6 years old, while the oldest was nearly 18 (Figure 2.2), and there was no significant difference 

in ages between boys and girls (p=0.057). There was a significant correlation with BSA and age 

(R2 = 0.513, p<0.001).  
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Figure 2.2: Age distribution of study cohort, rounded to the nearest year. 

Cardiac magnetic resonance results from volumetry are listed in Table 2.2. While 

ventricular mass and volumes were different between sexes (LV mass p=0.003, LVEDVi p=0.015, 

LVESVi p=0.001), there was no difference between Z-score values for these metrics between 

sexes (LV mass Z-score p=0.873, LVEDVi Z-score p=0.078, LVESVi Z-score p=0.889). While 

there was no significant sex difference between LV mass-to-volume ratio (p=0.082), there was a 

slight increase in ejection fraction in females (0.047).  T1 and ECV results are presented in Table 

2.3 and Table 2.4.  Myocardial native T1 was longer in girls when considering only the septal 

(p=0.014) or free wall segments (p<0.001), with non-significantly longer T1 for the entire LV in 

females (p=0.066). Overall, the average native T1 in the interventricular septum was significantly 

higher than in the free wall (p<0.001); however, this difference remained significant only in boys 

(p<0.001). The average native blood T1 was longer in girls versus boys (p=0.013), likely related 

to lower average hematocrit in girls (p=0.0334).  
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Table 2.2: Demographics, CMR mass and volumes  

 

All Male Female  
n=48 n=27 n=21 p-value* 

Age (years) 13.9±2.7 14.5±2.7 13.1±2.4 0.057 

Height (cm) 162±15 167±16 156±10 0.008 

Weight (kg) 62.7±23.3 69.9±25.3 53.5±16.7 0.014 

BSA (m2) 1.66±0.37 1.78±0.40 1.51±0.28 0.011 

Heart rate (bpm) 73.7±14.1 71.4±14.9 76.6±12.7 0.210 

     
LV mass (g/m2) 55±12 60±13 49±9 0.003 

LV mass Z-score -0.6±1.9 -0.6±2.0 -0.5±1.7 0.873 

LVEDVi (ml/m2) 91±13 96±14 86±11 0.015 

LVEDVi Z-score 0.3±1.6 0.0±1.6 0.8±1.4 0.078 

LVESVi (ml/m2) 38±7 41±6 35±6 0.001 

LVESVi Z-score 0.8±1.2 0.8±1.2 0.8±1.2 0.889 

LVSVi (ml/m2) 53±9 55±10 52±8 0.256 

LVSVi Z-score -0.2±1.6 -0.7±1.6 0.4±1.4 0.020 

LVEF (%) 58±5 57±4 60±5 0.047 

LVEF Z-score -0.8±1.1 -1.1±1.1 -0.4±1.1 0.045 

LV mass/volume (g/ml) 0.60±0.10 0.62±0.11 0.57±0.09 0.082 

     
RVEDVi (ml/m2) 98±18 103±19 92±15 0.044 

RVEDVi Z-score -0.1±1.6 -0.5±1.7 0.3±1.5 0.093 

RVESVi (ml/m2) 47±10 50±10 42±7 0.003 

RVESVi Z-score 0.4±1.2 0.2±1.3 0.5±1.0 0.386 

RVSVi (ml/m2) 52±11 53±11 50±10 0.258 

RVSVi Z-score -0.7±1.8 -1.2±1.7 0.0±1.6 0.026 

RVEF (%) 52±4 51±4 54±4 0.012 

RVEF Z-score -0.8±1.0 -1.1±1.1 -0.5±0.8 0.069 

BSA = body surface area, CP = chest pain, PVCs = premature ventricular complexes, LV = 

left ventricle, LVEDVi = indexed left ventricular end-diastolic volume, LVESVi = indexed 

left ventricular end-systolic volume, LVSVi = indexed left ventricular stroke volume, LVEF = 

left ventricular ejection fraction, RVEDVi = indexed right ventricular end-diastolic volume, 

RVESVi = indexed right ventricular end-systolic volume, RVSVi = indexed right ventricular 

stroke volume, RVEF = right ventricular ejection fraction 

*p-values represent comparisons between male and female subjects  
   



27 
 

Table 2.3: Native T1 Data for the Healthy Pediatric Cohort, presented as mean±SD and [95% 

Confidence Intervals] 

  

All Male Female    

n=48 n=27 n=21  p-value* 

Native T1 (ms) 
   

 
 

Whole LV 1008±31 1001±33 1017±27  0.066 

 
[999,1017] [988,1014] [1005,1030]  

 

    
 

 
IVS 1022±32 1012±34 1035±26  0.014 

 
[1013,1032] [999,1025] [1023,1047]  

 

    
 

 
Free wall 1001±42 981±29 1024±42  <0.001 

 
[989,1014] [969,993] [1005,1044]  

 

    
 

 
Blood T1 (ms) 1578±74 1555±63 1608±77  0.013 

 
[1557,1600] [1530,1580] [1573,1643]  

 
 LV = left ventricle, IVS = interventricular septum 

 *p-values represent comparisons between male and female subjects 
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Contrast was administered in 19/48 (40%) of cases, in 10 boys and 9 girls, and therefore 

permitted the calculation of ECV. Extracellular volume fraction, although higher on average in 

girls, was not statistically different between sexes (p=0.123). Average ECV in the interventricular 

septum was significantly higher than in the free wall (p=0.018); though this difference did not 

remain statistically significant in only boys or girls (p=0.052 and p=0.209, respectively). 

 

Table 2.4: Extracellular Volume Fraction Data for the Healthy Pediatric Cohort, presented as 

Mean±SD and [95% Confidence Intervals] 

  

All Male Female   

n=19 n=10 n=9 p-value* 

Hematocrit 0.43±0.03 0.45±0.03 0.42±0.03 0.0334 

     
ECV (%) 

    
Whole LV 20.8±2.4 20.0±2.6 21.7±1.9 0.123 

 
[19.6,21.9] [18.1,21.8] [20.2,23.1] 

 
     

IVS 21.7±2.6 20.9±2.9 22.7±2.1 0.133 

 
[20.5,23.0] [18.8,22.9] [21.1,24.3] 

 
     

Free wall 20.6±2.6 19.7±2.4 21.7±2.5 0.128 

 
[19.2,22.0] [17.8,21.6] [19.4,24.0] 

 
LV = left ventricle, IVS = interventricular septum, ECV = extracellular volume 

fraction 

*p-values represent comparisons between male and female subjects 

 

Univariate regression demonstrated significant associations between myocardial native T1 

and nearly all parameters for the entire LV, interventricular septum, and free wall (Figure 2.3, 

Table 2.5). However, only LV mass Z-score remained significant for each location after 

multivariate analysis, while sex associations remained for the septum and free wall (Table 2.5). 

Univariate regression only showed a relationship for ECV with age and BSA (Figure 2.3, Table 

2.5), however neither remained significant on multivariate analysis.  
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Figure 2.3: Native T1 and ECV in the interventricular septum as a function of heart rate and age. 

 

As assessed by intraclass correlation coefficients, interobserver and intraobserver 

reliability is overall excellent, with all values >= 0.75 and most >= 0.9 (Table 2.6). Bland-Altman 

plots are presented in Figure 2.4 and Figure 2.5. 
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Figure 2.4: Interobserver Bland-Altman plots for T1 measures. 
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Figure 2.5: Intraobserver Bland-Altman plots for T1 measures. 
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Table 2.5: Univariate and multivariate regression between T1 indices and physiologic parameters 

  Whole LV Septum Free Wall 

  slope [95% CI] p-value slope [95% CI] p-value slope [95% CI] p-value 

Univariate           

   Native T1           
Age (years)  -3.14 [-6.49,0.20] 

 
0.065 -4.71 [-8.02,-1.41] 

 
0.006 -5.23 [-9.64,-0.81] 

 
0.021 

Sex (Female)  -16.76  [-34.66,1.13] 

 
0.066 -22.87 [-40.78,-4.95] 

 
0.014 -43.77 [-65.22,-22.32] 

 
<0.001 

BSA (m2)  -10.12 [-34.86,14.62] 0.414 -19.93 [-44.94,5.09] 0.116 -47.20 

 

[ -81.58,-12.82] 

 

0.008 

 Heart Rate (bpm)  1.12 [0.55,1.69] 

 
<0.001 1.12 [0.52,1.71] 

 
<0.001 1.18 [0.21,2.16] 

 
0.019 

LV mass Z-score  -8.84 [-13.20,-4.48] 

 
<0.001 -8.66 [-13.36,-3.96] 

 
0.001 -10.73 [-17.74,-3.71] 

 
0.004 

LVEF (%)  1.24 [-0.81,3.30] 

 
0.230 1.73 [-0.41,3.86] 

 
0.110 3.09 [0.32,5.86] 

 
0.030 

           
   ECV           

Age (years)  -0.46 [-0.87,-0.06] 

 
0.026 -0.56 [-0.99,-0.12] 

 
0.016 -0.47 [-0.95,0.00] 

 
0.050 

Sex (Female)  -1.69  [-3.88,0.50] 

 
0.123 -1.83 

-1.83 

 

-1.83  

[-4.28,0.62] 

 
0.133 -2.01 [-4.67,0.65] 

 
0.128 

BSA (m2)  -3.15 

 

[-5.86,-0.44] 

 

0.025 

 

-3.20 

 

[-6.31,-0.09] 

 

0.044 

 

-3.98 

 

[-7.70,-0.27] 

 

0.037 

 Heart Rate (bpm)  -0.06  [-0.14,0.03] 

 
0.177 -0.07 [-0.16,0.02] 

 
0.120 -0.02 [-0.13,0.10] 

 
0.757 

LV mass Z-score  -0.26  [-0.85,0.34] 

 
0.374 -0.27 [-0.93,0.40] 

 
0.410 -0.47 [-1.13,0.18] 

 
0.145 

LVEF (%)  0.05  [-0.18,0.27] 

 
0.669 0.01 [-0.24,0.26] 

 
0.917 0.14 [-0.13,0.41] 

 
0.283 

           

Multivariate           

   Native T1           

Age (years)  -1.38 [-4.40,1.64] 0.362 -3.03 [-6.05,-0.01] 

 
0.049 1.82 [-3.99,7.63] 0.529 

Sex (Female)  -13.41 [-29.44,2.62] 

 

0.099 

 
-18.05 [-34.08,-2.02] 

 
0.028 -33.59 [-54.97,-12.20] 0.003 

BSA (m2)  - - - - - - -43.10 [-87.81,1.61] 0.058 

Heart Rate (bpm)  0.56 [-0.05,1.18] 

 

0.072 

 
0.55 [-0.07,1.16] 

 
0.080 -0.12 [-1.01,0.78] 0.791 

LV mass Z-score  -6.75 [-11.31,-2.18] 

 

0.005 

 
-6.13 [-10.69,-1.56] 

 
0.010 -10.67 [-16.92,-4.41] 0.001 

LVEF (%)  - - - - - - 1.86 [-0.37,4.09] 0.099 

           
   ECV           

Age (years)  -0.28 [-0.80,0.23] 0.262 -0.43 [-1.00,0.15] 0.134 -0.26 [-0.87,0.35] 0.374 

BSA (m2)  -1.95 [-5.42,1.52] 0.251 -1.39 [-5.25,2.47] 0.457 -2.66 [-7.54,2.23] 0.261 

LV = Left ventricle. BSA = body surface area. bpm = beats per minute. LVEF = left ventricular ejection fraction. 
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Table 2.6: Interobserver and intraobserver variability, represented as the intraclass correlation 

coefficient 

 

Inter Intra 

 

Native T1 ECV Native T1 ECV 

Whole LV 0.886 0.897 0.748 0.945 

IVS 0.925 0.978 0.944 0.972 

Free wall 0.934 0.948 0.789 0.975 

Blood pool 0.993 - 0.993 - 

LV = left ventricle, IVS = interventricular septum, ECV = extracellular volume 

fraction 

 

2.4 Discussion 
This study provides normative pediatric data for native T1, along with myocardial ECV 

from a single institution, using the 5(nHB)3 MOLLI acquisition on a 1.5T Siemens system. 

Myocardial T1 and ECV are altered in a variety of conditions in adults, including myocarditis,(66) 

cardiomyopathies,(67) and congenital heart disease.(108) They are linked to outcomes and aid in 

the prediction of cardiac events.(96, 97) Reports in pediatrics are scarcer; however elevated 

myocardial T1 and ECV have been demonstrated in acquired and congenital heart disease,(91, 93, 

109, 114), following heart transplantation,(95, 115) and in cardiomyopathies.(110, 116-118) The 

use of T1 and ECV has not yet reached a stage where it independently impacts clinical 

management, and it is typically used to shape an overall diagnostic impression for individuals 

undergoing a comprehensive CMR examination. A major barrier towards a more widespread 

clinical application of this technique in the care of children with heart disease is the lack of 

normative data. In the recently published consensus statement on parametric mapping,(111) it is 

suggested that while local reference ranges for T1 and ECV should be derived and obtained, they 

require comparisons with published reported ranges. Whereas it may be possible for centres to 

establish their respective norms for myocardial native T1 in healthy children, limitations in the 

administration of contrast agents will hamper the derivation of local reference values for ECV. 

The consensus statement(111) recommends utilization of literature values in this situation, 
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particularly given the reduced dependence of ECV on various system and sequence parameters. 

Thus, this study, which presents the largest known pediatric normative values for T1 and ECV to 

date, using a widely applied T1 relaxometry technique,(95, 110, 117-119) provides important 

benchmarks for these metrics for those performing CMR at 1.5T, using the 5(nHB)3 MOLLI pulse 

sequence as described above. 

The average T1 values reported in this study are higher than most published adult values 

using MOLLI, which are between 950-982 ms.(120-122) This may be due to the use of the 

5(nHB)3 acquisition scheme in the current study, as most adult reports employ the traditional 

3(3)3(3)5 acquisition scheme. A comprehensive review of all T1-mapping sequences is beyond the 

scope of this study, and the reader is directed to an excellent review by Kellman et al.(50) However, 

important differences between the “traditional” 3(3)3(3)5 and 5(nHB)3 MOLLI variants include 

the number of inversion pulse sets (3 inversion sets for traditional MOLLI, 2 sets for the variant 

in this study), the number of images in the first inversion set (3 images for the traditional MOLLI, 

5 for the variant in this study), and the number of total number of images obtained (3+3+5=11 for 

traditional MOLLI, 5+3=8 for the variant in this study). By acquiring 5 images in the first inversion 

set, the 5(nHB)3 scheme increases the number of heart beats between inversion pulses, which 

increases the time between inversion sets to allow for fuller T1 recovery. This decreases the heart 

rate sensitivity,(50) and results in increased T1 times versus the original MOLLI scheme.(123) 

Therefore, usage of the 3(3)3(3)5 acquisition scheme is becoming less common. A recent study of 

healthy children, using a modified version of the “traditional” 3(3)3(3)5 MOLLI sequence with 

fixed time intervals between inversion sets [3(3s)3(3s)5] which reduces heart rate dependence, 

reports native T1 values for the mid-ventricular slice of 1010 ms for the whole LV and 1017 ms 

for the IVS, which appear similar to those of the current study.(124) However, ECV was not 

reported. In a study of a large, healthy, adult Chinese cohort, average myocardial T1 using the 

5(3)3 MOLLI sequence was 1013±27 ms, and yielded higher values in female vs. male subjects 

(1025±26 ms vs. 1001±23 ms),(119) similar to our findings. This study did not report ECV values. 

In contrast to native T1 times, values for ECV in the current study are lower than those reported 

using the 3(3)3(3)5 acquisition scheme in adults which range from 25% to 27%.(121, 122) 

Whether this difference is reflective of a smaller relative extracellular matrix size or a result of 

differences in pulse sequences is unclear.   
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While a relationship between either T1 or ECV and age has been shown,(65, 125) most 

published studies did not confirm an age related variation in healthy adults(86, 119, 121, 122, 126) 

or children.(124, 127) Myocardial native T1 values from a small controls cohort of healthy children 

and young adults (n=21, 71.4% males, 15.7±1.5 years, with a range of 12-18) that were recently 

published report an average T1 value of 965.6±30.2 ms using a similar 5(nHB)3 MOLLI 

acquisition.(118) Similar to the current study, they did note lower T1 values in the lateral wall 

compared to the septum, but no difference in whole LV native T1 between males and females 

(964.7±16.4 ms vs. 967.2±19.4 ms, respectively, p=0.40) , though the control group was smaller 

and predominantly boys. The exact reason for the slightly lower reported T1 values as compared 

to those found in the present study is not readily clear. It is possible that it relates to the higher 

prevalence of boys, as well as a slightly older cohort, compared to our study. As only 4 control 

subjects received contrast, they did not report ECV. Olivieri and colleagues reported myocardial 

native T1 and ECV for small cohorts of exclusively males 16.1±2.2 years old,(110) using a similar 

acquisition strategy as in the current study. Entire LV values were not provided, only reporting 

septal and free wall values of 990±34 ms and 978±36 ms, respectively.(110) These values are 

comparable to those for boys in the current study. Olivieri et al. found septal and free wall ECV 

values of 26.0±3.3% and 24.4±3.5%, respectively, again all in males. These ECV values are higher 

than those found here. Of note, these studies used a different post-contrast sampling scheme than 

the current study, used registration algorithms to create ECV maps, and averaged values from 4 

short axis slices and a 4-chamber slice, all of which may contribute to the differences, and thus 

limit the comparability. 

Native T1 and ECV were increased in the septum compared to the free wall. This finding 

is in keeping with previous reports(118, 122) and likely relates to factors affecting the accuracy of 

T1 in the free wall region, most prominently field inhomogeneity at the air-tissue interface.(50) 

For this reason, current guidelines suggest the use of the interventricular septum for T1 and ECV 

quantification, unless the disease process is regional.(111) 

The increased myocardial T1 times in females in this study are in line with previously 

published results in adults,(65, 86, 119) although not consistently.(122, 125) Additionally, there is 

inconsistency in published pediatric literature, with studies showing no sex differences in native 

T1.(124, 127) In adults, male and female hearts demonstrate different myocardial 

remodelling.(128) This is noted on imaging, including sex-related differences in age dependencies 
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on left ventricular mass, mass-to-volume ratio, and stroke volume,(126) and on histology, with 

preservation of both the number and size of myocytes in women over time, versus a loss of number 

and increased myocyte size in men.(129) This is felt to be related to different hormone 

environments, such as a proposed protective effect of estrogen and possible more detrimental 

effect of testosterone.(128) Much of this data is derived from studies involving differences in 

adaptation pre- and post-menopause, and thus may not be relevant in children or adolescents.  In 

the pediatric group, the reasons for possible differences are not established. Sex differences in 

blood T1 were found in this study, likely related to differences in hematocrit, which may affect 

myocardial T1 via signal from the capillary compartment, or via partial volume effects with the 

intraventricular blood pool. Conservative ROI placement was used in this study in attempts to 

mitigate the latter effects, however given the differences in indexed myocardial mass between the 

sexes it is possible that an effect persists. Irrespective of the cause, consideration should be given 

to the use of different normative values for myocardial native T1 and ECV for boys and girls.   

Due to the changes in cardiac mass and chamber size during childhood, we investigated 

relationships with native T1 and ECV using CMR variables less associated with age and body 

surface area, such as ejection fraction or the Z-score for LV mass. Univariate regression analysis 

revealed significant associations with myocardial native T1 and age, sex, heart rate, and LV mass 

Z-score, but less consistently with BSA. The negative association with age and native T1 or ECV 

may relate to differences in the extracellular or cellular components, such as a relative increase in 

myocyte size with age leading to a compensatory reduction in the extracellular component. 

Alternatively, this association may simply reflect difficulties in avoiding partial volume errors in 

those with smaller hearts. It should be noted that, as all our patients were > 20 kg, a slice thickness 

of 8 mm was used, however in smaller children a thinner slice appears preferable. Following 

multivariate analysis, only sex and LV mass Z-score typically remained independently associated 

with native T1. The relationship with LV mass Z-score is supportive of the hypothesis of the 

difficulty in eliminating partial volume errors. Interestingly, only age and BSA were significantly 

associated with ECV on univariate analysis; however, neither remained significant in multivariate 

analysis. It is possible that the smaller number of cases with ECV obscured further associations of 

physiologic parameters with ECV.  

2.4.1 Limitations 
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Several important limitations exist. The modest sample size of our study population may 

have obscured differences, such as between boys and girls for ECV, as well as associations 

between fibrosis markers and other imaging biomarkers. There is a possibility that the association 

of sex with T1 is confounded by sex disparities other than the differences in myocardial architecture 

. The cohort size may limit overall generalizability to other groups, particularly as the number of 

subjects with ECV measurements is not large; however, the sample size is comparable to widely 

used reference studies for normative pediatric ventricular volumes.(112, 130) Secondly, the cohort 

is a retrospective sample of convenience, derived from the ~700 clinical CMR studies per year in 

our institution, in which T1-mapping is routinely performed. While all known testing, including 

the CMR, was normal, we cannot rule out subclinical pathology. While no age dependence was 

noted with T1 measures, our study population was skewed toward older children, and no 

information is available on children less than 8 years of age, as most children below that age often 

require a form of sedation which raises the clinical threshold to proceed with CMR and limiting 

the prevalence of healthy, younger children. It is important to note that native T1 values can vary 

considerably with differences in field strength, sequence choice and imaging parameters(50) and 

it is important to ensure that these parameters are comparable between clinical practice and the 

reference values used. In comparison, ECV is more robust towards variations in hardware, 

software, and settings,(111) though can show small variations between contrast agents.(131) Thus, 

due to a variety of factors, T1 and ECV may differ between sites even with what would otherwise 

be matching sequence parameters. Scanner operating performance can vary or drift over time and, 

although we suspect that any impact would be small, we cannot rule out an influence on the values 

obtained. Although the discrepancies are likely small literature references must be considered with 

care. This may become a less significant concern over time thanks to efforts to develop corrective 

algorithms and/or phantom calibration methods, such as the T1MES program.(132) However, 

whenever possible, site-specific normative data is established in accordance to current 

recommendations.(111) 

2.5 Conclusion 
In conclusion, normative data are presented for myocardial native T1 and ECV using the 

MOLLI T1-mapping sequence at 1.5T. Consistent with findings in adults, there are suggestions of 
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increased values in females, supporting the consideration for different normal ranges for boys and 

girls.
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Chapter 3 

Effects of Age, Sex and Risk-Factors for 

Heart Failure on Native T1 and Extracellular 

Volume Fraction 

3.1 Introduction 
Global changes in left ventricular dimensions,(133) mass,(133) and diastolic function(134) 

are associated with advanced age, as is an increased burden of interstitial collagen.(135) 

Additionally, several of these age-associated changes are sex-dependent, including ventricular 

mass and volume,(133) as well as alterations of myocyte volume fraction(129) and extracellular 

matrix proteins.(136) These changes are also modulated by several common cardiovascular risk 

factors associated with the development of heart failure, such as diabetes and hypertension, which 

are known to compound negative changes in cardiac structure and function,(137) and in the 

microstructure, including increased collagen deposition.(138, 139) The indirect assessment of 

these myocardial cellular and microstructural variations with magnetic resonance is a continually 

developing field of study. 

Cine cardiac magnetic resonance (MR) imaging is used routinely to study changes in the 

global structure and function of the heart, and quantitative T1-mapping with cardiac MR is 

increasingly used to assess changes in the extracellular matrix environment. Both native (non-

contrast) myocardial T1 values and contrast-agent derived extracellular volume fraction (ECV) are 

altered in a wide array of conditions(140) and ECV has a documented correlation to fibrosis 

burden.(81, 82, 85, 141) However, the possibly smaller effects of sex and age on native T1 and 

ECV values have not been consistent between studies. Additionally, differences in acquisition 

methods, including the MOdified Look-Locker Inversion recovery (MOLLI) method,(63) the 

Shortened MOdified Look-Locker Inversion recovery (ShMOLLI) method,(142) and the 

SAturation recovery single-SHot Acquisition (SASHA) method,(51) among several others, give 

rise to relatively large systematic differences in native T1 and ECV values, which necessitates the 

evaluation of method-specific normative values.  
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The aim of this study was to evaluate ECV and native T1 values for the SASHA T1-mapping 

method(51) as a function of sex, aging, and risk factors for the development of heart failure, 

including diabetes mellitus, hypertension, obesity, and atrial fibrillation.  

3.2 Materials and Methods 

3.2.1 Study Subjects 

All studies from which anonymized data were used had approval by either the University 

of Alberta Health Research Ethics Office or the University of Calgary Research Ethics Board, with 

all participants having provided written informed consent. Anonymized data from research 

subjects evaluated with cardiac MR that included native and gadolinium contrast T1-mapping at 

the University of Alberta and the University of Calgary were identified, including those from the 

Alberta HEART study.(143) Subjects with a history of heart failure, coronary artery disease, 

valvular heart disease, congenital heart disease or cardiomyopathy were excluded. Individuals 

were separated by sex and categorized into healthy or at-risk groups, based on the presence of at 

least one risk factor for the development of heart failure,(3) including diabetes mellitus, 

hypertension (defined as a history of hypertension or antihypertensive medication use), obesity 

(BMI > 35kg/m2), or atrial fibrillation. Subjects were excluded from the healthy group if there 

was a history of hyperlipidemia. Any subject with late gadolinium enhancement consistent with 

an ischemic event was excluded.  

3.2.2 Cardiac MR Imaging Protocol 

Cardiac magnetic resonance imaging was performed on 1.5T Siemens systems (Siemens 

MAGNETOM Sonata or Avanto, Siemens Healthcare, Erlangen, Germany). Gated, segmented 

balanced steady-state free precession (bSSFP) cine imaging was performed in short- and long-axis 

orientations covering the entire left ventricle. Typical scan parameters were: echo time 1.24ms, 

repetition time 2.48ms, flip angle 51°, slice thickness 8mm with 2mm gap, field of view 

400×288mm, acquisition matrix 256×138, phase resolution 75%, 930 Hz/pixel, 14 views per 

segment, rate 2 parallel imaging (GRAPPA), and 30 reconstructed cardiac phases. The SASHA 

pulse sequence(51) was used for T1-mapping, performed on basal and mid-ventricular short-axis 

slices during diastole. Typical SASHA parameters were: echo time 1.37ms, repetition time 2.74ms, 

flip angle 70°, 9 images spanning 90–900ms saturation recovery times plus a non-saturated image, 
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slice thickness 8mm, field of view 360×270mm, acquisition matrix before interpolation 192×108, 

phase resolution 75%, and 1000 Hz/pixel. Interpolated in-plane spatial resolution was 0.94mm. 

Either rate 2 parallel imaging (GRAPPA) or 6/8 partial Fourier was used for image acceleration. 

Images were acquired pre-contrast for native T1 and repeated 15-20 minutes post contrast-agent 

delivery. A phase-sensitive inversion recovery sequence was used for conventional late 

gadolinium enhancement (LGE) imaging, typically starting 7 minutes following gadolinium-based 

contrast injection, with coverage matching cine locations. Subjects received 0.15mmol/kg of either 

gadobutrol (Gadovist; Bayer HealthCare Pharmaceuticals, Montville, NJ) or gadolinium-

diethylenetriaminepentaacetic acid (Gd-DTPA, Magnevist; Bayer Healthcare, Toronto, Canada). 

3.2.3 Cardiac MR Image Analysis 

Analysis of ventricular volumes, function, and mass were completed using standard 

commercial software (cvi42, Circle Cardiovascular Inc., Calgary, Canada, or Syngo Argus, 

Siemens Healthcare, Erlangen, Germany). In all cases, left ventricular endo- and epicardial borders 

were traced on the short axis bSSFP cine images, with inclusion of the papillary muscles in the 

blood pool. Ventricular volumes and mass were indexed to a calculated idealized body surface 

area, based on idealized body weight.(144) Late gadolinium enhancement images were assessed 

visually for the presence of areas with high signal intensity. 

T1-mapping analysis was performed using custom software written for use in MATLAB 

(R2015a, The MathWorks, Natick, United States).(51) Image registration was used to correct for 

residual in-plane motion during breath-holds.(51) For blood pool and myocardial T1 analysis, a 

circular region of interest (ROI) was drawn in the left ventricular blood pool and a 2mm width 

ROI was drawn over the interventricular septum, respectively (Figure 3.1). The septal region was 

chosen to minimize heterogeneity introduced by unintentional inclusion of artifacts, which 

predominately affect the anterior or inferolateral segments.(51) Adjustments of ROI placement in 

each single-shot image were made if residual motion was present despite motion correction. To 

maintain ROI size consistency, ROIs drawn on the native T1 image sets were copied onto their 

corresponding post-contrast image sets, and adjusted to match location as closely as possible. 

Averaged ROI signal intensities were fit to a 3-parameter mono-exponential recovery curve 

𝑆𝑖𝑔𝑛𝑎𝑙(𝑇𝑆) =  𝑘(1 − 𝜂𝑒
−𝑇𝑆 𝑇1

⁄ ) 
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with scaling constant k, saturation efficiency η, longitudinal relaxation time T1, and 

saturation recovery time TS.(51) Analysis was performed blind to subject grouping. 

In those who had a hematocrit available, extracellular volume fraction was calculated as 

previously described(145): 

𝐸𝐶𝑉 = (1 − hematocrit)
∆R1myocardium

∆R1blood
 

where ∆R1 = 1/T1(post-contrast) – 1/T1(native). 

 

Figure 3.1: Example SASHA image set from a healthy male participant. A) Representative sample 

of T1-weighted images, including typical septal (white dash) and blood pool (black dash) regions 

of interest (ROI). B) Mean septal ROI signal intensity is plotted (circles) with the corresponding 

saturation recovery times (TS), along with the best fit saturation recovery curve (line) defined by 

the equation shown. The arrows depict the corresponding images shown in A). C) T1 map for this 

subject, where T1 values are calculated on a pixel-wise basis. 

3.2.4 Statistical Analysis 

Data are presented as mean±standard deviation or count (%), where appropriate. Sex-

related comparisons were performed within each of the healthy and at-risk groups (i.e. healthy 

men vs. healthy women; at-risk men vs. at-risk women). Comparisons between risk groups were 
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performed by sex (i.e. healthy men vs. at-risk men; healthy women vs. at-risk women). An a priori 

decision was made to not compare all female to all male subjects, as the objective was to examine 

the interaction of sex and risk factors. Continuous variables were assessed using either a two 

sample t-test or the Mann-Whitney U test. Categorical data were compared using a chi-squared 

test or Fisher’s exact test, depending on the frequency of observed data. Correlation between age 

and individual T1 measurements, such as native T1 or ECV, were assessed using linear regression 

for each sex and risk group independently. Multiple linear regression was used to further evaluate 

the relationship between age and T1 measurements when controlling for heart rate, BMI, current 

smoking status, and indexed left ventricular (LV) mass. In the at-risk group, further multiple linear 

regression was performed adding diabetes, hypertension, hyperlipidemia, and LGE status to the 

previously mentioned model. Significance was set at p<0.05. Adjustment of p-values, based on 

the number of pairwise comparisons, was not performed, to maximize statistical power. STATA 

statistical software (Version 11.2, Stata Corporation, College Station, USA) was used for statistical 

analysis. 

3.3 Results 
Contrast-enhanced CMR studies were performed in 224 subjects. Image artifacts precluded 

analysis in 9 cases, with an additional 28 cases excluded due to acquisition/protocol errors 

precluding analysis. Baseline characteristics of the final 187 subjects comprising the study 

population are shown in Table 3.1, with a histogram plot of age for the respective cohorts in Figure 

3.2. The healthy men were a younger group than their at-risk male counterparts (p=0.0001), 

however both groups of women were of similar age (p= 0.1957). Healthy women were slightly 

older than their male counterparts (p=0.0206), while men and women were of similar age for those 

with risk factors (p=0.8456). Women with risk factors for heart failure had higher values for weight 

and BMI than their healthy counterparts (p=0.0000 and p=0.0000, respectively). The proportion 

of diabetes, hypertension, hyperlipidemia, and atrial fibrillation were similar between sexes 

(p=0.1240, p=0.2080, p=0.0800, p=0.9530, respectively) in the at-risk group. There were no sex 

differences in the proportion of those taking specific medications (p=0.2580 for statins, p=1.0000 

for other antihyperlipidemic medications, p=0.4210 for ACE-I/ARB class, p=0.1040 for beta-

blockers, p=0.8880 for calcium channel blockers, p=0.1020 for diuretics, respectively).  
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Table 3.1: Study group characteristics 

 Healthy At-Risk 

 Men Women Men Women 

n 30 38 54 65 

Age (years) 48.3±15.8*† 56.8±13.8 59.8±9.7 60.2±12.1 

 (42.4-54.2) (52.3-61.4) (57.2-62.5) (57.2-63.2) 

Age range (years) 21-80 22-77 41-81 29-82 

Height (cm) 177.2±6.3† 164.7±6.6 177.6±7.3† 163.3±8.4 

 (174.8-179.5) (162.6-166.9) (175.6-179.6) (161.2-165.4) 

Weight (kg) 82.6±14.3† 68.2±12.0* 87.7±14.5 82.2±18.2 

 (77.3-88.0) (64.2-72.1) (83.8-91.7) (77.7-86.7) 

BMI (kg/m2) 26.2±3.7 25.1±4.0* 27.8±4.2† 30.8±6.6 

 (24.8-27.6) (23.8-26.4) (26.7-29.0) (29.2-32.5) 

BSA (m2) 2.0±0.2† 1.8±0.2* 2.1±0.2† 1.9±0.2 

 (1.9-2.1) (1.7-1.8) (2.0-2.1) (1.9-2.0) 

iBSA (m2) 1.8±0.1† 1.6±0.1 1.9±0.1† 1.6±0.1 

 (1.8-1.9) (1.6-1.6) (1.8-1.9) (1.6-1.6) 

HR (bpm) 65.4±10.7 69.0±11.2 69.0±13.5 69.1±10.4 

 (61.4-69.4) (65.4-72.7) (65.3-72.6) (66.5-71.7) 

SBP (mmHg) 126.9±12.1* 126.3±18.7* 134.1±16.2 135.0±17.6 

 (122.4-131.4) (120.1-132.5) (129.6-138.5) (130.6-139.4) 

DBP (mmHg) 79.5±8.6† 74.8±10.1* 81.2±11.3 80.0±12.2 

 (76.3-82.7) (71.4-78.1) (78.2-84.3) (77.0-83.0) 

     
Diabetes - - 25(44.4%) 20(30.8%) 

Hypertension - - 35(64.8%) 49(75.4%) 

Hyperlipidemia - - 18(33.3%) 32(49.2%) 

Atrial Fibrillation - - 4(7.4%) 5(7.7%) 

Current Smoker 2(6.7%) 1(2.6%) 6(11.1%) 3(4.6%) 

Medications     
Hyperlipidemia     

Statin - - 17(31.5%) 27(41.5%) 

Other - - 2(3.7%) 2(3.1%) 

Blood pressure     
ACE-I / ARB - - 31(57.4%) 42(64.6%) 

Beta-blocker - - 5(9.3%) 13(20.0%) 

CCB - - 7(13.0%) 9(13.8%) 

Diuretic - - 11(20.4%) 22(33.8%) 
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BMI = body mass index, BSA = body surface area, iBSA = BSA based on ideal body weight, 

HR = heart rate, SBP = systolic blood pressure, DBP = diastolic blood pressure, ACE-I = ace 

inhibitor, ARB = angiotensin receptor blocker, CCB = calcium channel blocker 

Data is presented as mean±SD (95% confidence intervals), or n(%) where applicable 

*p<0.05 between Healthy and At-Risk group 

†p<0.05 between sex within a given risk group 

 

 

Figure 3.2: Distribution of age by sex and risk group 

 

The cardiac MR findings are shown in   
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Table 3.2. For a given sex, there were no differences in standard cardiac MR metrics of 

structure and function between healthy individuals and those at risk for heart failure, except a slight 

increase in indexed LV mass in females (p=0.0348). Not surprisingly, both healthy and at-risk men 

had an increased indexed LV mass compared to women (p=0.0000 and p=0.0004, respectively). 

Healthy men and women, along with those with risk factors for heart failure, showed small 

differences in left ventricular ejection fraction (LVEF) (p=0.0458 and p=0.0008, respectively) and 

end-systolic volume (p=0.0182 and p=0.0003, respectively), with increased indexed end-systolic 

volumes and lower LVEF in men. No healthy subjects had positive LGE images. Of the 18 at-risk 

subjects who showed evidence of non-ischemic LGE, no LGE was located in the interventricular 

septum. Sixteen had small areas of midwall or subepicardial LGE in the lateral or inferolateral 

wall. In the other two subjects, one had a small amount of non-ischemic LGE of the LV apex, 

while the other subject had a small area of midwall LGE of the mid-anterior segment. There was 

no difference in the proportion of men or women with positive LGE in the at-risk group 

(p=0.3460). 

In healthy subjects, sex differences were seen for all measures of T1, including higher native myocardial 

T1, blood T1, and ECV in women (p=0.0000, p=0.0000, and p=0.0089, respectively) as shown in   
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Table 3.2. However, these sex differences were not identified in the at-risk group for native 

T1 (p=0.6556) or ECV (p=0.5039) (Figure 3.3A and Figure 3.3B). Native T1 values were higher 

in at-risk men as compared to the healthy men (p=0.0070), however ECV was similar (p=0.4572) 

(Figure 3.3C). Native blood T1 was higher in at-risk men as compared to healthy men (p=0.0020), 

despite no group difference in hematocrit (p=0.1004). No difference existed between at-risk or 

healthy women for ECV (p=0.1026), native T1 (p=0.6344), or blood T1 (p=0.9298) (Figure 3.3D). 

There was no correlation with native myocardial T1 and blood T1, or hematocrit, for either sex or 

risk status (Table 3.3)). Additionally, no differences existed in ECV between those with and 

without positive LGE for at-risk men or at-risk women (Table 3.4). Similarly, no differences 

existed in native T1 between those with and without positive LGE for at-risk men or at-risk women 

(Table 3.4).There were no statistical differences in ECV measurements when between gadolinium 

agent type used based on either sex or risk group, other than a weak difference in the group of at-

risk women (0.0436). 
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Table 3.2: Comparison of cardiac magnetic resonance values between groups 

 Healthy At-Risk 

 Men Women Men Women 

n 30 38 54 65 

LVEF (%) 60.4±5.3† 63.0±5.3 60.9±6.0† 65.4±6.5 

 (58.4-62.4) (61.3-64.8) (59.2-62.5) (63.8-67.0) 

LVEDVi‡ (mL/m2) 80.7±14.5 75.9±12.5 84.6±19.3 78.4±15.2 

 (75.3-86.1) (71.8-80.0) (79.3-89.9) (74.7-82.2) 

LVESVi‡ (mL/m2) 32.7±8.7† 28.2±6.6 33.3±10.1† 27.2±7.8 

 (29.4-35.9) (26.0-30.4) (30.6-36.1) (25.3-29.2) 

LVSVi‡ (mL/m2) 48.5±8.2 47.7±8.1 51.3±11.6 51.3±10.9 

 (45.4-51.5) (45.1-50.3) (48.1-54.5) (48.6-54.0) 

LVmassi‡ (g/m2) 63.7±10.5† 52.6±8.2* 65.8±12.8† 57.4±12.3 

 (59.8-67.7) (49.9-55.3) (62.4-69.3) (54.4-60.5) 

Non-ischemic LGE n(%) 0(0.0%) 0(0.0%) 10(18.5%) 8(12.3%) 

     
Native Myocardial T1 (ms) 1167±36*† 1202±30 1193±45 1197±55 

 (1153-1180) (1192-1212) (1181-1205) (1184-1211) 

Native Blood T1 (ms) 1576±69*† 1664±62 1635±88† 1666±77 

 (1550-1601) (1644-1685) (1611-1659) (1647-1685) 

Post-contrast Myocardial T1 (ms) 600±38† 539±46 599±59† 540±51 

 (586-615) (524-554) (583-615) (528-553) 

Post-contrast Blood T1 (ms) 355±36† 300±44 356±55† 297±55 

 (342-369) (286-314) (341-371) (284-311) 

     
Hematocrit Available n(%) 22(73.3%) 32(84.2%) 36(66.7%) 53(81.5%) 

Hct 0.46±0.03† 0.40±0.03 0.44±0.03† 0.41±0.03 

 (0.44-0.47) (0.39-0.41) (0.43-0.45) (0.40-0.42) 

ECV (%)§ 20±2† 22±2 21±3 21±2 

 (19-22) (21-23) (20-22) (21-22) 

LVEF = left ventricular ejection fraction, LVEDVi = left ventricular end diastolic volume 

indexed, LVESVi = left ventricular end systolic volume indexed, LVSVi = left ventricular 

stroke volume indexed, LVmassi = left ventricular mass indexed, ECV = extracellular volume 

fraction, Hct = hematocrit 

‡indexed to idealized body surface area 

§calculated only for those in whom a hematocrit was available 

Data is presented as mean±SD (95% confidence intervals), or n(%) where applicable 

*p<0.05 between Healthy and At-Risk group; †p<0.05 between sex within a given risk group 
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Figure 3.3: Native T1 and ECV between sex and risk factor groups. Sex-related differences in both 

native T1 and ECV are seen in healthy individuals (A), but are lost in those with risk factors for 

heart failure (B), partially on the basis of an increase in native T1 in men with risk factors (C). No 

differences are seen between women with and without risk factors. Data is presented as mean value 

(circle) with bars representing one standard deviation. P-value <0.05 denoted by *. 

 

 



50 
 

Table 3.3: Relationship between native myocardial T1 and native blood T1 or hematocrit 

  Coefficient (95% CI) R2 p-value 

Blood T1 (ms) Healthy Women 0.104 (-0.054-0.263) 0.0470 0.191 

 Healthy Men 0.099 (-0.099-0.298) 0.0360 0.315 

 At-Risk Women 0.052 (0.232-0.005) 0.0052 0.570 

 At-Risk Men 0.043 (0.184-0.007) 0.0069 0.549 

     
Hematocrit Healthy Women 314.699 (-7.074-636.473) 0.1174 0.055 

 Healthy Men -101.776 (-815.023-611.471) 0.0044 0.769 

 At-Risk Women -158.441 (344.807-0.008) 0.0078 0.530 

 At-Risk Men -58.412 (357.508-0.002) 0.0024 0.777 

 

 

 

Table 3.4: Comparison of native T1 and ECV based on the presence or absence of late gadolinium 

enhancement 

  At-Risk Women At-Risk Men 

Native T1 (ms) No LGE n=57 n=44 

  1196±55 1194±47 

  (1182-1211) (1180-1208) 

 With LGE n=8 n=10 

  1204±57 1189±34 

  (1157-1252) (1165-1214) 

 p-value 0.7193 0.7384 

    
ECV (%) No LGE n=46 n=29 

  22±3 21±3 

  (21-22) (20-22) 

 With LGE n=7 n=7 

  20±1 21±2 

  (19-22) (19-23) 

 p-value 0.1090 0.9204 

Data presented as mean+SD and (95% confidence interval) 
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Both native myocardial T1 and ECV did not vary with age in either sex, both for healthy 

and at-risk groups (Figure 3.4 and Figure 3.5, Table 3.5). Similarly, native blood T1 did not vary 

with age, irrespective of sex or risk group (Table 3.5). Independence of T1 values and ECV versus 

age was maintained in all groups following correction for heart rate, BMI, current smoking status, 

and indexed LV mass. , with the exception of ECV in women with risk factors for heart failure 

(Table 3.5), where a decrease in ECV was seen with increasing age. In the at-risk group, further 

inclusion of diabetes, hypertension, hyperlipidemia, and LGE status showed no age dependence 

for ECV, native myocardial T1, or native blood T1 in either sex (Table 3.5). 

 

 

Figure 3.4: Correlation between age and native T1 values. Comparisons are shown for A) healthy 

females, B) females with risk factors for heart failure, C) healthy males, and D) males with risk 

factors for heart failure. No statistically significant relationship exists with age in any group. 
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Figure 3.5: Correlation between age and ECV values. Comparisons are shown for A) healthy 

females, B) females with risk factors for heart failure, C) healthy males, and D) males with risk 

factors for heart failure. No statistically significant relationship exists with age in any group. 
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Table 3.5: Relationship between age and T1 measures 

   Coefficient (95% CI) R2 p-value 

Age alone Healthy Women Native T1 0.161 (-0.565-0.888) 0.0056 0.655 

  
Blood T1 -0.469 (-1.974-1.036) 0.0110 0.531 

  ECV 0.012 (-0.049-0.074) 0.0056 0.685 

 Healthy Men Native T1 0.051 (-0.832-0.935) 0.0005 0.906 

  
Blood T1 1.228 (-0.396-2.852) 0.0789 0.133 

  ECV 0.037 (-0.021-0.096) 0.0810 0.199 

 At-Risk Women Native T1 0.403 (-0.747-1.553) 0.0077 0.487 

  
Blood T1 0.106 (-1.499-1.712) 0.0003 0.895 

  ECV -0.043 (-0.103-0.016) 0.0399 0.152 

 At-Risk Men Native T1 0.263 (-1.024-1.549) 0.0032 0.683 

  
Blood T1 1.158 (-1.341-3.657) 0.0164 0.357 

  ECV 0.014 (-0.074-0.102) 0.0031 0.747 
      

Model 2 Healthy Women Native T1 0.043 (-0.727-0.812) 0.1857 0.910 

  
Blood T1 -0.141 (-1.843-1.562) 0.0758 0.867 

  ECV 0.027 (-0.045-0.099) 0.0583 0.448 

 Healthy Men Native T1 0.688 (-0.562-1.938) 0.1230 0.267 

  
Blood T1 0.929 (-1.426-3.283) 0.1510 0.424 

  ECV 0.047 (-0.044-0.138) 0.2722 0.291 

 At-Risk Women Native T1 0.181 (-1.067-1.430) 0.0456 0.772 

  
Blood T1 0.553 (-1.146-2.252) 0.0865 0.518 

  ECV -0.063 (-0.125--0.001) 0.1809 0.045 

 At-Risk Men Native T1 0.523 (-0.777-1.823) 0.1190 0.422 

  
Blood T1 1.578 (-1.015-4.172) 0.0825 0.227 

  ECV 0.030 (-0.060-0.119) 0.1776 0.504 
      

Model 3 At-Risk Women Native T1 0.407 (-0.972-1.786) 0.1278 0.556 

  
Blood T1 1.264 (-0.636-3.163) 0.1444 0.188 

  ECV -0.033 (-0.105-0.040) 0.2415 0.371 

 At-Risk Men Native T1 0.385 (-1.047-1.818) 0.1646 0.590 

  
Blood T1 2.137 (-0.689-4.963) 0.1500 0.135 

  ECV 0.024 (-0.074-0.121) 0.2532 0.623 

Model 2 includes age plus heart rate, BMI, current smoking status, and indexed LV mass. 

Model 3 includes model 2 plus diabetes, hypertension, hyperlipidemia, and late gadolinium 

enhancement status 
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3.4 Discussion 
Our study indicates that among patients without established cardiovascular disease, 

myocardial native T1 and extracellular volume fraction, as assessed with SASHA, do not depend 

on age, irrespective of sex or the presence of risk factors for heart failure. Further, while healthy 

women show higher values for native T1 and ECV compared to healthy men, this difference is lost 

among subjects with risk factors, largely due to the increased T1 and ECV values in the men with 

risk factors.  

The definition of normal ranges for native T1 and ECV as a function of age and sex are 

necessary to identify pathology. Systematic differences in T1 values between different imaging 

sequences necessitates method-specific studies to define normative values. The native T1 measured 

in the current study for the SASHA method at 1.5T (1167±36ms for men, 1202±30ms for women) 

and ECV values (20±2% for men, 22±2% for women) are similar to those previously reported in 

healthy subjects using saturation recovery techniques, such as SASHA, with values ranging from 

1170-1220ms and 18-22%, respectively.(51, 60, 73, 146) Look-Locker corrected techniques yield 

significantly different values as compared to SASHA, with typical native T1 and ECV values 

around 940-1050ms and 23-28%, respectively.(63, 65, 81, 86, 121, 122, 146, 147) With regards to 

the study population variability of the different T1-mapping methods, the standard deviations of 

values for T1 (±30-56ms) and ECV (±2%) for the healthy controls in the current study are similar 

to those reported in previous studies using MOLLI and ShMOLLI methods.(63, 65, 81, 86, 121, 

122, 146, 147)  

While saturation recovery based T1-mapping sequences have been shown to be less 

dependent on factors such as the T1, T2, and magnetization transfer than inversion recovery based 

sequences,(50, 64) it has been postulated that the combined alterations in these parameters may 

culminate in changes in T1 that may not otherwise be noted using a saturation recovery approach 

without a larger study population.(64) While T2 values have been shown to increase with age,(148) 

changes in magnetization transfer with aging are not well known, and thus more research is 

required to appreciate if an inversion recovery based approach may be more sensitive to these 

effects with increased age. 

While a small number of studies have shown age dependence in healthy individuals, for 

example a decrease in native T1 in women with increasing age(65, 149) or an age related increase 

in ECV,(125) the findings of the current study are in line with multiple publications that show an 
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absence of age-related changes for native T1 and/or ECV in healthy cohorts free of cardiovascular 

risk factors.(86, 119, 121, 122, 126)  

While the current study showed that the independence of native T1 and ECV with age was 

also maintained in the at-risk group for either sex, previous studies have shown a positive 

correlation between ECV and age in patients with risk factors for cardiovascular disease, 

suggesting increasing fibrosis with aging with exposure to risk factors.(87, 121, 126) However, 

direct comparisons between studies is hampered by heterogeneity between the study populations, 

with potential differences in prevalence and/or duration of risk factors. Myocardial tissue 

characteristics and ventricular function of the at-risk population in the current study was similar to 

the healthy group, with no significant differences in volumes, mass or function. It was recently 

shown that while hypertensive individuals without LV hypertrophy had similar ECV and native 

T1 values as compared to controls, those with hypertrophy did have significantly increased ECV 

and T1 values.(150) Similar findings were shown when comparing milder concentric remodelling 

and more severe concentric left ventricular hypertrophy to controls, with increased T1 and ECV 

values only in those with concentric hypertrophy.(151) Thus, it is likely that more detailed 

characterization of at-risk individuals would be necessary to untangle age related changes from 

other direct disease effects, with consideration of the duration and severity of disease, including 

changes in ventricular structure and function. 

The findings of the current study show that in healthy individuals without risk factors for 

the development of heart failure, women have higher native myocardial T1 and ECV values, and 

thus sex has to be factored into the definition of their normal ranges. These findings are in 

agreement with previous studies examining healthy individuals without risk factors that have also 

shown increased ECV(86) or native T1 values(65, 119) in women as compared to men, using the 

EQ-CMR, 5(3)3 MOLLI acquisition, and ShMOLLI techniques, respectively. However, there are 

previous studies that have not identified a sex difference,(122, 125) using the original 3(3)3(3)5 

MOLLI acquisition and a cine Look-Locker sequence, respectively. The exact etiology of the sex 

differences are not known, however there is data supporting differences in preservation of the 

myocardium in women, such as myocyte number and volume, with differing rates of apoptosis, all 

of which is likely related to differences in sex hormones.(128) Thus, these differing numbers and 

sizes of myocytes may be reflected by our measures of T1 and ECV. 
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Perhaps the most interesting finding in the current study is the different myocardial 

response to risk factors between men and women. Sex-related differences in ECV and native T1 

were measured in the healthy group, but were no longer present in those with risk factors, reflecting 

the increase in both native T1 and ECV between healthy and at-risk men (though only native T1 

was statistically different). The lack of correlation between native myocardial T1 and either blood 

T1 or hematocrit would support remodeling altering myocardial T1 and not other possible 

confounding factors. These findings suggest that the male myocardium may be more prone to 

extracellular matrix remodeling in the presence of cardiovascular risk factors, in keeping with a 

recent cardiac MR study showing differences only in men at-risk.(126) These findings are also 

reflected in reports of morphologic, functional, and cellular differences in sex-related 

remodeling.(128) In line with these findings, the at-risk male subjects in our study had significantly 

larger LVESV and lower LVEF as compared to at-risk women, a difference which was not 

observed in the healthy groups. Importantly, male and female subjects had similar distributions of 

risk factors and medications, mitigating any potential disease exposure effects in these findings.  

Men and women with risk factors for heart failure had an equal proportion of non-ischemic 

LGE, with no evidence of LGE in the interventricular septum. Native T1 and ECV in the septal 

region did not differ between those with and without LGE, suggesting the pathological process 

giving rise to the remote LGE may be limited to the enhancing regions. 

3.4.1 Limitations 

The current study has several important limitations. First, a cross-sectional study design 

was used to infer the temporal influence of aging. This is of particular importance when 

considering the potential additive effects of cardiovascular risk factors, where the duration of 

exposure is an important consideration and not always known, as is the case in this study. 

Additionally, without knowledge of the duration of exposure, relative contribution of individual 

risk factors was not considered in the analysis. Unfortunately, menopausal status was not available, 

and thus could not be factored into analysis. While cardiac MR measures of fibrosis have been 

shown to be correlated in a variety of disease states,(81, 82, 85, 141) the invasiveness of biopsies 

required to obtain histological measurements ethically precludes such measures in the healthy 

heart; nevertheless, we lack of histological corroboration of the measures of ECV. Due to our 

modest sample size, we may not have a complete representation of a healthily aging population. 

Similarly, though we do not have race/ethnicity information for our study subjects, the distribution 
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in our study may not reflect other North American or European cities, possibly affecting the 

generalizability of the results. As mentioned above, values reported in this study, particularly the 

T1 values themselves, are not directly comparable to others obtained using other T1-mapping 

techniques, thus limiting direct comparisons to previous work using other methods. We chose to 

perform analysis in the interventricular septum, which may limit comparisons to other studies. 

This analysis method was chosen to minimize errors from unintentional inclusion of artifacts from 

regions commonly affected,(51) and given the diffuse nature of any changes we sought to measure 

are not expected to be regionally distributed in this cohort. Finally, ECV is preferred over post-

contrast T1 times as a measure of fibrosis due to its relative insensitive to dose, timing and type of 

contrast agent.(152) While no statistical differences in ECV were noted between the different 

gadolinium agents used in the study, this may be an additional source of variability in our results. 

3.5 Conclusion 
In conclusion, native T1 and ECV measured with SASHA do not vary significantly with 

age, regardless of sex in healthy individuals or those with risk factors for heart failure, but 

otherwise normal structure and function. In healthy subjects, native T1 and ECV are significantly 

higher in women than in men, but do not differ with sex in the presence of risk factors, suggesting 

a different myocardial response to risk factors between men and women. Larger, longitudinal, 

prospective studies, where the duration and severity of risk factors can be assessed, would be 

beneficial in confirming the findings of this study. 
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Chapter 4 

Sex Differences in Native T1 and 

Extracellular Volume Fraction in Heart 

Failure 

4.1 Introduction 
Heart failure (HF) is a multifactorial disease with a significant global presence.(153) An 

estimated 600,000 Canadians,(6) 6.5 million Americans,(7) and millions worldwide are affected 

by HF. It is now widely recognized that there are different phenotypes of heart failure, most 

commonly characterized by the left ventricular ejection fraction (LVEF). These distinctions are 

important, as the underlying etiology, natural history, and therapeutic options differ significantly 

between those with heart failure and reduced ejection fraction (HFrEF) and those with preserved 

ejection fraction (HFpEF). However, in patients with HF the association between LVEF and 

mortality only holds up to an LVEF of 45%, after which any increase in LVEF does not predict 

further improvements in mortality.(154) Therefore, simply relying on this metric will not provide 

adequate characterization of the risks for patient with HF.  

Myocardial fibrosis is a common pathological finding in heart failure, particularly at end-

stages. Assessing myocardial fibrosis non-invasively using cardiac magnetic resonance imaging 

(CMR) via T1-mapping, including estimation of the extracellular volume fraction (ECV), has been 

associated with outcomes, such as heart failure hospitalizations or death, for patients with 

HFrEF(99) and HFpEF,(101, 103, 155) with data demonstrating improved predictive power over 

LVEF and additive benefit of ECV.(99) Additionally, studies have demonstrated differences in 

ECV between patients with HFrEF and HFpEF, though differences in native T1 were smaller and 

non-significant.(78, 89, 156, 157) However, detailed comparisons between these groups, along 

with healthy individuals and those at risk for heart failure, are lacking, particularly when 

considering the additional impact of sex. There is increasing evidence of differences in the 

incidence, clinical course, morbidity, and mortality between the sexes.(128) How sex-related 
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differences in T1 and ECV relate to sex-related differences in cardiovascular disease and heart 

failure is not well known and requires further investigation. 

In this study we aim to better characterize differences in myocardial T1 and ECV across a 

spectrum of healthy individuals, those with significant risk factors for heart failure, and those with 

either HFpEF or HFrEF, considering sex-related variances. Additionally, we aim to examine the 

predictive nature of these CMR metrics of fibrosis, along with other conventional predictors, for 

the risk of hospitalization and death. 

4.2 Methods 

4.2.1 Study Subjects 

Subjects enrolled in a multicentre, province wide study with the purpose of developing 

novel strategies for the diagnosis, treatment, and prognostication of patients with heart failure 

(Alberta HEART(143)) who underwent comprehensive, contrast-enhanced CMR examinations 

with T1-mapping, were included in this study. In brief, subjects enrolled included: 1) healthy 

individuals free of cardiovascular disease; 2) individuals with risk factors for the development of 

heart failure including hypertension (defined at a history of hypertension or antihypertensive 

medication use), diabetes, obesity (body mass index [BMI] > 30 kg/m2), atrial fibrillation, 

hyperlipidemia, and coronary artery disease or a history of myocardial infarction; 3) individuals 

with known heart failure with preserved ejection fraction (LVEF > 50%); or 4) individuals with 

known heart failure with reduced ejection fraction (LVEF < 50%). Data from the healthy subjects, 

along with 89 of the individuals with risk factors for the development of heart failure, have been 

presented as a portion of the previous chapter.(158) All subjects provided written, informed 

consent, and the study was approved by both the University of Alberta Health Research Ethics 

Office and the University of Calgary Research Ethics Board. 

4.2.2 Cardiac MRI Protocol 

Imaging was performed on 1.5T Siemens MRI systems (Siemens MAGNETOM Sonata or 

Avanto, Siemens Healthcare, Erlangen, Germany). Cardiac gated, segmented bSSFP cine imaging 

was performed in standard long axis and short axis planes for assessment of ventricular volumes 

and function. Late gadolinium enhancement (LGE) imaging was performed using a phase-

sensitive inversion recovery sequence in standard long axis and short axis planes, in keeping with 
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the volumetric assessment, starting approximately 7 minutes following intravenous administration 

of 0.15 mmol/kg gadobutrol (Gadovist; Bayer HealthCare Pharmaceuticals, Montville, NJ). 

T1-mapping was performed using the SAturation-recovery single-SHot Acquisition 

(SASHA) pulse sequence(51) at basal and mid-ventricular short axis slice locations. T1-mapping 

was performed before, and approximately 15 minutes post-contrast administration. 

4.2.3 Image analysis 

Ventricular volumes, function, and myocardial mass were analyzed in the standard fashion 

with manual contouring of epicardial and endocardial contours using commercially available 

software (cvi42, Circle Cardiovascular Inc., Calgary, Canada, or Syngo Argus, Siemens 

Healthcare, Erlangen, Germany). Papillary muscles, and right ventricular trabeculations, were 

included in the blood pool. Analysis of the LGE imaging was performed qualitatively, for the 

presence of areas of high signal intensity. 

Analysis of the T1-mapping images was performed separately for each slice and time point 

(i.e. pre/post-contrast) using custom software (The MathWorks, Natick, MA, United States).(51) 

Non-rigid motion correction of the T1 weighted images prior to T1 calculation was performed to 

minimize in-plane translation due to imperfect breath-holding.(51) Regions of interest (ROIs) were 

drawn in the interventricular septum and LV blood pool, with manual adjustments made for 

residual in-plane motion following motion correction. The septal ROI was drawn as a line, which 

was then expanded radially to a width of 2 mm. For blood pool a circular ROI was drawn in the 

LV blood pool, avoiding papillary muscles and trabeculations. For each slice location, ROIs were 

copied between pre- and post-contrast time points to minimize variability, with adjustments 

performed as needed due to variations in breath-hold location.  

Average signal intensities from the ROI were fit to a 3-paramteter mono-exponential 

recovery curve: 

𝑆𝑖𝑔𝑛𝑎𝑙(𝑇𝑆) =  𝑘 (1 − 𝜂𝑒
−𝑇𝑆

𝑇1
⁄ ) 

with scaling constant k, saturation efficiency g, longitudinal relaxation time T1, and 

saturation recovery time TS.(51) 

Extracellular volume was calculated using the standard relationship(79): 
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𝐸𝐶𝑉 = (1 − ℎ𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) 
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T1 and ECV were calculated for each slice independently and averaged per patient. Note 

was made if LGE was present in corresponding septal regions, allowing for analysis of T1 and 

ECV without the inclusion of focal fibrosis. 

4.2.4 Outcome Data Collection 

As previously outlined,(143) study subjects were be followed via review of the external 

databases administrated by the provincial health authority. Outcomes of interest include hospital 

admission for cardiovascular causes (defined by International Classification of Diseases codes 

version 10), including heart failure, all-cause mortality, or a composite end-point of hospital 

admission for cardiovascular cause or mortality. Follow-up included events up to a maximum of 

5 years. 

4.2.5 Statistics 

Data are presented as mean ± standard deviation or count (%), as applicable. Comparisons 

were performed between groups within a sex (ex: women with HFpEF vs. women with HFrEF), 

with continuous variables evaluated with the two-sample t-test, while the Chi-squared, or the 

Fisher’s exact test, was used for categorical data depending on the observed frequency. 

Kaplan-Meier analysis, with log-rank testing, was performed to examine the temporal 

pattern associated with the outcomes of CV admission, all-cause mortality, or the composite end-

point of CV admission or all-cause mortality, with an elevated native T1 or ECV (>2SD sex normal 

values), and the presence of LGE. 

Univariate Cox regression analysis was performed on clinical and imaging parameters, 

with any parameter demonstrating significance < 0.1 to be included in multivariate Cox regression 

analysis. Native T1 and ECV were analyzed in two approaches, considering it as a continuous 

variable (per 10 ms for native T1, and per 1% for ECV) or as a categorical condition if the value is 

two standard deviations above sex specific normal values.(158) 
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P-values were not corrected for multiple comparisons to preserve power. Statistical 

analysis was performed using STATA statistical software (version 11.2, Stata Corporation, 

College Station, TX).  

4.3 Results 
Contrast-enhanced CMR studies, including T1-mapping were available in 392 individuals. 

Image artifacts precluded analysis in 30 subjects, and acquisition/protocol errors precluded 

analysis in 38 subjects, resulting in a final group of 324 individuals (66±11 years, 163 male). 

Characteristics of the included groups, separated by sex, are presented in Table 4.1 and Table 4.2. 

 

4.3.1 Native T1 

In women (Figure 4.1A), there are no differences in native myocardial T1 between healthy 

controls and those at-risk (p=0.8213) or those with HFpEF (p=0.1118), nor between those at-risk 

and those with HFpEF, though there is a trend towards higher values (p=0.0537). Native 

myocardial T1 is increased in those with HFrEF versus healthy controls (p=0.0007) and those at-

risk (p=0.0004), however not statistically different between the types of HF (p=0.1159). 

When considering septal native T1 when regions that include LGE are excluded (Figure 

4.2A), the findings remain similar, with significant differences only noted between those with 

HFrEF and healthy controls (p=0.0164) or those at-risk (p=0.0198). 

In men (Figure 4.1B), there are no differences in native myocardial T1 between healthy 

controls and those at-risk (p=0.2278) or those with HFpEF (p=0.1086), nor between those at-risk 

and those with HFpEF (p=0.5210). Men with HFrEF demonstrate an increased native T1 compared 

to all other groups, including those with HFpEF (p<0.001 for all).  

These relationships persist when septal regions containing LGE are removed (Figure 4.2B), 

with statistical differences only found between men with HFrEF and all other groups (p<0.025 for 

all). 
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Table 4.1: Participant characteristics and CMR data 

 Women Men 

  Healthy At-Risk HFpEF HFrEF Healthy At-Risk HFpEF HFrEF 

 n=29 n=78 n=33 n=21 n=11 n=79 n=32 n=41 

Age (yrs) 61±10 64±12 74±9 67±10 61±11 65±9 68±12 65±13 

BMI (kg/m2) 24.6±2.8 30.1±6.7 31.3±6.9 28.3±5.7 25.3±2.4 29.3±4.5 30.5±4.5 29.5±4.6 

Hypertension 0 (0%) 52 (67%) 26 (79%) 14 (67%) 0 (0%) 54 (68%) 21 (66%) 22 (54%) 

Diabetes 0 (0%) 15 (19%) 16 (48%) 5 (24%) 0 (0%) 22 (28%) 10 (31%) 16 (39%) 

Hyperlipidemia 0 (0%) 44 (56%) 22 (67%) 11 (52%) 0 (0%) 46 (58%) 24 (75%) 37 (90%) 

Atrial fibrillation 0 (0%) 7 (9%) 11 (33%) 9 (43%) 0 (0%) 12 (15%) 19 (59%) 15 (37%) 

CAD or MI 0 (0%) 6 (8%) 8 (24%) 5 (24%) 0 (0%) 30 (38%) 13 (41%) 25 (61%) 

             

Etiology of Heart Failure         

Undefined 0 (0%) 0 (0%) 2 (6%) 0 (0%) 0 (0%) 0 (0%) 1 (3%) 1 (2%) 

         

Ischemic 0 (0%) 0 (0%) 3 (9%) 3 (14%) 0 (0%) 0 (0%) 7 (22%) 23 (56%) 

         

Non-Ischemic 0 (0%) 0 (0%) 18 (86%) 18 (86%) 0 (0%) 0 (0%) 24 (75%) 17 (41%) 

Sarcoidosis   0 (0%) 1 (4%)   1 (4%) 0 (0%) 

Alcohol-induced   0 (0%) 1 (4%)   1 (4%) 2 (12%) 

Dilated Cardiomyopathy   14 (78%) 16 (67%)   16 (67%) 10 (59%) 

Hypertensive 

Cardiomyopathy   0 (0%) 0 (0%)   0 (0%) 0 (0%) 

Infectious   1 (6%) 1 (4%)   1 (4%) 1 (6%) 

Valvular   1 (6%) 0 (0%)   0 (0%) 1 (6%) 

         

Medications         

Hyperlipidemia         

Statin 0 (0%) 34 (44%) 19 (58%) 9 (43%) 0 (0%) 40 (51%) 22 (69%) 31 (76%) 

Other 0 (0%) 4 (5%) 2 (6%) 1 (5%) 0 (0%) 2 (3%) 1 (3%) 3 (7%) 

Blood pressure         

ACE-I / ARB 0 (0%) 45 (58%) 29 (88%) 19 (90%) 0 (0%) 54 (68%) 29 (91%) 37 (90%) 

Beta-blocker 0 (0%) 20 (26%) 22 (67%) 18 (86%) 0 (0%) 24 (30%) 28 (88%) 37 (90%) 

CCB 0 (0%) 14 (18%) 13 (39%) 2 (10%) 0 (0%) 18 (23%) 9 (28%) 7 (17%) 

Diuretic 0 (0%) 27 (35%) 27 (82%) 17 (81%) 0 (0%) 17 (22%) 21 (66%) 31 (76%) 

BMI = body mass index; CAD = coronary artery disease; MI = myocardial infarction; ACE-I = ace 

inhibitor, ARB = angiotensin receptor blocker, CCB = calcium channel blocker 
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Table 4.2: Comparison of cardiac magnetic resonance values between groups 

 Women Men 

  Healthy At-Risk HFpEF HFrEF Healthy At-Risk HFpEF HFrEF 

 n=29 n=78 n=33 n=21 n=11 n=79 n=32 n=41 

LV mass (g/m2) 48±6 49±10 55±14 67±15 55±10 62±13 63±13 77±24 

LVEDVi (ml/m2) 69±10 65±12 68±16 93±27 70±10 74±18 71±16 118±36 

LVESVi (ml/m2) 25±5 22±6 25±8 56±21 27±7 29±11 30±9 78±32 

LVSVi (ml/m2) 43±7 42±9 43±11 37±8 44±7 45±10 41±8 40±13 

LVEF (%) 63±5 66±7 63±6 41±7 62±6 61±8 58±6 35±10 

RVEDVi (ml/m2) 65±11 62±12 63±19 62±15 74±17 71±15 74±20 87±25 

RVESVi (ml/m2) 24±7 23±7 27±12 28±9 33±11 30±8 34±11 47±21 

RVSVi (ml/m2) 41±8 39±10 36±11 33±10 41±9 41±11 40±12 40±11 

RVEF (%) 63±7 63±8 58±10 54±10 56±7 58±8 55±8 47±11 

             

Native T1 (ms) 1204±31 1202±52 1223±58 1249±55 1178±35 1197±51 1204±48 1252±63 

ECV (%) 22.6±2.4 21.5±2.5 23.3±3.5 24.7±3.6 22.0±2.0 21.3±3.4 22.4±3.8 26.3±6.5 

LGE present 0 (0%) 14 (18%) 8 (24%) 11 (52%) 0 (0%) 33 (42%) 12 (38%) 32 (78%) 

No LGE in ROI             

Native T1 (ms) 1204±31 1202±52 1219±54 1236±56 1178±35 1197±50 1201±49 1235±63 

ECV (%) 22.6±2.4 21.4±2.4 23.3±3.5 23.2±2.6 22.0±2.0 21.1±3.3 21.9±3.5 23.0±3.3 

         

Hematocrit available 24 (83%) 75 (96%) 30 (91%) 19 (90%) 10 (91%) 75 (95%) 32 (100%) 41 (100%) 

Hematocrit 0.39±0.03 0.41±0.03 0.38±0.04 0.39±0.03 0.45±0.01 0.44±0.04 0.43±0.05 0.42±0.04 

LV = left ventricle; LVEDVi = indexed left ventricular end-diastolic volume; LVESVi = indexed left 

ventricular end-systolic volume; LVSVi = indexed left ventricular stroke volume; LVEF = left 

ventricular ejection fraction; RVEDVi = indexed right ventricular end-diastolic volume; RVESVi = 

indexed right ventricular end-systolic volume; RVSVi = indexed right ventricular stroke volume; RVEF 

= right ventricular ejection fraction; ECV = extracellular volume fraction 
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Figure 4.1: Mean ± standard deviation plots shown for septal regions for native T1 and ECV by 

sex, for the four subject groups. * denotes p<0.05 between group. 

 



66 
 

 

Figure 4.2: Mean ± standard deviation plots shown for septal regions for native T1 and ECV by 

sex when septal regions with LGE are excluded from analysis, for the four subject groups. * 

denotes p<0.05 between group. 

 

4.3.2 ECV 

In women (Figure 4.1C), there are no differences in ECV between healthy controls and 

those at-risk (p=0.0564) or those with HFpEF (p=0.4032). However, unlike native T1, ECV was 

statistically increased in those with HFpEF compared to those at risk (p=0.0033). Similar to the 

native T1 findings, women with HFrEF showed increased ECV compared to healthy controls 

(p=0.0258) and those at-risk (p<0.0001), however not statistically different between the types of 

HF (p=0.1737). 
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When removing septal regions containing LGE (Figure 4.2C), there is now a slight 

difference between healthy controls and those at-risk (p=0.0438) and no longer an increase in ECV 

between those with HFrEF and healthy controls (0.5029). There remains a significant increase in 

between those with either HFpEF or HFrEF and those at-risk (p=0.0023 and p=0.0176, 

respectively). 

In men (Figure 4.1D), findings for ECV are similar to native T1. There are no differences 

in between healthy controls and those at-risk (p=0.5323) or those with HFpEF (p=0.7727), nor 

between those at-risk and those with HFpEF (p=0.1580). Men with HFrEF demonstrate and 

increased native T1 compared to all other groups, including those with HFpEF (p<0.05 for all). 

Following exclusion of septal regions including LGE (Figure 4.2D), the only statistically 

significant difference between groups was an increased ECV in men with HFrEF compared to 

those at-risk (p=0.0082). 

4.3.3 Outcomes 
In the entire cohort of 324 individuals, there were 48 individuals had a cardiovascular admission 

(average time from CMR to admission of 789 days), with only 15 of those admissions being for heart 

failure (average time from CMR to HF admission of 932 days). During the study period, there were 21 

deaths, occurring on average 756 days from the CMR study. Considering the composite end-point of CV 

admission or all-cause mortality, there were 62 events, occurring on average 763 days following the 

CMR. The breakdown of events by risk group and sex are presented in   
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Table 4.3. Overall, there are higher frequencies of CV admissions for those with heart 

failure, in particular for women with HFpEF and men with HFrEF. The frequency of mortality 

appears higher in men with HF of either type and for women with HFpEF. Considering the 

composite end-point, the frequency of events is most common in women with HFpEF and men 

with HFrEF. 
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Table 4.3: Outcome occurrence, by subject group and sex 

  Women Men 

    Healthy At-Risk HFpEF HFrEF Healthy At-Risk HFpEF HFrEF 

  n=29 n=78 n=33 n=21 n=11 n=79 n=32 n=41 

CV Admission 
n 

(%) 

1 

(3.4%) 

3 

(3.8%) 

10 

(30.3%) 

3 

(14.3%) 

1 

(9.1%) 

14 

(17.7%) 

4 

(12.5%) 

12 

(29.3%) 

HF Admission 
n 

(%) 

0 

(0%) 

0 

(0%) 

4 

(12.1%) 

0 

(0%) 

0 

(0%) 

1 

(1.3%) 

3 

(9.4%) 

7 

(17.1%) 

Mortality 
n 

(%) 

1 

(3.4%) 

1 

(1.3%) 

3 

(9.1%) 

1 

(4.8%) 

0 

(0%) 

2 

(2.5%) 

5 

(15.6%) 

8 

(19.5%) 

CV Admission 

or Mortality 

n 

(%) 

2 

(6.9%) 

3 

(3.8%) 

12 

(36.4%) 

4 

(19.0%) 

1 

(9.1%) 

15 

(19.0%) 

9 

(28.1%) 

16 

(39.0%) 

CV = cardiovascular; HF = heart failure 

 

Native T1 is increased in women who had a cardiovascular admission (1242 vs. 1209 ms, 

p=0.0129) or the composite end-point (1242 vs. 1208 ms, p=0.0056), however it was not 

statistically different for mortality alone (1231 vs. 1212 ms, p=0.3707). These findings generally 

remained when excluding septal regions containing LGE (women who had cardiovascular 

admission 1237 vs. 1206 ms, p=0.0221; women who died 1198 vs. 1210 ms, p=0.6660; women 

with composite end-point 1231 vs. 1207 ms, p=0.0564). 

Meanwhile, there was increased native T1 in men who died (1239 vs. 1208 ms, p=0.0490) 

or met the composite end-point (1229 vs. 1204 ms, p=0.0165), with a trend in those with a 

cardiovascular admission (1228 vs. 1207 ms, p=0.0651). However, these differences become only 

a non-significant trend when regions containing LGE are removed (men who had cardiovascular 

admission 1219 vs. 1201 ms, p=0.1266; men who died 1228 vs. 1202 ms, p=0.1296; men with 

composite end-point 1219 vs. 1200 ms, p=0.0671). 

There were no statistically significant differences in ECV between women with respect to 

those who had a cardiovascular admission (23.1 vs. 22.4%, p=0.4031), died (23.9 vs. 22.4%, 

p=0.2838), or met the composite point (23.7 vs. 22.3, p=0.0572). There is no change to these 

findings when excluding septal regions containing LGE (women who had cardiovascular 

admission 22.8 vs. 22.1%, p=0.3809; women who died 21.7 vs. 22.2%, p=0.7292; women with 

composite end-point 23.0 vs. 22.1%, p=0.2151). 

In contrast, men showed increased ECV in those who had a cardiovascular admission (23.5 

vs. 22.7%, p=0.04134), died (26.7 vs. 22.5%, p=0.0010), or met the composite end-point (24.4 vs. 

22.3% ms, p=0.0198). These findings remained (men who died 24.8 vs. 21.4%, p=0.0009; men 
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with composite end-point 22.8 vs. 21.4%, p=0.0298), other than for men who had a cardiovascular 

admission (22.1 vs. 21.6%, p=0.5353) when septal regions containing LGE were excluded. 

Freedom from cardiovascular admission, mortality, or the composite end-point was 

statistically different between those with a native T1 or ECV value greater than two standard 

deviations of the sex normal values (Figure 4.3A and Figure 4.3C). When removing septal regions 

containing LGE, these findings persisted for CV admissions and the composite end-point, but an 

abnormal native T1 did not distinguish differences in mortality (Figure 4.3B and Figure 4.3D). The 

freedom from cardiovascular admission was significantly different between individuals with and 

without the presence of LGE  (Figure 4.3E). 
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Figure 4.3: Kaplan-Meier survival analysis plots for outcome analysis, including cardiovascular 

admission (first column), all-cause mortality (middle column), and composite end-point (last 

column). A) and C) represent subjects with (red curves) or without (blue curves) a native T1 or 

ECV, respectively, two standard deviations above normal values for sex. B) and C) similarly 
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represent subjects with (red curves) or without (blue curves) a native T1 or ECV, respectively, 

when septal regions with positive late gadolinium enhancement is excluded, that is two standard 

deviations above normal values for sex. E) demonstrates subjects with (red curves) or without 

(blue curves) positive late gadolinium enhancement. Log rank p-values are provided. 

The result of univariate and multivariate Cox regression analysis are presented in   
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Table 4.4 and   
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Table 4.5, when considering native T1 (or ECV) as a continuous variable or when greater 

than two standard deviations of the sex normal values, respectively. Univariate regression 

demonstrates significance for the majority of the parameters included, however most were not 

significant in multivariate testing. Patient age was the only parameter to remain significantly 

associated with all outcome metrics, be it CV admission, mortality, or the composite end-point, 

irrespective if T1 or ECV was treated as a continuous variable or a cut-off based on normal values. 

Native T1 (per 10 ms) and a diagnosis of CAD or previous MI were associated with CV admissions 

and the composite end-point, but not mortality alone. Besides age, RVEF remained the only other 

metric significantly associated with mortality. In the model including native T1 above sex normal 

values, findings were overall similar other than the loss of significance for the association of CAD 

or MI with CV admission, and the association of increased native T1 with CV admission or the 

composite end-point.  
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Table 4.4: Univariate and multivariate Cox regression analysis, considering T1 and ECV as 

continuous variable 

 Univariate Multivariate 

Variable HR [95% CI] P-value HR [95% CI] P-value 

Cardiovascular admission 

Age 1.06 1.03 1.09 0.00 1.06 1.02 1.09 0.00 

Sex 1.87 1.04 3.38 0.04 1.60 0.81 3.14 0.17 

CAD 3.11 1.77 5.48 0.00 2.21 1.15 4.25 0.02 
           

LVMi 1.01 1.00 1.03 0.09 0.99 0.97 1.01 0.20 

LVEF 0.97 0.95 0.99 0.00 0.99 0.96 1.03 0.72 

RVEF 0.97 0.94 1.00 0.04 0.98 0.95 1.02 0.39 
      

     

T1 (per 10 ms) 1.08 1.03 1.14 0.00 1.07 1.02 1.13 0.01 

ECV 1.05 0.99 1.11 0.12      
LGE present 1.98 1.12 3.49 0.02 0.99 0.49 1.99 0.98 

                  

Mortality 

Age 1.11 1.05 1.17 0.00 1.11 1.05 1.18 0.00 

Sex 2.52 0.98 6.50 0.06 1.56 0.50 4.82 0.44 

CAD 4.11 1.73 9.76 0.00 1.62 0.53 4.90 0.40 
      

     

LVMi 1.01 0.99 1.03 0.45      
LVEF 0.96 0.93 0.99 0.01 1.02 0.97 1.07 0.41 

RVEF 0.92 0.88 0.96 0.00 0.91 0.86 0.97 0.01 
           

T1 (per 10 ms) 1.09 1.02 1.17 0.01 1.01 0.92 1.12 0.78 

ECV 1.14 1.07 1.22 0.00 1.04 0.95 1.15 0.39 

LGE present 4.21 1.70 10.45 0.00 1.77 0.55 5.68 0.34 
                  

Cardiovascular admission or mortality 

Age 1.07 1.04 1.10 0.00 1.07 1.04 1.10 0.00 

Sex 2.00 1.18 3.38 0.01 1.59 0.86 2.94 0.14 

CAD 3.33 2.02 5.48 0.00 2.14 1.20 3.85 0.01 
           

LVMi 1.02 1.00 1.03 0.02 0.99 0.97 1.01 0.28 

LVEF 0.97 0.95 0.99 0.00 1.00 0.97 1.03 0.87 

RVEF 0.96 0.94 0.99 0.00 0.98 0.95 1.01 0.16 
      

     

T1 (per 10 ms) 1.09 1.04 1.13 0.00 1.07 1.01 1.13 0.01 

ECV 1.08 1.03 1.13 0.00 0.99 0.93 1.06 0.73 

LGE present 2.29 1.39 3.77 0.00 1.13 0.60 2.13 0.71 
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Table 4.5: Univariate and multivariate Cox regression analysis, considering T1 and ECV as binary 

variable, being above or below two standard deviations of normal values for sex 

 Univariate Multivariate 

Variable HR [95% CI] P-value HR [95% CI] P-value 

Cardiovascular admission 

Age 1.06 1.03 1.09 0.00 1.06 1.02 1.09 0.00 

Sex 1.87 1.04 3.38 0.04 1.37 0.70 2.70 0.36 

CAD 3.11 1.77 5.48 0.00 1.92 0.99 3.70 0.05 
           

LVMi 1.01 1.00 1.03 0.09 0.99 0.97 1.01 0.32 

LVEF 0.97 0.95 0.99 0.00 0.99 0.96 1.02 0.63 

RVEF 0.97 0.94 1.00 0.04 0.98 0.95 1.02 0.36 
      

     

T1 Above Norm 2.36 1.29 4.31 0.01 1.53 0.74 3.17 0.25 

ECV Above Norm 2.44 1.31 4.56 0.01 1.46 0.69 3.11 0.33 

LGE present 1.98 1.12 3.49 0.02 0.99 0.48 2.02 0.98 
                  

Mortality 

Age 1.11 1.05 1.17 0.00 1.10 1.05 1.17 0.00 

Sex 2.52 0.98 6.50 0.06 1.45 0.45 4.62 0.53 

CAD 4.11 1.73 9.76 0.00 1.49 0.49 4.54 0.48 
      

     

LVMi 1.01 0.99 1.03 0.45      
LVEF 0.96 0.93 0.99 0.01 1.02 0.97 1.07 0.42 

RVEF 0.92 0.88 0.96 0.00 0.92 0.86 0.97 0.00 
           

T1 Above Norm 3.10 1.30 7.35 0.01 1.32 0.48 3.62 0.59 

ECV Above Norm 3.48 1.42 8.51 0.01 1.63 0.57 4.63 0.36 

LGE present 4.21 1.70 10.45 0.00 1.64 0.51 5.30 0.41 
                  

Cardiovascular admission or mortality 

Age 1.07 1.04 1.10 0.00 1.06 1.04 1.09 0.00 

Sex 2.00 1.18 3.38 0.01 1.45 0.79 2.67 0.23 

CAD 3.33 2.02 5.48 0.00 2.02 1.13 3.62 0.02 
           

LVMi 1.02 1.00 1.03 0.02 0.99 0.98 1.01 0.44 

LVEF 0.97 0.95 0.99 0.00 1.00 0.97 1.03 0.83 

RVEF 0.96 0.94 0.99 0.00 0.98 0.95 1.01 0.18 
      

     

T1 Above Norm 2.60 1.54 4.37 0.00 1.47 0.78 2.77 0.24 

ECV Above Norm 2.89 1.69 4.94 0.00 1.69 0.88 3.24 0.12 

LGE present 2.29 1.39 3.77 0.00 1.01 0.54 1.91 0.97 
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4.4 Discussion 
In this study, we have shown that there are small, but often significant, differences between 

SASHA-derived myocardial native T1 and ECV amongst healthy controls, those at risk for heart 

failure, and the different phenotypes of heart failure, specifically those with preserved or reduced 

ejection fraction. Additionally, differences exist between the freedom from adverse events, 

including cardiovascular admissions and mortality, between those with and without elevated native 

T1 or ECV. 

Differences in cardiovascular risks and outcomes have been demonstrated between the 

sexes,(159-161) and we have previously shown that the sexes exhibit differences in myocardial 

native T1 and ECV between healthy controls and those at risk of heart failure.(158) In this study, 

these sex-related differences in the findings for native T1 and ECV are extended into the heart 

failure population, further highlighting this important principle. In the current study, we find that 

in women the T1 and ECV values for those with HFpEF appear more similar to those with HFrEF, 

while for men there appears to be more similarity between those with HFpEF and controls or those 

at-risk. It is unclear if these patterns of T1 and ECV are the cause of, or simply reflective of, sex-

related differences between myocardial adaptations to the stressors leading to the development of 

HFpEF.  

The proportion of outcomes, particularly for cardiovascular admissions, appears higher in 

women with HFpEF compared to their HFrEF counterparts, while in men the opposite relationship 

appears. However, the overall occurrence of mortality in either HF phenotype appears higher in 

men, even those with HFpEF. These sex related differences in outcomes are in line with other 

published data for both HFrEF(160) and HFpEF(161) subtypes. 

Interestingly, there is an increase in native T1, even when septal LGE was excluded, 

between women who had a cardiovascular admission, but not mortality, whereas the opposite 

pattern (more difference between those who died but not those admitted for cardiovascular causes) 

was present in men. While this pattern remained similar for ECV in men, no significant differences 

were present between those with/without outcomes in women. Whether this is indicative of native 

T1 and ECV showing differing sensitivity to pathophysiological alterations remains to be 

elucidated. While a different predictive nature of T1 vs. ECV has been shown,(101, 155) there is 

limited data on whether one marker may prove more advantageous.  



78 
 

We have demonstrated that freedom from adverse outcomes, including cardiovascular-

related admission or mortality, are different in those with either increased myocardial native T1 or 

ECV. However, there is undoubtedly an influence from the presence of LGE, as there was no 

longer a difference in mortality curves for native T1 when septal ROIs with LGE were excluded 

from the analysis.  

Determining predictors of adverse outcomes is of important clinical significance. 

Considering any of the outcome measures, including the composite end-point, increasing age was 

the only predictor that remained significant in multivariate Cox regression analysis for all 

outcomes. While this is in keeping with other publications that also included ECV in their 

analysis,(85, 99) others have not necessarily found this age related association when including 

ECV or native T1.(98, 101, 103, 159) Unfortunately, in contrast to other publications(85, 96, 99, 

101, 103, 155) where ECV was associated with outcomes after multivariate regression, this was 

not repeated in our study. It is not clear why these differences exist; it may be related to different 

patient groups, or differences in included variables. For example, in the study from Duca et al. 

MOLLI-ECV was significant in multivariate analysis when considering only CMR parameters, 

but was no longer significant when non-CMR variables were combined in the multivariable 

model.(101) 

When considering T1 as a continuous variable, myocardial native T1 was a significant 

predictor on multivariate Cox regression for cardiovascular-related admissions and the composite 

end-point. This finding of potentially improved prognostic performance of native T1 over ECV is 

similar to a previous publication by Puntmann et al.,(96) though other studies have seen the 

opposite.(101, 155) The specific reason for this finding is difficult to ascertain. While native T1 

and ECV are related, perhaps there are subtle differences in what in the myocardial milieu they are 

reflecting. Additionally, there are multiple measures required for the calculation of ECV, which 

may contribute errors or variability. This may also be compounded as hematocrit was unavailable 

in 5.6% of the study subjects, though the number is small.  

Other than age, right ventricular ejection fraction (RVEF) was the only other significant 

predictor of all-cause mortality. Previous literature has shown a similar predictive nature of RVEF 

for mortality, but not hospitalizations using radionuclide ventriculography.(162) When 

considering T1 data, our study found similar findings to that of Puntmann et al., who also found an 

association with RVEF.(96) This is also in line with other studies that have found associations 
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with RV remodelling,(85, 101) though again there is disparity in the literature, as not all studies 

including native T1 metrics have demonstrated this.(103)  

4.4.1 Limitations 

Like many outcome studies, the overall small number of events limits extensive 

multiparameter assessments of potential associations and predictor variables. The overall number 

of subjects with heart failure is modest, when subgrouping by sex and heart failure type the smaller 

group sizes mean complex comparisons between groups becomes more problematic. This also 

meant that further dividing the HFrEF group to consider the emerging phenotype of heart failure 

with mid-range ejection fraction (HFmEF; LVEF 40-50%) was not feasible in the current study. 

Additionally, the data is derived from a single centre, and institution-related biases cannot be 

excluded, whether they are related to recruitment or management practices. As previously 

described,(158) the septal region was chosen to minimize unintentional inclusion of artifacts often 

found over the anterior or inferolateral walls.(51) 

The exclusion of patients with pacemakers, or implanted defibrillators, and the 

requirements for administration of gadolinium-based contrast agents, for assessment of LGE and 

ECV, meant that those with devices and/or significant renal dysfunction were not included in the 

study, and thus generalizing the results to all patients with heart failure is not possible. However, 

the predictive performance of native T1 in this study, and others,(96) highlight that there may not 

be a need for contrast administration, which is important given recent concerns about the clearance 

of these agents.(163)  

The use of the SASHA T1-mapping sequence, which is known to have less sensitivity to 

other parameters such as T2, flip angle, and off-resonance, is less prevalent in the literature, and 

therefore more challenging to directly compare group values and cut-offs to other published data. 

However, to our knowledge this is the first published report of patient related outcomes using the 

SASHA pulse sequence.  

4.5 Conclusions 
Subtle differences in native T1 and ECV are present between healthy individuals and those 

with heart failure, with sex-related differences in the patterns between heart failure phenotypes. 

While increased T1 and ECV were associated with an increased incidence of adverse outcomes, 

between the measures only native T1 remained a significant predictor for cardiovascular 
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admissions or the combined end-point in multivariate testing. Further study is warranted to better 

understand the nature and significance of potential differences of T1 and ECV in the development 

of heart failure and for their relevance to prognosis, particularly considering different responses 

between the sexes. 



81 
 

Chapter 5 

Reduced Right Ventricular Native 

Myocardial T1 in Anderson-Fabry Disease: 

Comparison to Pulmonary Hypertension and 

Healthy Controls 

5.1 Introduction 
Anderson-Fabry disease (AFD), an X-linked lysosomal storage disease, is characterized by 

progressive multiorgan accumulation of intracellular sphingolipids due to α-galactosidase A 

enzyme deficiency.(164, 165) Cardiac involvement can result in progressive ventricular 

hypertrophy leading to heart failure, arrhythmias and is now the most common cause of mortality 

in patients with AFD.(164, 165) Due to inherent risks and limitations of endomyocardial 

biopsy,(166) non-invasive measures are sought as surrogates for sphingolipid deposition.(167, 

168) While the focus has been primarily on global changes in cardiac structure and function, such 

as increasing ventricular mass,(169) atrioventricular uncoupling,(170) and reduced myocardial 

function,(171-173) recent studies using cardiac magnetic resonance T1-mapping techniques show 

promise in providing improved diagnostic differentiation between other causes of ventricular 

hypertrophy, as well as the prospect of an earlier marker of disease involvement.(73, 74, 174) 

Measurement of native myocardial T1 (longitudinal relaxation) time using cardiac 

magnetic resonance imaging (CMR) has revealed increased values in individuals with numerous 

cardiac conditions, including cardiomyopathies, acute myocarditis, and acute myocardial 

infarction.(66, 67, 175) In contrast, significantly reduced left ventricular (LV) T1 values have been 

measured in patients with AFD, with average values >100 ms lower than healthy subjects, and 

larger magnitude changes compared to other conditions presenting with similar LV 

hypertrophy.(73, 74) T1-mapping is thus a promising tool in differentiating distinct manifestations 

of hypertrophy and has been proposed as a quantitative biomarker to follow for response to 

therapy, such as enzyme replacement in AFD.(73, 74) 
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While left ventricular hypertrophy is a hallmark of AFD, right ventricular (RV) 

involvement is also commonly seen, including ventricular hypertrophy and dysfunction.(176-179) 

Right ventricular dysfunction likely contributes to the presence of heart failure symptoms in those 

with preserved LV ejection fraction.(176) While autopsy studies have shown sphingolipid 

deposition in both ventricles,(180) it is important to note that despite studies which have shown 

beneficial effects from enzyme replacement therapy on LV metrics, there have been inconsistent 

changes seen in the RV.(178, 179) This may indicate subtle differences in the pathophysiological 

mechanisms behind ventricular remodelling and dysfunction in Anderson-Fabry disease. Due to 

the ability of native T1 to differentiate those with Anderson-Fabry disease from other cases of LV 

hypertrophy, it offers a non-invasive metric that may help understand if the RV involvement 

mirrors that of the LV. However, the assessment of RV T1 values in AFD have not previously been 

reported. Thus, the goal of the current study was to evaluate quantitative T1-mapping in the RV of 

patients with AFD. To aid in the understanding of the underlying mechanism of RV involvement 

in AFD, RV T1 values were compared to LV values in patients with AFD and RV T1 values in a 

group of patients with idiopathic pulmonary hypertension (PH), in whom changes in T1 values are 

representative of increased RV afterload.(181) 

5.2 Methods 

5.2.1 Subjects 

The primary study patient cohort consisted of 32 subjects with clinically and genetically 

confirmed AFD and 11 subjects with pulmonary hypertension, in whom T1-mapping was 

performed as part of existing studies. Average left ventricular T1 values from the healthy controls 

and subjects with AFD have previously been published.(73) Subjects with AFD were recruited 

from both the University of Alberta and University of Calgary, from May 2010 to November 2012. 

Subjects were included if they had clinically and genetically confirmed AFD, and excluded if they 

were unable to provide informed consent or had contraindication to CMR. Subjects with PH were 

recruited from the University of Alberta from March 2010 to June 2013. Subjects were included 

if they had PH due to familial conditions, associated with anorexic medications, or idiopathic PH, 

and excluded if they were unable to provide informed consent, had abnormal renal function (GFR 

<30 mL/min/1.73 m2), or had a contraindication to CMR. Pulmonary hypertension was defined by 

catheter measured mean pulmonary artery pressure ≥ 25 mmHg, pulmonary capillary wedge 
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pressure ≤ 15 mmHg, and pulmonary vascular resistance > 240 dynes·sec/cm5. Subjects with PH 

also needed to have had no changes within 2 months to medications approved for treatment of 

pulmonary hypertension, with stable New York Heart Association class of III-IV. Normal LV T1 

values were obtained from a healthy control (HC) group (n=21) from an ongoing study of heart 

failure with preserved ejection fraction (Alberta Heart Failure Etiology and Analysis Research 

Team [HEART]),(143) who were recruited from the region around Edmonton, Alberta, between 

January 2010 and October 2014. Healthy controls had no evidence of heart disease or significant 

cardiovascular risk factors, including coronary artery disease, hypertension, diabetes mellitus, 

inflammatory or autoimmune diseases, and could not be on any cardiac medication or have 

contraindication to CMR. The studies were approved by the University of Alberta and University 

of Calgary health research ethics boards. Informed written consent was obtained from all subjects. 

5.2.2 CMR Imaging 

CMR was performed on 1.5T systems (Siemens Sonata or Avanto, Siemens Medical 

Solutions, Erlangen, Germany). Short- and long-axis ventricular cines were performed using 

balanced steady-state free procession (bSSFP) imaging. Typical scan parameters were 1.24 ms 

echo time, 2.48 ms repetition time, 51° flip angle, 8 mm slice thickness, 2 mm gap, 400×275 mm 

field of view, 256×132 acquisition matrix, 75% phase resolution, 14 views per segment, rate 2 

parallel imaging (GRAPPA), and 30 reconstructed cardiac phases. T1-mapping was performed on 

a mid-ventricular short-axis slice during diastasis using the SAturation-recovery single-SHot 

Acquisition (SASHA) pulse sequence with a bSSFP readout, as previously described.(51, 73) 

Typical SASHA parameters were 1.36 ms echo time, 2.72 ms repetition time, 70° flip angle, 9 

images spanning 100–650 ms saturation recovery times plus a non-saturated image, 8 mm slice 

thickness, 360×270 mm field of view, 192×108 acquisition matrix before interpolation, and 75% 

phase resolution. Acquired in-plane spatial resolution was 1.9 mm, and was interpolated to 0.94 

mm for analysis. Either rate 2 parallel imaging (GRAPPA) or 6/8 partial Fourier was used for 

image acceleration. A phase sensitive inversion recovery sequence was used for conventional late 

gadolinium enhancement (LGE) imaging, typically starting 7 minutes following gadolinium-based 

contrast injection, with coverage matching cine locations. Typical LGE parameters were 4.18 ms 

echo time, 25° flip angle, 8 mm slice thickness, 380×285 mm field of view, 256×173 acquisition 

matrix, 90% phase resolution, and 25 views per segment. Subjects with AFD, along with healthy 

controls, received 0.15 mmol/kg gadobutrol (Gadovist; Bayer HealthCare Pharmaceuticals, 
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Montville, NJ), while subjects with PH received 0.1 mmol/kg gadolinium-

diethylenetriaminepentaacetic acid (Gd-DTPA, Magnevist; Bayer Healthcare, Toronto, Canada). 

5.2.3 Data Analysis 

Manual endocardial tracing of both ventricles was performed for quantification of 

ventricular end-systolic volume and end-diastolic volume. Ejection fraction was calculated as 

(end-diastolic volume - end-systolic volume)/ end-diastolic volume. Manual epicardial tracing of 

the left ventricle, excluding papillary muscles, was performed for quantification of ventricular 

mass, calculated as the ventricular muscle volume corrected for specific gravity of the tissue (1.05 

g/mL). Masses and volumes were indexed to body surface area. 

Late gadolinium enhancement images were assessed for the presence of positive 

enhancement, with specific assessment of the interventricular septum, inferior RV wall, inferior 

LV wall, and the inferior RV insertion point at the slice location nearest to the corresponding T1-

mapping images. Additional LGE short and long axis slices were used to corroborate the presence 

or absence of positive enhancement in these locations of interest. Nine subjects with Anderson-

Fabry disease did not receive gadolinium contrast, either due to research protocol (n=8) or renal 

dysfunction (n=1). 

Inferior RV wall thickness (RVI thickness), interventricular septal wall thickness (IVS 

thickness), and inferior LV wall thickness (LVI thickness) was measured in all subjects at a 

diastasis cardiac phase on short-axis cine images (Figure 5.1), for a slice location matching the T1-

mapping slice location. In subjects with AFD or PH, a minimum RVI of 4 mm was selected as an 

inclusion criterion for further analysis. This RVI thickness was selected for the T1-mapping data 

to mitigate potential partial volume contamination of myocardial tissue T1 values from 

neighbouring epicardial fat and/or blood pool pixels, based on a typical non-interpolated in plane 

resolution of approximately 1.9 mm. As healthy individuals were not expected to have increased 

RV wall thickness, their LV T1-mapping data was included if the septal or inferior LV wall 

thickness was at least 4 mm. 
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Figure 5.1: Example of bSSFP cine images in diastole used for wall thickness measurements. 

Measurement locations are shown at the inferior RV wall (RVI thickness, white arrowhead), 

interventricular septum (IVS thickness, black arrowhead), and inferior LV wall (LVI thickness, 

open arrowhead) for a subject with pulmonary hypertension (A) and Anderson-Fabry disease (B). 

Light grey arrows show areas of RV epicardial fat. Note the absence of readily visible epicardial 

fat along the inferior RV wall. 

 

In all healthy controls, along with subjects with AFD or PH who met the criteria for 

minimum inferior RV wall thickness of 4 mm, the 10 images in the T1-mapping acquisition were 

registered to correct for in-plane motion occurring during the breath-hold.(51, 182) Region of 

interest (ROI) tracing was then completed on the inferior RV wall, interventricular septum, and 

inferior LV wall with sample ROI placements shown in Figure 5.2. Care was taken to minimize 

potential contamination by blood or epicardial fat by avoiding the endocardial and epicardial 

borders, as well as avoiding the RV insertion point where positive LGE is commonly observed, 

particularly in PH.(183) Manual adjustment of ROI placement on the 10 images was performed if 

residual motion was noted following image registration. Signal intensities within ROIs were 

averaged prior to fitting a 3-parameter mono-exponential recovery curve, S(TS) = k(1- η exp(-

TS/T1)), where k denotes a scaling constant, η represents the saturation efficiency, TS represents 

the saturation recovery time, and T1 represents the longitudinal relaxation time. For the assessment 

of reproducibility, analysis was performed on each subject twice, independently by two observers 

(JP and RBT). Subjects’ images were loaded randomly, with blinding between repeated 
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observations and observers. T1 analysis was performed offline using custom software (MATLAB 

R2012a, The MathWorks, Natick, MA, USA). 

 

Figure 5.2: Example SASHA T1-mapping case. A) Sample SASHA T1-mapping images in a 

subject with Anderson-Fabry disease, showing septal (solid white), inferior right ventricle (dashed 

black), and inferior left ventricle (dashed white) regions of interest (ROI). B) Sample T1 map is 

shown. C) Mean signal intensity from the right ventricle ROI from this subject are plotted with the 

corresponding saturation recovery time (TS), along with a best-fit saturation recovery curve 

defined by the displayed equation. Black arrows indicate the saturation recovery images shown in 

A). D) A zoomed in portion showing the inferior RV wall, along with the corresponding ROI. Note 

the absence of visible pericardial fat in this location. The dark signal in the left ventricle lateral 

wall is a site of positive late gadolinium enhancement.  

5.2.4 Statistical Analysis 

Subject characteristics and CMR variables, including wall thickness and ventricular T1 

values are presented as mean±standard deviation. Group differences, except with respect to sex, 

were compared using Kruskal-Wallis One-Way ANOVA, with multiple pair-wise comparisons 

performed using the Mann-Whitney U Test. Sex-related differences between groups were 

compared using Chi-squared analysis. Ventricular T1 values within subjects were compared using 

the Friedman test, with multiple pair-wise comparisons performed using the Wilcoxon signed rank 

test. Reliability was measured using Coefficient of Variation (CoV), defined as the standard 

deviation of the differences between repeated measurements divided by the measurement mean. 

Significance was set at p<0.05, with a Bonferroni correction where applicable. Statistical analysis 
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was performed using STATA statistical software (Version 11.2, Stata Corporation, College 

Station, TX, USA).  

5.3 Results 
Of the subjects included initially in the study, 6 subjects with AFD, 7 subjects with PH, 

and 0 healthy controls had inferior RVI thickness ≥ 4 mm and were therefore included for further 

T1-mapping analysis. One subject with PH had unanalyzable T1 datasets due to significant image 

artifact and was excluded and two HC subjects LVI T1 values were excluded due to LVI thickness 

< 4 mm. The characteristics of those included in T1 analysis are included in Table 5.1. Four of the 

six subjects with AFD were on enzyme replacement therapy, for a minimum of 4 years. Values 

derived from CMR scans are presented in Table 5.2. The average RVI thickness was not different 

between those with AFD and PH, but was thinner in HC than both AFD and PH (adjusted p<0.05, 

respectively). The average LVI thickness was larger in those with AFD compared to both PH and 

HC (adjusted p<0.05, respectively), while the IVS thickness was different between all groups, with 

the largest in AFD and the thinnest in HC (adjusted p<0.05 for all comparisons).  

 

 

Table 5.1: Subject characteristics 

 AFD PH HC 

  (n=6) (n=6) (n=21) 

Age (yrs) 46.7±8.1 49.7±17.6 40.5±15.9 

Sex (M) 4 1 10 

Weight (kg) 74.9±18.0 84.4±20.8 70.5±15.9 

Height (m) 1.7±0.1 1.7±0.1 1.7±0.1 

BSA (m2) 1.9±0.3 2.0±0.3 1.8±0.2 

BMI (kg/m2) 25.1±5.5 29.8±6.0 24.8±5.4 

HR (bpm) 65.8±12.8 78.0±14.1 64.7±7.2 

AFD = Anderson-Fabry disease; PH = pulmonary hypertension; HC = healthy control; BSA = 

body surface area; BMI = body mass index; HR = heart rate; bpm = beats per minute 

*p<0.05 compared to HC, †p<0.05 AFD vs. PH 
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Table 5.2: CMR variables 

 
AFD PH HC 

  (n=6) (n=6) (n=21) 

IVS thickness (mm) 13±2*,† 10±1* 8±2 

LVI thickness (mm) 10±3*,† 5±1 6±1 

LV mass (g/m2) 97.7±32.9*,† 50.8±4.0 58.2±12.4 

LV EF (%) 67.5±7.4 63.0±7.1 62.2±5.3 

LVEDVi (mL/m2) 81.7±14.7† 57.0±8.5* 77.2±15.6 

LVESVi (mL/m2) 26.2±6.1 21.2±5.8 29.3±8.0 

IVS-T1 (ms) 1053±41*,† 1280±123 1180±60 

LVI-T1 (ms) 1072±44*,† 1274±57* 1183±45 

RVI thickness (mm) 5±1* 6±2* 2±0 

RV EF (%) 69.3±8.3† 37.8±6.9* 58.1±7.3 

RVEDVi (mL/m2) 71.0±18.2 123.3±47.9* 76.7±20.7 

RVESVi (mL/m2) 22.5±9.3† 79.0±37.3* 32.6±11.9 

RVI-T1 (ms) 1096±49† 1239±41   

AFD = Anderson-Fabry disease; PH = pulmonary hypertension; HC = healthy control; RVI = 

inferior right ventricle wall; IVS = interventricular septum; LVI = inferior left ventricular wall; 

EF = ejection fraction; LVEDVi = left ventricular end-diastolic volume indexed; LVESVi = 

left ventricular end-systolic volume indexed; RVI = inferior right ventricular wall; RVEDVi = 

right ventricular end-diastolic volume indexed; RVESVi = right ventricular end-systolic 

volume indexed 

*p<0.05 compared to HC, †p<0.05 AFD vs. PH 

 

 

As shown in Table 5.2, irrespective of ventricular location, myocardial T1 is shorter in 

subjects with AFD (RVI-T1=1096±49 ms, IVS-T1=1053±41 ms, LVI-T1=1072±44 ms) compared 

to those with PH (RVI-T1=1239±41 ms, IVS-T1=1280±123 ms, LVI-T1=1274±57 ms) and HC 

(IVS-T1=1180±60 ms, LVI-T1=1183±45 ms) (adjusted p<0.05 for all comparisons). Subjects with 

PH had longer LVI-T1 than HC (adjusted p=0.02), but the IVS-T1 was not statistically different 

(adjusted p=0.24), with a wide range of values (1140 to 1477 ms). T1 values for all groups are 

shown in Figure 5.3. 
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Figure 5.3: Myocardial T1 values by ventricle and condition. Data is presented as boxes 

representing the 25th, 50th, and 75th percentiles, and fences representing 1.5× interquartile range. 

 

Comparing regions in subjects with AFD, T1 values were not statistically different between 

the two LV and RV locations (p=0.31). Similarly, subjects with PH also showed non-significant 

differences between regional ventricular T1 values (p=0.51). 

In subjects with AFD, the IVS and LVI T1 values were non-significantly shorter in those 

with thicker RV walls compared to those without (IVS-T1: 1053±41 ms vs. 1112±64 ms 

respectively, adjusted p=0.2352; LVI-T1: 1072±44 ms vs. 1105±76 ms respectively, adjusted p=1). 

Compared to healthy controls, the septal and inferior T1 values remain statistically reduced 

irrespective of the presence or absence of increased RVI thickness (adjusted p<0.05 for all 
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comparisons). In subjects with PH, the septal and inferior LV T1 values were not statistically 

different in those with thicker RV walls compared to those without (IVS-T1: 1280±123 ms vs. 

1258±60 ms respectively, adjusted p=1; LVI-T1: 1274±57 ms vs. 1343±74 ms respectively, 

adjusted p=1). Compared to healthy controls, the inferior T1 values remain statistically larger 

irrespective of the presence or absence of increased RVI thickness (adjusted p<0.05 for all 

comparisons), however septal T1 values are no longer statistically different (adjusted p>0.05 for 

all comparisons). 

Of the subjects with AFD who received contrast agents (n=3), none were positive for LGE 

in the inferior RV, septal, or inferior LV regions. One subject showed positive enhancement at the 

inferior RV insertion point. One subject with PH showed inferior RV wall enhancement, 2 showed 

septal enhancement, and 1 showed enhancement at the inferior LV. All subjects with PH showed 

enhancement at the inferior RV insertion point.  

Coefficient of Variability (CoV) for the repeated analyses by observer 1 was 1.4%, 0.9%, 

and 1.5% for the RVI, IVS, and LVI, respectively. For observer 2, the CoV was 1.2%, 0.6%, and 

2.7% for the RVI, IVS, and LVI, respectively. For interobserver agreement, the CoV was 1.7%, 

1.5%, and 1.8% for the RVI, IVS, and LVI, respectively.  

5.4 Discussion 
The primary finding of the current study is the similar native T1 values in the right and left 

ventricle of patients with AFD and thickened right ventricles, both of which are reduced in 

comparison to LV T1 values in the healthy heart and as compared to patients with pulmonary 

hypertension. Reduced LV native T1 values were reported previously in patients with AFD,(73, 

74, 174) but this is the first report in the RV. Right ventricular involvement in subjects with AFD 

is common,(176-179) typically manifesting as hypertrophy and/or myocardial dysfunction, and 

the findings of the current study suggest that the underlying changes in tissue characteristics are 

also similar in both ventricles. Autopsies studies have shown biventricular cellular hypertrophy, 

vacuolization and sphingolipid accumulation,(180) thus the reduced RV T1 values in the current 

study likely reflect the same pathology and mechanisms as within the LV. 

The exact cause and mechanism of the reduced native T1 in AFD values still requires 

further elucidation. Reduced LV T1 values have also been seen in individuals with iron 

overload,(55) however this is unlikely the etiology in those with AFD. The effects of lipids on T1-
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mapping in general has not been systematically characterized, with one report of normal LV lipid 

content in AFD patients using 1H NMR spectroscopy.(184) Interestingly, a mixed RV response 

has been seen with enzyme replacement therapy.(178, 179) In a study by Wuest et al., 14 patients 

with AFD who received enzyme replacement therapy for approximately 1 year showed beneficial 

effects for both ventricles, including a decrease in RV mass and end-diastolic volume.(179) 

However, a study by Niemann et al. of 57 patients with AFD treated with enzyme replacement 

therapy for more than 3 years showed no decrease in RV wall thickness or end-diastolic 

dimension.(178) This suggests there may be additional factors involved in the development of RV 

hypertrophy in addition to deposition of sphingolipids or that therapy is less effective in the RV. 

The T1 differences noted in this study between AFD and PH suggests different origins of RV 

thickening between the conditions, indicating that RV thickening in AFD is not primarily related 

to increased RV afterload. Larger, and ideally longitudinal, studies including T1-mapping in the 

LV and RV would be useful in further elucidating the nature of RV involvement in subjects with 

AFD. Certainly, there is excitement in the community of the promise of T1-mapping, in either the 

LV or RV, to offer a potential biomarker to follow patients with AFD, particularly with respect to 

responses to enzyme replacement therapy. 

 In contrast, the increased native RV T1 values in PH (1239±41 ms versus 1096±49 ms in 

AFD) likely reflect fibrosis, or more specifically the increased water mobility associated with 

increased extracellular volume fraction, related to long standing pressure overload. In this study 

we also show that LV and RV native T1 values appear to be increased in those with PH and 

thickened RVs as compared to healthy control LV T1 values. There is limited existing literature to 

corroborate this finding, however a recent publication also showed increased native T1, along with 

extracellular volume fraction, in the RV of subjects with PH versus healthy controls.(181) Elevated 

native T1 values have been demonstrated at the RV insertion points in an animal model of chronic 

pulmonary hypertension,(185) though septal values were not statistically different than controls. 

Our septal native T1 values were increased, though not statistically, likely reflecting pathological 

remodelling including a degree of interstitial and replacement fibrosis, evident by cases with 

positive late enhancement and reduced RV ejection fraction. 

Quantitative T1-mapping, using native T1 values, has been used for non-invasive tissue 

characterization in a variety of disease conditions(66, 67, 175); however, its use has generally been 

restricted to the left ventricle due in part to the limitations of spatial resolution. T1-mapping 
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sequences typically have an in-plane spatial resolution of approximately 2 mm, thus making it 

difficult to apply in the right ventricle, where, in normal hearts the mean diastolic wall thickness 

of the RV is ≤ 4-5 mm,(186, 187) compared to 6-10 mm for the interventricular septum.(187) The 

most relevant data comes from studies by Mehta et al., using the accelerated and navigator-gated 

look-locker imaging for cardiac T1 estimation (ANGIE) technique.(181, 188) Using this advanced 

technique, including optional fat-saturation, high-resolution RV T1-mapping was performed at 

end-systole, the authors found healthy control RV T1 and extracellular volume fraction values are 

similar to those found in the LV. Unfortunately, the high-resolution ANGIE sequence takes much 

longer than standard T1-mapping sequences (~3 minutes vs. 9-17 heartbeats), may still be subject 

to partial volume contamination effects, and more practically is not yet widely available. 

In the present study, the effects of partial volume contamination by either blood or 

epicardial fat was mitigated by selecting individuals with an increased RVI thickness, which is a 

cardinal feature of patients with Anderson-Fabry disease and pulmonary hypertension (5±1 mm 

and 7±2 mm, respectively, in the current study). Importantly, both patient groups’ RVI thickness 

were similar to the inferior LV thickness of healthy controls (6±1 mm), suggesting a similar small 

risk of partial volume contamination for parts of the LV. Subjects with PH were shown to have 

elevated T1 values in the LV and RV, while those with Anderson-Fabry disease have T1 values 

that are reduced in both ventricles. The primary technical concern with RV tissue characterization 

is systematic artifactual bias of these values from partial volume errors with epicardial fat or blood 

pool (which would be expected to decrease or increase T1 values, respectively). The consistently 

increased native T1 values in the PH group and reduced values in the AFD group, as compared to 

controls, and the excellent reproducibility of T1 values by two observers in the blinded analysis 

suggest that partial volume errors did not confound the major findings of the current study. 

Nonetheless, in the absence of robust techniques to remove the signal from blood and fat, the 

potential for signal contamination remains.  

5.4.1 Limitations 

Our study is primarily limited by its small numbers and lack of normal RV T1 values for 

comparison. However, Mehta et al., showed similar normal LV and RV native T1 values using a 

high spatial resolution fat-supressed method,(181, 188) suggesting our healthy control LV values 

may be used as a reference surrogate. Unfortunately, due to spatial and temporal resolution 

limitations of currently available T1-mapping methods, we limited our investigation to patients 
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with thickened RV walls and therefore were unable to study the RV of healthy volunteers. This 

fact also limits the generalizability of our findings to other patients with Anderson-Fabry disease 

or pulmonary hypertension without a thickened RV. Also, while the inferior RV wall was 

consistently the most clearly discernible location with least amount of trabeculation and epicardial 

fat content (as observed on bSSFP cines), leading to our decision to perform analysis in that 

location, performing analysis on a small region at a single slice location may not accurately 

represent the entire ventricle. There is currently no data to suggest that there are intrinsic 

differences in native T1 values regionally within the RV.  

Unfortunately, LGE imaging was not performed in all of the subjects with Anderson-Fabry 

disease so replacement fibrosis, and its potential to alter our reported T1 values, could not be ruled 

out. Previous reports typically describe elevated native T1 values in areas of positive LGE(73, 74, 

174) where the basal inferolateral wall is most typically affected.(189-191) Thus, the reduced 

values seen in those with Anderson-Fabry disease in this study would not be typical if the ROI 

included a region with positive enhancement. However, we cannot rule out replacement fibrosis 

in other regions of the RV, where T1 analysis was not performed. Due to the lack of contrast 

administration, we are also not able to provide extracellular volume fraction estimates, which 

require native and post-contrast T1 measurement in the blood and tissue for calculation.  

Further study, including clinical and function correlates, would add important diagnostic 

and prognostic significance to T1 measurements, however without significant improvements to T1-

mapping techniques, larger scale RV imaging studies are not feasible.  

5.5 Conclusion 
Though normal values for native T1 in the RV are still unknown, native T1 values appear 

similarly reduced in the left and right ventricles of individuals with AFD and right ventricular wall 

thickening, likely driven by the same pathological processes. In contrast, individuals with 

pulmonary hypertension and right ventricular wall thickening show increased native T1 values in 

both the LV and RV, suggestive of fibrosis. While T1-mapping is emerging as a useful marker in 

the diagnosis and monitoring of numerous cardiac conditions, its use in the right ventricle remains 

a challenge given this ventricle’s relative thinness and potential for blood pool or epicardial fat 

contamination. 
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Chapter 6 

End-Systolic Imaging of Myocardial 

Extracellular Volume Fraction with Contrast 

Level Assessment using Intensity Ratios 

(CLAIR) 

6.1 Introduction 
Recent advancements in the development and application of contrast-enhanced 

quantitative myocardial T1-mapping have allowed for the quantitative evaluation of myocardial 

extracellular volume fraction (ECV) for the detection of diffuse myocardial fibrosis using cardiac 

magnetic resonance imaging (CMR).(80-82, 141) Measurement of ECV using CMR is based on 

the estimation of blood and tissue concentrations of injected gadolinium contrast agents using the 

known relationship between the longitudinal relaxation time constant (T1) and contrast agent 

concentrations.(145, 192) However, T1-mapping acquisitions are typically limited in spatial 

resolution due to the need to acquire several T1-weighted images for T1-quantification, typically 

single-shot acquisitions, in the duration of a breath-hold. Importantly, motion during the relatively 

long single-shot image acquisition window may reduce the acquired spatial resolution, which is 

exacerbated with higher heart rates.(50)  

Commonly used spatial resolutions of 1.4 to 2.3 mm for T1-mapping acquisitions, in 

combination with potential motion blurring effects, increase the possibility of partial volume 

effects(50) from neighboring epicardial fat and/or intraventricular blood, with no method to 

determine the magnitude of these effects in a given study, if present. Quantitative assessment of 

regional wall thickness in populations of healthy individuals using CMR have shown an average 

minimum thickness as low as 3.5±1.0 mm in women and 4.1±1.1 mm for men, for the inferolateral 

region of the left ventricle at the mid-ventricular level, with multiple regions averaging 4-5 

mm.(193) In order to avoid potential bias of ECV values on partial volume effects, it is desirable 

to acquire images with increased resolution and reduced acquisition durations. It has been 
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proposed that acquisition during the end-systolic cardiac phase will mitigate partial volume errors 

due to increased wall thickness relative to the typically targeted diastasis cardiac phase.(194-196) 

However, this approach places higher demands on a shorter acquisition window due to the short 

duration of the end-systolic cardiac phase. 

This study introduces an alternative method to traditional T1-mapping based assessment of 

contrast agent concentration for estimation of ECV, with the aim of providing higher spatial 

resolution and a shorter acquisition window allowing for end-systolic imaging of the heart. The 

proposed method is based on signal intensity ratios between images acquired pre-contrast and post-

contrast agent delivery, with the estimation of contrast agent concentration using Bloch equation 

derived look-up tables (CLAIR - Contrast Level Assessment using Intensity Ratios). The primary 

goal of the current study was to evaluate the accuracy of the CLAIR method using numerical 

simulations, phantom experiments, and in vivo experiments in individuals without significant 

cardiovascular disease.   

6.2 Methods 

6.2.1 Theory 

Contrast Level Assessment using Intensity Ratios (CLAIR) 

Myocardial ECV is estimated based on the ratio of contrast agent concentrations in the 

tissue and blood pool, referred to as the partition coefficient (λ), with a correction for hematocrit. 

λ =
[𝐺𝑑]𝑡𝑖𝑠𝑠𝑢𝑒
[𝐺𝑑]𝑏𝑙𝑜𝑜𝑑

 

 

𝐸𝐶𝑉 = λ × (1 − ℎ𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) 

 

The relaxivity equation describes the changes in T1 and T2 as a function of concentration 

of gadolinium contrast agent. 

1

𝑇1𝐺𝑑
=
1

𝑇1
+ 𝑟1[𝐺𝑑] 

 

1

𝑇2𝐺𝑑
=
1

𝑇2
+ 𝑟2[𝐺𝑑] 
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where [Gd] represents the concentration of the gadolinium-based contrast agent (mM), 

while r1 and r2 denote the contrast agent’s proton relaxivity (mM-1s-1) for longitudinal and 

transverse magnetization, respectively.  

It can be seen that measurement of T1 values with and without gadolinium would allow for 

estimation of the contrast agent concentration, for example within the myocardial tissue. 

[𝐺𝑑]𝑡𝑖𝑠𝑠𝑢𝑒 = 𝑟1
−1 [

1

𝑇1𝐺𝑑
−
1

𝑇1
]
𝑡𝑖𝑠𝑠𝑢𝑒

 

 

 

Considering an ideal saturation recovery image, the signal intensity (I) can be estimated. 

𝐼 =  𝑀0 (1 − 𝑒
−𝑇𝑆
𝑇1 ) 

M0 is the net magnetization at equilibrium and TS is the saturation recovery time. 

 

The ratio between a pre- and post-contrast image can be calculated. 

𝐼𝐺𝑑
𝐼
=

(1 − 𝑒
−𝑇𝑆
𝑇1𝐺𝑑)

(1 − 𝑒
−𝑇𝑆
𝑇1 )

 

 

Furthermore, it can be modified to incorporate the relaxivity equation. 

𝐼𝐺𝑑
𝐼
=
(1 − 𝑒

−𝑇𝑆(
1
𝑇1
+𝑟1[𝐺𝑑])

)

(1 − 𝑒
−𝑇𝑆
𝑇1 )

 

 

Finally, it can be written in a modified format.  

𝐼𝐺𝑑
𝐼
=

(1 − 𝑒
−
𝑇𝑆
𝑇1𝑒−𝑇𝑆 𝑟1 [𝐺𝑑])

(1 − 𝑒
−𝑇𝑆
𝑇1 )

 

Therefore, the ratio between two images will be related to changes in T1, proportional to 

the amount of contrast agent present. 
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Given this, as an alternative to direct quantification of T1 values, the change in signal 

intensity in T1-weighted images with contrast agent delivery is proposed as a method to estimate 

the contrast agent concentration, using a Bloch equation-based look-up table approach (CLAIR - 

Contrast Level Assessment using Intensity Ratios) to account for effects of the imaging readout 

on the expected signal. The proposed pulse sequence for the CLAIR method and the Bloch 

equation simulation approach are described below.  

It is proposed that the relative change in myocardial signal intensity between pre-contrast 

and post-contrast scans will depend predominantly on the contrast agent concentration in the 

tissue, [Gd]tissue, which can subsequently be used to estimate ECV, as shown above, utilizing 

[Gd]blood from conventional T1-mapping.  

6.2.2 Pulse Sequence 

In order to provide predominantly T1-weighting, as well as sufficient temporal resolution 

to capture the end-systolic cardiac phase, a saturation recovery gated-segmented balanced steady-

state free-precession pulse sequence (bSSFP), similar to the previously published multi-contrast 

late enhancement (MCLE) sequence,(197, 198) was used. While the MCLE sequence uses an 

inversion preparation prior to a gated-segmented cine-acquisition, the CLAIR sequence uses an 

adiabatic non-slice selective BIR4 saturation pulse occurring at the time of the ECC trigger, to 

ensure predominantly T1-weighing in the acquired signal intensities, without dependence on 

magnetization history. Saturation-based imaging also increases scan efficiency as there is no 

requirement for full recovery of magnetization, as is the case for inversion-recovery imaging. A 

delay between the saturation pulse and the acquisition beginning near end-systole allows for pure 

T1-recovery prior to the onset of image acquisition (Figure 6.1). Imaging throughout this recovery 

interval prior to the frames of interest was avoided to minimize the number of radiofrequency (RF) 

pulses to center of k-space, as bSSFP signal intensities are a complex function of flip angle, T1 and 

T2 (approaching T2/T1 weighting with increasing number of RF pulses).(199) Additionally, 

potential effects of through-plane motion, which can increase signal intensities independently of 

T1 recovery, were also minimized by limiting the number of RF pulses prior to the centre of k-

space. To minimize artifacts arising from the approach to steady-state, linearly ramping the bSSFP 

flip angle for the first 13 RF pulses was performed. A segmented acquisition significantly reduced 

the acquisition window to mitigate motion effects at the targeted end-systolic cardiac phase and 

provided a cine time-series of images.  
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Numerical simulations, phantom, and in-vivo experiments used identical image acquisition 

parameters for pre-contrast and post-contrast agent acquisitions. Typical pulse sequence 

parameters were field-of-view = 340 x 340 mm, 8 mm slice thickness, echo time (TE) = 1.59 ms, 

repetition time (TR) = 3.18 ms, acquisition matrix = 256 x 192, phase resolution = 75%, views per 

segment = 13 (41.3 ms acquisition window per phase), linearly increasing RF pulses = 13, flip 

angle = 73°, pixel bandwidth = 890 Hz/pixel, a saturation recovery time (TS) = 300 ms, and a total 

acquisition time of 15 heartbeats. Typically, 6 images were reconstructed spanning end-systole to 

early-diastole, depending on the heart rate. Parallel imaging was not used but could be incorporated 

to reduce breath-hold durations. 

 

Figure 6.1: Schematic representation of the CLAIR pulse sequence, including simulation based 

plots of the magnetization (Mz – red; Mxy – blue) over the first 2 heartbeats, given a set of input 

parameters (T1 1175 ms, T2 50 ms, flip angle 73°, on resonance, B1
+ scale 1, TE 1.59 ms, TR 3.18 

ms, saturation recovery time (TS) 300 ms, saturation efficiency 100%, 13 view per segment). The 

post-contrast simulation uses a tissue [Gd] of 0.2 mM. The grey section in the cine readout reflects 

the ramped dummy pulses. 
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Figure 6.2: Schematic representation with example in vivo images, illustrating the initial 

acquisition at end-systole. Subsequent acquired segments correspond to images associated with 

progression through the cardiac cycle, from systole to diastole, with the typical radiofrequency 

(RF) pulse associated with the centre of k-space for the corresponding image, for the typical case 

of a 13 views per segment acquisition 

 

 

6.2.3 Bloch Equations Simulations and Lookup Table 

Generation 

Bloch equation simulations (custom software in MATLAB, The MathWorks, Natick, MA, 

United States) of the saturation-recovery bSSFP pulse sequence were used to generate a library of 

signal intensities for given input parameters including TE, TR, T1, T2, flip angle, excitation 

efficiency (B1
+), off-resonance, saturation recovery time (TS), saturation pulse efficiency and 

contrast agent concentrations, along with their respective relaxivities, r1 and r2. Simulations 

included the distribution of flip angles from the actual Sinc-Gaussian RF pulse (time-bandwidth 

product of 1.6), determined from Bloch-equation simulations of the excitation pulse waveform 

from the MRI scanner. As shown in Figure 6.1, the transverse (observable) and longitudinal 

magnetization are calculated continuously following saturation preparation, for a given contrast 

agent concentration. The signal intensity in each image phase (ex: images 1, 2, and 3 in Figure 6.1) 

was assumed to be equal to the transverse magnetization at the centre line of k-space. Other factors 
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that determine the acquired signal intensities such as spin density and receiver coil sensitivity are 

assumed to be unchanged between image acquisitions.  

 Lookup table simulations incorporated standard idealized input parameters, including an 

ideal saturation pulse efficiency of 100%, a homogeneous B1
+ field, a spatially uniform static 

magnetic field (B0) and non-contrast tissue T1 values of 1175 ms and T2 values of 50 ms. 

Evaluation of the effects of errors in these assumed input parameters was addressed using 

numerical simulations (below). A sample lookup table, relating the ratio of signals intensities and 

the corresponding tissue contrast agent concentration, using these assumed parameters, along with 

a 300 ms TS, and an r1 of 5.3 mM-1s-1 is shown in Figure 6.3. Comprehensive numerical 

simulations were used to calculate the dependence of the lookup table on all pulse sequence and 

tissue parameters. 

 

Figure 6.3: Sample lookup table, relating a signal intensity ratio of post- and pre-contrast images 

to the estimated tissue contrast agent concentration ([Gd]). 
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6.2.4 Numerical Simulations 

Bloch equation simulations were performed to validate the proposed CLAIR approach, for 

the estimation of contrast agent concentrations based on ratios of signal intensities, and to evaluate 

the dependence of the CLAIR method on the parameters incorporated into the lookup table, 

including a range of T1 (1000-1300 ms), T2 (45-55 ms), B1
+ (70-100% relative B1

+), off-resonance 

(0-120 Hz), and saturation efficiencies (90-100%), based on the range of expected values.(113, 

200) Specifically, the error in the lookup table-derived contrast agent concentrations was 

calculated as a function of error in the assumed input values for T1, T2, B1
+, off-resonance, and 

saturation efficiency. The proton relaxivities (r1 = 5.3 mM-1s-1 and r2 = 5.4 mM-1s-1) used were 

based on that of gadobutrol (Gadovist; Bayer HealthCare Pharmaceuticals, Montville, NJ) in blood 

at 1.5T.(Rohrer, Bauer et al. 2005) The range of [Gd] considered was limited to between 0.15-0.25 

mM, in keeping with our typical in vivo tissue concentrations results. While the experiments 

typically considered the 20th RF pulse, corresponding to the first cardiac phase acquired, 

simulations were completed for 95 RF pulses following the 13 opening ramped pulses, to allow 

evaluation of the CLAIR method for several cardiac phases. The error in the [Gd] as a function of 

the RF pulse number was evaluated, considering cases of errors in assumed baseline T1 or T2 values 

and an input [Gd] of 0.2 mM.  

6.2.5 Phantom Experiments 

The accuracy of CLAIR for the assessment of contrast agent concentrations was evaluated 

in a series of identical NiCl2-doped agarose phantoms with a range of concentrations of gadobutrol 

(0-0.5 mM). A Siemens Sonata 1.5T scanner (Siemens Healthcare; Erlangen, Germany) was used 

for all experiments with a simulated heart rate of 60 bpm. CLAIR pulse sequence parameters were 

as described in the Pulse Sequence section above. An inversion recovery spin echo experiment 

was used to obtain the gold-standard measure phantom T1 values and contrast agent concentration 

for comparison to CLAIR. Spin echo experiments with TR = 10 seconds were repeated with 11 

inversion times (22-4000 ms). As the spin echo experiment is not feasible for in vivo studies, an 

accurate breath-hold duration T1-mapping sequence, SAturation-recovery single-SHot Acquisition 

(SASHA),(51) was also performed in phantoms. Imaging parameters: field-of-view = 360 x 270 

mm, 8 mm slice thickness, TE = 1.39 ms, TR = 2.78 ms, acquisition matrix = 192 x 108, phase 

resolution = 75%, partial Fourier = 6/8, flip angle = 70°, pixel bandwidth = 1000 Hz/pixel. T2 
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values were measured using a series of spin echo images, with a 90° flip angle, TR 6000 ms, and 

7 TE times (8.3 – 400 ms). For CLAIR and SASHA, all phantoms were imaged individually using 

a small flex loop coil, to ensure similar B1
+ and B0 values for all samples.  

Linear regression was used to derive the r1 and r2 for gadobutrol in the phantoms, based on 

the prepared [Gd] along with the measured T1 and T2 values from the spin echo experiments.(201) 

For the phantom experiments, these relaxivities were used in the calculations of contrast agent 

concentrations in each phantom for the spin echo and SASHA sequences, and in the derivation of 

the CLAIR lookup table. The CLAIR lookup table also used the T1 and T2 spin echo values for the 

phantom without contrast agent as the assumed native T1 and T2 values. 

The mean signal intensities from a single region of interest (ROI) drawn in the centre of 

each phantom was used for analysis. 

6.2.6 In Vivo Experiments 

Twelve patients, from an ongoing clinical study of heart failure (Alberta HEART, Alberta 

Heart Failure Etiology and Analysis Research Team(143)) were included in the CLAIR study. 

Participants were free from known coronary artery disease and heart failure, with no evidence of 

scar on late gadolinium enhancement imaging. Imaging was performed on the same Siemens 

Sonata as the phantom experiments, using a body transmit coil and surface receive coils. Subjects 

underwent a comprehensive CMR examination, including standard bSSFP cine imaging for 

volumetric analysis, and phase sensitive inversion recovery imaging for qualitative scar 

assessment. T1-mapping using SASHA was performed at a basal and mid-ventricular short axis 

slice location, during end-diastole, while CLAIR was prescribed at end-systole, at a single slice 

location. The selection of TS for acquisitions starting at end-systole was based on the four-chamber 

cine acquired earlier in the scan. Typically, the SASHA mid-ventricular slice location was copied 

for the CLAIR acquisition at end-systole, but the slice-location would generally fall between the 

basal and mid diastolic slices, depending on the amount of systolic annular excursion. Acquisition 

parameters were as described above, with field-of-view adjustments based on body habitus. Post-

contrast imaging was performed starting approximately 15 minutes after administration of 0.15 

mmol/kg gadobutrol. All patients provided written informed consent with approval from the 

University of Alberta Health Research Ethics Board. 
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6.2.7 In Vivo Image Analysis 

All SASHA and CLAIR image analysis was performed offline by a single individual (JP) 

using MATLAB. T1 weighted images from SASHA were registered using non-rigid motion 

correction,(51, 182) independently for each slice, as well as separately for pre- and post-contrast 

acquisitions. For both SASHA and CLAIR analysis, a single ROI was drawn on the 

interventricular septum on T1 weighted images. The ROI was defined by a line drawn along the 

mid-line of the septum that was expanded in the radial dimension to define a region with a uniform 

thickness of 2 mm. Regions were copied between pre- and post-contrast acquisitions, for a given 

slice, to eliminate ROI size variability. Manual ROI adjustments were performed as needed to 

account for discrepancies in breath-hold location, cardiac phase differences, or if residual motion 

was present despite motion correction (SASHA acquisition). Only the first cardiac phase of the 

CLAIR data, at end-systole, was considered for comparison with SASHA, however all phases were 

analyzed to evaluate the dependency of the error in [Gd] as a function of cardiac phase. Figure 6.4 

illustrates sample pre- and post-contrast T1 weighted in-vivo images from CLAIR.  

 

 

Figure 6.4: Example pre- and post-contrast CLAIR images illustrating the acquisition of multiple 

images over the cardiac cycle. 

Analysis of the SASHA data also included a single ROI placed within the blood pool of 

the left ventricular cavity for blood pool pre- and post-contrast T1 measurements, for the 

measurement of blood [Gd]. For the in vivo experiment calculations, the proton relaxivities of 

gadobutrol in blood (r1 = 5.3 mM·s-1 and r2 = 5.4 mM·s-1) were used for all cases.(202) Derivation 

of the CLAIR lookup table, performed on a per subject basis, also used patient specific acquisition 

parameters (TE, TR, flip angle, TS time, views per segment, and number of linearly increasing 
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initial RF pulses), along with an assumed pre-contrast T1 of 1175 ms, T2 of 50 ms, on-resonance, 

B1
+ scale of 100%, and 100% saturation efficiency. 

In addition to [Gd], both λ and extracellular volume fraction were calculated in all subjects, 

as described in the Theory section. Specifically, measurements of [Gd]tissue were performed with 

CLAIR and SASHA, while [Gd]blood was measured with SASHA. T1 and [Gd] calculations were 

all performed using averaged ROI signal intensities from the T1-weighted images for both CLAIR 

and SASHA. 

For demonstrative purposes, parametric maps were created for both sequences. For the 

SASHA acquisitions, T1 maps were created at both slice locations based on registered T1 weighted 

images, for pre- and post-contrast times. For a given slice location, the pre- and post-contrast T1 

maps were then registered and used to create λ and ECV maps. Non-rigid motion correction was 

also performed for the CLAIR pre- and post-contrast images to create a signal intensity ratio and 

[Gd]tissue map, and subsequently maps for λ and ECV using the average [Gd]blood from the basal 

and mid SASHA slices. An example is provided in Figure 6.5. 
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Figure 6.5: Example SASHA and CLAIR images. Upper panel demonstrates post-contrast T1 

weighted images, with the fully recovered SASHA images displayed. The lower panel 

demonstrates the corresponding ECV maps. Arrowheads note areas of thin myocardium that are 

better resolved on the systolic CLAIR images. 
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For both SASHA and CLAIR acquisitions, the number of interpolated pixels over the mid-

ventricular septum was calculated based on the full-width half-maximum signal intensity profile 

across the septum. 

6.2.8 Statistics 

Data are presented as mean±standard deviation, or count (%), where applicable. SASHA 

values presented represent averages over both slices. Comparison of paired data for more than 2 

groups was performed using the Friedman test. Comparison of paired data for 2 groups, including 

any pairwise comparison, was performed using the Wilcoxon Signed Rank test, with Bonferroni 

adjustment of p-values where applicable. Correlation between SASHA and CLAIR was assessed 

using linear regression. Significance was set at p<0.05. Statistical analysis was performed using 

Stata statistical software (Version 11.2, Stata Corporation, College Station, TX, USA).  

6.3 Results 

6.3.1 Simulations 

The results of the simulations of the CLAIR sequence revealed small errors in estimated 

[Gd] due to errors in the assumed input baseline T2 = 50 ms (< 0.05% error in [Gd] for T2 between 

45-55ms), B1
+ scale = 1.0 (< 0.15% error in [Gd] for B1

+ scale between 0.7-1.0), and off-resonance 

= 0 Hz (<1% error in [Gd] for 0-120 Hz). The errors in [Gd] derived from the lookup table are 

approximately 6% per 50 ms error in the real native T1 value from the assumed input value of 1175 

ms (Figure 6.6a). Importantly, there is a positive bias in [Gd], and thus a positive bias ECV, for 

the case of true native T1 values that are greater than the assume value of 1175 ms. Thus, pathology 

associated with increased native T1 values will also increase the derived ECV values using the 

CLAIR approach. Smaller errors in [Gd], of approximately 1% per 1% error in saturation 

efficiency, were also noted (Figure 6.6b). The effect of the readout on the error in estimated [Gd] 

is demonstrated in Figure 6.7, showing increasing error with additional RF pulses, as a function of 

errors in assumed native T2 or T1, where errors are defined as true value minus assumed values of 

T2 = 50 ms and T1 = 1175 ms, for myocardium at 1.5T. 
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Figure 6.6: Simulation derived errors in estimated [Gd] as a function of errors in assumptions used 

in the lookup table derivation for A) T1 and B) saturation efficiency, shown for different estimated 

[Gd] values. 

 

Figure 6.7: Simulation experiments showing an increase in error in contrast agent estimation as a 

function of radiofrequency (RF) pulse number, including the dummy pulses. A) Errors in assumed 

T2 and B) errors in assumed T1 in the CLAIR lookup table, considering an input [Gd] of 0.2 mM. 

Black dots represent typical centre lines of k-space for a 13 views per segment acquisition. Errors 

are defined as true value minus assumed values of T2 = 50 ms and T1 = 1175 ms, for myocardium 

at 1.5T. 

6.3.2 Phantom Experiments 

The T1, T2, and calculated [Gd] values for the phantoms are shown in Table 6.1. 

Relaxivities for T1 and T2 for the phantoms were derived based on the known [Gd] in each phantom 

and the measured spin echo changes in T1 and T2 with increasing [Gd],(201) with best-fit values 

of 6.2 and 7.3 mM-1·s-1, respectively. T1 values from SASHA were systematically lower than those 
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from spin echo (p-value = 0.02), by an average of only 9 ms. Both SASHA and CLAIR showed 

mild non-significantly increased estimated [Gd] compared to spin echo values (adjusted p-value = 

0.08, for both cases), with an average difference of approximately 4.3% and 6.2% respectively. 

Similarly, there is a non-significant increase of estimated [Gd] between SASHA and CLAIR 

(adjusted p-value = 0.08), with an average difference of approximately 1.8%. Figure 6.8 shows an 

increase in this average error in contrast agent estimation, between CLAIR and SASHA, for the 

phantoms as a function of the cine readout. 

 

 

Table 6.1: T1, T2, and Calculated [Gd] values for the agarose phantoms 

  Spin Echo SASHA CLAIR 

Phantom Expected [Gd] T2 T1 [Gd] T1 [Gd] [Gd] 

  (mM) (ms) (ms) (mM) (ms) (mM) (mM) 

1 0 44.7 1105 - 1105 - - 

2 0.05 44.0 797 0.057 786 0.059 0.060 

3 0.1 43.5 643 0.105 633 0.109 0.112 

4 0.15 41.6 530 0.159 518 0.165 0.167 

5 0.2 41.7 450 0.213 440 0.221 0.226 

6 0.25 41.4 396 0.262 386 0.272 0.280 

7 0.5 38.4 249 0.501 240 0.526 0.529 
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Figure 6.8: The error in average contrast agent estimation (CLAIR vs. SASHA) for phantom 

experiments as a function of the RF pulse number in the cine acquisition. 

6.3.3 In Vivo 

The characteristics of the subjects are shown in Table 6.2. One subject did not have a 

hematocrit drawn, so was assigned a healthy female value of 0.42. Values from the T1 analysis of 

SASHA and CLAIR are shown in Table 6.3. Average CLAIR values for myocardial [Gd], λ, and 

ECV are all statistically increased as compared to SASHA (p-value 0.02 for all), with average 

relative differences of 4.8%, 4.6%, and 4.6% respectively, or absolute differences of 0.008 mM, 

0.017, and 1.0%. Excellent correlation is seen between SASHA and CLAIR values for [Gd], λ, 

and ECV (Figure 6.9), and is statistically significant for all (p-value <0.0001 for all). No significant 

correlation is noted between a subject’s native T1 value and [Gd] error (Figure 6.10), defined by 

[Gd] from CLAIR minus [Gd] from SASHA, normalized to [Gd] from SASHA. Figure 6.11 

summarizes the error of [Gd] as a function of cardiac phase, showing a box plot of the error in 

CLAIR estimates of ECV as compared to SASHA for all subjects, as a function of cardiac phase. 
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Table 6.2: Subject characteristics 

n 12 

Male n(%) 3 (25) 

Age (yrs) 62±11 

Height (m) 1.67±0.08 

Weight (kg) 68.4±10.3 

Heart Rate (bpm) 57±8 

Systolic blood pressure (mmHg) 122±17 

Diastolic blood pressure (mmHg) 70±14 

Diabetes n(%) 1 (8.3) 

Hypertension n(%) 8 (66.7) 

Hyperlipidemia n(%) 4 (33.3) 

Hematocrit 0.41±0.03 

LVEF (%) 65±5 

LVEDVi (mL/m2) 70±8 

LVESVi (mL/m2) 25±5 

LV Mass (g/m2) 50±8 

Positive LGE n(%) 0 (0) 

LVEF = Left ventricular ejection fraction, LVEDVi = Indexed left ventricular end-diastolic 

dimension, LVESVi = Indexed left ventricular end-systolic dimension, LGE = Late 

gadolinium enhancement 

 

 

Table 6.3: CMR values 

 SASHA CLAIR 

Native T1 (ms) 1194±31 - 

Blood T1 (ms) 1616±74 - 

Post-Gd Myocardial T1 (ms) 537±55 - 

Post-Gd Blood T1 (ms) 290±51 - 

Myocardial [Gd] (mM) 0.20±0.04 0.20±0.03 

Blood [Gd] (mM) 0.55±0.11 - 

Lambda 0.36±0.04 0.38±0.05 

ECV (%) 21±3 22±3 

Gd = gadolinium, [Gd] = concentration of gadolinium, ECV = extracellular volume fraction 
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Figure 6.9: Correlation of in vivo SASHA and CLAIR values for A) [Gd], B) lambda, and C) ECV 
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Figure 6.10: Relationship between in vivo contrast agent estimation errors vs. native T1 
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Figure 6.11: Error in in vivo average contrast agent estimation as a function of the RF pulse number 

in the cine acquisition. 

On average there are twice as many pixels across the ventricular septum with CLAIR 

compared to SASHA (21.1±2.9 vs. 10.1±2.4, p-value 0.0022).  

6.4 Discussion 
In this study, we presented CLAIR (Contrast Level Assessment using Intensity Ratios), a 

new method for estimation of myocardial contrast agent concentration and extracellular volume 

fraction using CMR. To minimize potential partial volume effects, CLAIR uses segmented 

acquisitions to enable increased spatial resolution in combination with sufficiently short imaging 

windows (~40 ms), capturing end-systolic frames, to both minimize potential motion-related 

blurring and yield an increased number of pixels across the myocardium. By comparison, 

conventional T1-mapping sequences typically have imaging windows of 150 to 200 ms.(50) 

CLAIR is based on a lookup table approach, where the ratio of pre- and post-contrast images is 

converted to contrast agent concentration. This approach was shown to have excellent 

experimental agreement with T1-mapping-derived contrast agent concentrations, in both phantoms 

and in vivo studies.  
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In recent years, the availability of, and demand for, non-invasive tests for diffuse 

myocardial fibrosis and other microstructural pathology have driven the field of T1-mapping. 

However, clinically applicable T1-mapping acquisitions require concessions to account for cardiac 

and respiratory motion and comfortable breath-hold duration. Specifically, the majority of T1-

mapping methods use single-shot imaging performed at end-diastole, where cardiac motion is 

relatively quiescent and more tolerant of the longer imaging duration (150 to 200 ms), with typical 

in-plane resolutions of 1.4 to 2.3 mm.(50) However, residual motion in diastasis, particularly with 

higher heart rates, and the resulting loss in achieved spatial resolution is difficult to quantify and 

thus not well understood. The potential for blurring in this situation, leading to partial volumes 

errors from surrounding epicardial fat or intraventricular blood, has previously been noted as a 

major concern.(50) 

In a recent study of 300 subjects free from cardiovascular disease,(193) the average 

minimum left ventricular wall thickness at a basal level ranged between 4.3 to 5.7 mm in women, 

and 5.2 to 6.9 mm in men. These values were smaller at the mid-ventricular level, with average 

minimum wall thicknesses of 3.5 to 4.9 mm in women and 4.1 to 5.6 mm in men. Given the 

moderate true acquired spatial resolutions of ~2 mm that are common in T1-mapping protocols and 

the additional effects of motion over the imaging window, there is potential for significant partial 

volume effects even when the myocardium appears well resolved from neighboring fat and blood 

pools. Indeed, a recent study of the shortened MOLLI (ShMOLLI) method comparing end-

diastolic and end-systolic image acquisitions found that the increased wall thickness with end-

systolic imaging yielded lower native T1 values, even in the thicker septal segments, which are 

ascribed by the authors to reduced partial volume effects from the longer-T1 blood pool.(196) 

Other studies have shown a similar reduction in native T1 with end-systolic imaging(194, 195); 

however standard diastasis imaging parameters were applied these studies to acquire images at 

end-systole, assumedly with conventional single-shot imaging windows of 150-200 ms. Like these 

previous studies, the use of end-systolic imaging in the current study was designed to minimize 

partial volume errors by increasing the number of pixels across the wall, averaging over double 

the numbers of pixels across the mid-ventricular septum. Additionally, the CLAIR method offers 

imaging windows that are ~3-4 times shorter than attainable with single-shot imaging, and thus 

can mitigate the blurring effects of these longer acquisition windows. CLAIR offers the advantage 

of a time-resolved cine acquisition, as shown in Figure 6.4, which offers the ability to use the 
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motion of myocardium and trabeculation, as well as improved blood-tissue contrast, to aid in the 

differentiation of muscle, fat, and blood pool. While the CLAIR analysis can also be performed on 

any of the acquired frames, deviation from T1 recovery weighting due to the bSSFP readout (Figure 

6.7 and Figure 6.8) provide rationale for limiting the analysis to only the first acquired cardiac 

phase in the current study. Furthermore, through plane motion of unexcited myocardial tissue 

through the rest of the cardiac cycle may contribute to additional errors with increasing cardiac 

phase. Through-plane motion effects likely account for the larger error in calculated contrast agent 

concentration with advancing cardiac phase in-vivo (Figure 6.11) as compared to phantom 

experiments (Figure 6.8).  

A potential additional feature of the CLAIR method is the simultaneous acquisition of 

cardiac function. CLAIR employs spatial and temporal resolution in keeping with guidelines for 

ventriculography.(203) Though CLAIR was acquired over 15 heartbeats, the use of parallel 

imaging, and/or increasing the number of lines per segment, could be used to reduce the breath-

hold as needed. However, as our CLAIR acquisitions included cardiac phases only until mid-

diastole, missing the important end-diastolic cardiac phase, we did not complete a head to head 

comparison in this study, as was performed for the MCLE sequence,(197, 198) so cannot speak to 

its performance in this respect. Nevertheless, there are no intrinsic limitations with the CLAIR 

method that would preclude the acquisition of cardiac phases to span the full cardiac cycle.  

There is potential for the CLAIR method to be used to evaluate the more challenging right 

ventricular (RV). However, despite the short end-systolic imaging windows used in the current 

study, there was insufficient consistency between or within subjects to proceed with formal 

analysis of the right ventricle. This is likely the result of the combined effects of low RV wall 

thickness, prevalence of epicardial fat, and the additional confounding effects of trabeculation, 

which together make robust identification of pure RV muscle pixels particularly challenging.  

6.4.1 Limitations 

While CLAIR provides estimates of [Gd], λ, and ECV using increased spatial resolution 

and end-systolic imaging, there are important limitations to this approach. Perhaps most 

importantly CLAIR does not directly calculate T1 values, but instead uses a lookup table approach 

that requires assumed input values for several parameters. While it was shown that the resulting 

calculated contrast agent concentrations are largely independent of flip angle, magnetic field 

homogeneity and T2, the calculated concentrations do depend on the native T1 values, with 
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approximately 6% overestimation of [Gd] per 50 ms error in the assumed T1 value below the true 

value. Fortunately, pathology associated with increased ECV has consistently been associated with 

increased native T1 values,(66, 67, 175, 204) such that CLAIR will tend to overestimate contrast 

agent concentrations, and thus ECV, when there is an increase in the native T1 values, thus 

providing an additive contrast mechanism. Importantly, the error in myocardial [Gd] estimated 

with CLAIR in the current study was shown to be independent of native T1 values, suggesting 

other factors dominate differences between CLAIR and T1-mapping estimation of ECV. Another 

limitation of CLAIR is that it is dependent on the use of contrast agents, and thus cannot be utilized 

in those unable to receive them. Also, the effects of inflow confound the applicability of CLAIR, 

where signal enhancement due to through-plane motion overwhelms the underlying T1 changes 

based on contrast agent concentration. Thus, CLAIR requires the acquisition of a conventional T1-

mapping sequence for a single slice for the estimation of blood pool contrast agent concentration. 

Finally, though CLAIR performed well in this small cohort of subjects, further work is required to 

evaluate its performance in larger studies with more diverse patient groups. Additionally, further 

work is needed to optimize the sequence to determine if CLAIR can provide estimates of ECV in 

the RV, potentially with optimization of sequence parameters to target the much thinner RV wall. 

6.5 Conclusion 
Utilizing a Bloch equation derived lookup table approach, the CLAIR sequence enables 

end-systolic estimation of contrast agent concentration and ECV. Numerical simulations show 

negligible dependence on assumed input parameters including T2, B1
+ scale, and off-resonance, 

and small dependencies on native T1 and saturation efficiency. In this preliminary work, good 

agreement was seen with a conventional T1-mapping approach in phantom experiments and in 

vivo. Further work, to evaluate its performance in larger, more diverse populations is warranted, 

along with exploring its potential for simultaneous assessment of ventricular function or its ability 

to accomplish assessment of the RV. 
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Discussion and Conclusions 

 

7.1 Summary 
In this thesis, T1-mapping is used to establish normative data spanning varying age ranges. 

Building upon this data, relationships are examined when the norm no longer exists, and the effects 

of chronic conditions, including risk factors for the development of heart failure and enzymatic 

deficiencies (Anderson-Fabry Disease), illustrate the benefit of non-invasive examination of 

changes to the cardiac extracellular environment. Finally, attempts to overcome some technical 

limitations of lower spatial and temporal resolutions approaches led to the development of a novel 

pulse sequence. 

Chapter 2 provides important normative data for the young child, where the availability of 

such information is sparse. The importance of reference data is of particular significance in the 

pediatric sphere, as reliable and available non-invasive assessments are extremely valuable as the 

risks associated with invasive assessments affect decision making of clinicians and researchers. 

This chapter demonstrates similarities between adult and pediatric data, including sex-related 

differences in native T1 and ECV, and highlights much of the challenges that exist within the 

pediatric population. 

Chapter 3, like its preceding chapter, aims to establish critically important normative data, 

in this instance in the adult population. Building upon this, sex-related differences are observed, 

and importantly, differences between the myocardial response to chronic stressors, such as 

diabetes and hypertension, are suggested by the loss of sex-related differences in myocardial native 

T1 and ECV. 

Chapter 4 builds on these sex-related differences, bringing the discussion into the realm of 

heart failure. While there is considerable overlap within the spectra of disease, subtle differences 

in myocardial native T1 and ECV are present between those with at risk for heart failure, those 

with heart failure and preserved ejection fraction, and those with heart failure and reduced ejection 

fraction. In particular, more similarities exist between men at-risk and those with preserved 

ejection fraction, while in women the two heart failure subtypes have more similar estimates of 

diffuse fibrosis. While the descriptive nature of these findings is important, the Chapter also 
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illustrates the prognostic impact of fibrosis, with significantly difference incidence of outcomes in 

those with abnormal myocardial T1 or ECV values. Unsurprisingly, the loss of prognostic 

importance when including additional variables demonstrates the complexity within the 

pathophysiology of cardiac illness. 

Chapter 5 begins to push the utility of these techniques into an often overlooked and 

challenging constituent of the heart: the right ventricle. Within, it is shown that the changes in the 

right ventricle, including reduced myocardial native T1, in patients with Anderson-Fabry disease 

appear to be similar to those in their left ventricle, and are more reflective of the same 

pathophysiological process of accumulation of intracellular sphingolipids. This contrasts with 

changes measured in patients with pulmonary hypertension, where increases in native T1 are noted 

and presumed to be related to myocardial fibrosis due to increased afterload. However, an 

important limitation within the study was the necessity to study those with hypertrophied right 

ventricles, as the relative thinness of right ventricular myocardium limits the widespread 

application of T1-mapping techniques. 

Finally, Chapter 6 attempts to overcome inherent limitations in existing T1-mapping 

sequences to present a novel pulse sequence and approach. The CLAIR method (Contrast Level 

Assessment using Intensity Ratios) showed excellent correlation with the more traditional method 

and provided around twice as many pixels across the interventricular septum due to a combination 

of improved spatial and temporal footprints, allowing for end-systolic imaging. Unfortunately, 

even with these improvements, robust analysis of the right ventricle was not feasible. 

7.2 Limitations 

7.2.1 Image Acquisition Strategies 

As with much in the field of MRI, trade-offs exist with balancing image spatial resolution, 

temporal resolution, and acquisition time. This is a keystone principle in cardiac imaging, where 

negotiating cardiac and/or respiratory phase is of critical consideration. 

The application of pulse sequences developed in adults to children is not always a linear 

translation. Many of the sacrifices made to acquire the T1-weighted images used in the T1-mapping 

sequences result in images with relatively low spatial resolution (larger voxel sizes) compared to 

other MRI images. These T1-weighted images may be of sufficient spatial resolution for an adult 

heart, over a sufficiently short imaging window for a typical adult heart rates, and the series of 
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images needed to calculate T1 values can be obtained over a duration that a typical adult can 

maintain a stable diaphragm position over a manageable breath-hold. However, the relatively 

smaller hearts, higher heart rates, and limited breath-holding ability of children lead to a challenge 

in deciding the extent to push sequence parameters in attempts to minimize errors from partial 

volume artifacts, blurring from myocardial motion over the image acquisition, and bulk cardiac 

motion between images. Many changes aimed at improving spatial resolution and acquisition time 

will come at the expense of signal to noise. The exact impact of these changes is not well 

characterized, particularly in pediatrics where improved signal may be present due to closer 

proximity of the heart to surface receive coils, and thus further study is required to better 

understand the impact and any potential clinical significance. 

Related concerns exist when considering applying T1-mapping to other thin walled 

structures in the heart, regardless of the individual’s age. While T1 measurements have been 

demonstrated in the right ventricle,(109, 181, 188, 205-207) it is significantly challenging in the 

non-hypertrophied ventricle, often required more complex approaches not readily available at most 

centres. Additionally, while studies have extended the use of T1-mapping into the atria,(208-210)  

histological validation has not been performed to confirm the findings. 

7.2.2 Normative Data 

For a biomarker to be useful for clinical or research purposes, there must be an 

understanding of expected, normal values to which those with suspected pathology can be 

compared. Portions of the work in this thesis were on the application of T1-mapping in healthy 

individuals, providing some early and important data in this regard. However, there are important 

considerations at various steps in the works.  

Research in children has unique challenges that do not present themselves in most adults. 

In particular, the level of acceptable risk within research studies is much stricter in children, 

particularly when most data on known or potential risks are derived from studies completed in 

adults. As such, recruitment of healthy children to receive intravenous MRI contrast agents is not 

possible, and thus normative data must be constructed from data collected from those who would 

be expected to have the lowest predicted risk of pathology. Similarly, the loud MRI environment 

and long scan times, where individuals are expected to remain as still as possible and follow breath-

holding commands, often necessitate general anesthesia in young children who are unable to 

comprehend the situation and processes. This introduces additional risks that once again would 
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not be acceptable to expose healthy children to. Therefore, obtaining normal values in the very 

young is extremely challenging. 

Unfortunately, the cardiac MRI community is still varied in its practice, and a unified 

consensus on a reference standard T1-mapping technique has not been achieved. This introduces 

significant variability across the literature, makes amalgamation of data difficult, and limits the 

generalizability of results. This is of particular significance in the pediatric age range, where 

establishment of centre specific normal, or normative, data would be challenging due to low 

volumes of cases, particularly those with a low index of suspected pathology. Thus, reliance on 

published normative reference data is of vital importance, though needs to be viewed with 

consideration given to the potential differences that may occur between institutions, MRI scanners, 

software versions, etc. 

7.2.3 Histological Correlation 

Generally, the use of T1 and ECV serve to act as a surrogate for changes occurring at the 

microscopic level, particularly using it to non-invasively explore what remodelling is taking place 

within the extracellular space. Importantly, however, while studies have shown correlation 

between T1 and ECV with fibrosis,(76-78, 80-85, 211) data from the chapters within this thesis do 

not have invasive tissue correlates to provide confirmation of the MRI findings. The invasiveness 

of tissue acquisition is not insignificant,(1) and thus obtaining such information systematically and 

in healthy individuals is difficult, and would be next to, if not entirely, impossible in children.  

Additionally, T1 is known to vary with other factors beyond extracellular space alterations, 

such as changes noted with iron overload and Anderson-Fabry disease,(55, 69, 72-75) which 

should always cause the clinicians and researchers to give critical thought to application and results 

of these techniques in patient and disease populations with different pathophysiology to published 

reports. Our study examining the native T1 changes in patients with either pulmonary hypertension 

or Anderson-Fabry disease did not have histological correlation to support findings; however, the 

findings are in line with T1 changes reported in other studies in the left ventricle in those with 

Anderson-Fabry disease(73, 74) and the right ventricle of those with pulmonary 

hypertension.(181, 205) Thus, there is reasonable biological plausibility to the findings presented. 

7.3 Future Directions 
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7.3.1 Longitudinal Data 

While larger, possibly multicentre, studies to obtain more comprehensive normative data 

for all age ranges would be of significant value, serial measurements within individuals via a 

longitudinal cohort would provide a better understanding of the changes that occur through 

development and healthy aging than can be estimated via cross-sectional data. Though not 

practical from birth to death, specifically obtaining longitudinal data over specified critical 

developmentally and hormonally shifting time periods, such as puberty or menopause, may help 

better understand any developmental or age related changes, and provide for better understanding 

and interpretation of results in the context of the age strata.  

7.3.2 Prognostic and Outcome Data 

Within the works of the thesis, we explore some of the ways in which native T1 and ECV 

can provide useful information. This can be within the diagnostic realm, such as aiding in the 

detection of a suspected condition (ex: low native T1 in Anderson-Fabry disease) or understanding 

the pathophysiology of different disease states. Certainly, as more studies are performed with 

native T1 and ECV, our knowledge about cardiac remodelling with only continue to expand. As 

noted in Chapter 4, native T1 and ECV may additionally provide prognostic data, helping clinicians 

to provide more comprehensive counselling to our patients. The T1-mapping community is in its 

relative infancy in this sphere, and it can be expected that we will see much more information in 

short order, as follow up studies are completed and published. However, native T1 and ECV may 

additionally provide important targets to follow response to treatment strategies, such as enzyme 

replacement therapy in patients with Anderson-Fabry disease, or anti-fibrotic therapies in patients 

with heart failure or Duchenne muscular dystrophy. These examples merely scratch the surface on 

an essentially unlimited clinical and research avenue. 

7.3.3 Technical Advancements 

While perhaps the most important advancement in the T1-mapping field came with the ability to 

acquire the data reliably within a single breath-hold, taking off after the introduction of the MOLLI 

sequence by Messroghli et al.(63) Since that time, many of the advances have been aimed at 

improving the accuracy or precision of the results, with some changes as simple as more optimal 

sampling schemes,(50, 87, 142, 212, 213) or others focused on alternative magnetization 

preparation schemes.(51, 214, 215) Additionally, sequences like CLAIR (Chapter 6) and 
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Accelerated and navigator‐gated look‐locker imaging for cardiac T1 estimation (ANGIE)(188) 

attempt to address limitations in spatial resolution to aid in assessment of thinner walled structures. 

This is primarily done with a segmented imaging approach, either within a breath-hold (CLAIR) 

or navigated free breathing acquisition (ANGIE), both of which have advantages and 

disadvantages. Regardless of demographics, advances in rapid image acquisition, such as 

improvements in parallel imaging techniques and compressed sensing(216) will likely provide 

benefits that can be leveraged into improvements in overall acquisition time, temporal footprint, 

and/or spatial resolution. Many of these advances may potentially provide particular benefit in the 

pediatric age range, where smaller heart sizes, higher heart rates, and limited breath-holding 

abilities are prevalent. Sequences are being designed to be purposefully run free breathing, without 

the use of a navigator-based strategy, and may provide particularly useful in children. 

It is important to put perspective to the works of the thesis. The T1-mapping technique 

utilized in Chapter 2 remains in use in the largest CMR program in Canada, as it continues to be 

the current clinical product MOLLI sequence. The data provided within the Chapter continues to 

represent one of the largest cohorts of pediatric aged participants. However, in additional to direct 

longitudinally acquired data alluded to above, perhaps the use of novel approaches to T1-mapping, 

such as free breathing acquisition strategies,(217, 218) may allow for non-sedated CMR studies to 

be performed more easily in children less than 8 years old, who may be cooperative enough to lie 

still for a study, but not able to adequately perform a breath-hold. Since the time of data collection 

for Chapters 3 through 6, the prototypical SASHA sequence used has seen technical improvements 

in spatial resolution, variable flip angle single-shot imaging, saturation pulse design, saturation 

recovery time sampling strategies, recovery curve fitting strategies, and free breathing 

acquisition.(200, 217, 219, 220) These improvements primarily aim the precision of the method, 

without significantly affecting its accuracy. Since the publication of Chapter 3, a study of healthy 

individuals was completed using the majority of these improvements.(221) In the study, the 

authors found a similar sex-related difference in both native T1 and ECV as was found in our study 

(1120 ms and 22.6% in men vs. 1171 ms and 26.0% in women). The cohort also had MOLLI and 

ShMOLLI T1 data, which showed similar sex-related differences, but characteristically different 

native T1 and ECV values as compared to SASHA. In keeping with our study, there was an absence 

of age-related association with SASHA native T1 and ECV values. Since the preparation of 

Chapter 4, or prior for that matter, there have not been any publications examining the differences 
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between heart failure groups or the association of outcomes utilizing the SASHA sequence, 

irrespective of its acquisition parameters. Since the time of the publication of Chapter 5, there have 

been few publications on T1-mapping in Anderson-Fabry disease, with one publication attempting 

T1 analysis in the right ventricle.(222) Importantly, subjects were not selected based on a minimum 

wall thickness, and the study was performed at 3T using a MOLLI T1-mapping sequence. Over 

25% of the participants were not able to have right ventricular measurements performed, likely 

related to an average maximum wall thickness of 3.7 mm. While lower right ventricular T1 values 

were present between those with Anderson-Fabry compared to individuals with hypertrophic 

cardiomyopathy, they were statistically increased as compared to within other portions of the left 

ventricle. However, very poor reliability measures for the right ventricular measurements raise 

significant concerns of errors presumed to be related to partial volume artifacts. While additional 

studies have examined left ventricular T1 values in subjects with pulmonary hypertension, only 

one further study not referenced in Chapter 5 specifically measured right ventricular T1.(205) 

However, as it was a contemporary publication to Chapter 5, it utilized the original MOLLI variant 

that most of the T1-mapping community has moved away from. Finally, the spirit of Chapter 6 is 

pervasive throughout the T1-mapping community, in attempts to improve the robustness and 

reliability no matter the region of the heart or the population of interest. Much of these 

improvements have been alluded to in previous references, and it would be unfeasible to detail all 

possible combinations and permutations of sequence variants that currently, or previously, exist. 

However, it would appear since the time Chapter 6 was prepared, few studies have focused on 

benefits of end-systolic T1-mapping. By reducing the readout duration to approximately 160 ms, 

on average a 209-255% increase in the full-width-at-half-maximum intensity profile was achieved, 

with native T1 times at 3T of 1563 ms, comparable to SASHA 3T diastolic values.(223) However, 

it is important to note that simply applying the same diastolic imaging parameters to the systolic 

phase resulted in non-significant increased native T1 values compared to both the systolic-

optimized approach or imaging in the diastolic phase. Thus, appropriate use of T1 mapping requires 

careful consideration of the multitude of patient and technical factors to ensure the most accurate 

and meaningful results. 

Of course, as we have seen within the field, issues exist with fragmentation of the 

techniques used and therefore the variety of expected values. This unfortunately introduces 

potential trepidation in the acceptance and dissemination of novel techniques, as the breadth of 
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existing data may not be relatable to that which is newly acquired. Attempts at standardization are 

an important part of the field, and through work such as the T1MES phantom,(132) may provide a 

means for establishing accurate relationships and/or conversions between methods. 

7.4 Conclusions 
The utility of cardiac MRI is nearly unrivaled by other modalities, and its ability in tissue 

characterization is a significant strength, particularly as alternatives are often invasive and carry 

non-significant risks. Myocardial fibrosis, be it focal or diffuse, is prevalent in many different 

conditions, and has been associated with adverse clinical status and outcomes. Importantly, 

however, while fibrosis may be the most common and ubiquitous pathological change affecting 

most hearts, there are other histopathological processes that may be non-invasively detected with 

cardiac MRI. 

Notably, while initial uses relied on qualitative, relative signal differences for detection 

and diagnosis of pathology, the progress in the field to develop more robust, clinically practical, 

quantitative measures provides for opportunities not previously available, such as assessment of 

diffuse myocardial fibrosis. Important in the understanding of pathological processes is 

understanding the normal situation, with availability of reference values for comparisons. Related, 

appreciation of differences that may exist between sex and through aging aids in the contextual 

application of acquired data. Differences exist between females and males, and thus should be 

taken into consideration when interpreting subsequent results; meanwhile variation with aging 

does not appear to be present, which may aid in extrapolation of data from adults to the more 

challenging to study pediatric population. 

Importantly, different diseases demonstrate diverse patterns in native T1 and ECV. 

Mimicking findings on the left ventricle, when right ventricular hypertrophy is present in patients 

with Anderson-Fabry disease, a reduction in native T1 is present, suggesting a different mechanism 

to the hypertrophy than noted in those with pulmonary hypertension. While heart failure may be a 

unifying constellation of symptoms, differing patterns of native T1 and ECV in those at risk for 

heart failure, with preserved ejection fraction, or with reduced ejection fraction can be observed, 

particularly when considering sex-related patterns. 

Technical developments have allowed for significant advancements in T1-mapping, 

leading to a widespread adoption and utilization; however, challenges exist in the application in 
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areas of relatively thinner myocardium. Ongoing improvements in sequence design, and 

alternative strategies like CLAIR, strive to enable reliable assessments in these regions. Challenges 

continue to face the community, such as the challenge found in evaluating young children or the 

right ventricle, however enduring advances lead to optimism of inevitable success. 
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