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Abstract
Heart Failure with preserved Ejection fraction (HFpEF) is a cardiovascular condition which is
steadily on the rise. It is a major affliction in the elderly with higher incident rates in females and
the obese. Exercise intolerance even to submaximal exercise is the cardinal symptom of this
disease. Clinical trials have shown an improvement in the quality of life and stamina in patients
after supervised exercise training. Recent studies have indicated determinants to exercise
intolerance may be present in peripheral micro-vasculature & skeletal muscle function, in
addition to cardiovascular deficiencies.

Traditionally, HFpEF studies have been conducted via ultrasonography in the past. The thesis is
proposing a Magnetic resonance imaging (MR) protocol which can efficiently map peripheral
blood flow, skeletal fat composition and exercise ability of subjects during the exercise training
visits. Detailed temporal information gathered from visits and longitudinal data over the duration
of study can help us understand reasons of the exercise intolerance better.

v
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Overview

Heart Failure with preserved Ejection fraction (HFpEF) is a prominent cardiovascular condition.
It is seen in approximately half of the reported heart failure cases today. Even with research
efforts underway on several fronts, its determinants have not been very well understood. With
changes in lifestyle and food habits in modern times, rate of incidence of cardiovascular diseases,
including HFpEF are on the rise. This thesis attempts to document the procedure which is
planned to non-invasively measure several parameters in an HFpEF clinical study, with the hope
better understanding its onset and progression. The document is structured as follows.

Chapter 2 deals with introduction to the problem. The clinical markers of this disease are
elaborated. Current & past research on this topic has been discussed. The chapter attempts to
highlight the findings of these research in our current understanding of the disease. It justifies the
rationale of designing the current study protocol in furthering our understanding.

Chapter 3 describes the fat water separation technique via magnetic resonance imaging and
spectroscopy. This chapter elucidates the evolution of fat-water imaging from its inception to the
current state-of-the-art techniques. This section of thesis describes the various tests and
verification which have been done to accurately measure fat quantity in images from the study.
In-vivo and in-vitro fat quantification, relative performance of different spectral models and
effect of averaging have been summarized.

Chapter 4 elaborates on perfusion calculation. The current investigation proposes measuring
perfusion and its patterns in calf muscle group. Investigating the differences in healthy and
diseased subjects will throw light on how skeletal muscle and peripheral vasculature play their
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role in this diseases’ progression. Modus operandi of registration and segmentation of various
quantitative images have been discussed. The temporal information obtained from perfusion,
taken together with structural/anatomical information seem promising avenue to pin-point the
muscular determinants in HFpEF.

Chapter 5 involves description of an ergometer and work measurement system. Work and power
measurements are planned on both healthy and diseased subjects during the study. Since,
inability to perform sub-maximal work is an attribute of HFpEF, it would be important to
combine information on perfusion trends & anatomical structure with results of exercise testing,
done in the same time frame.

The thesis is concluded with discussion of strengths, weakness and future scope of these assorted
techniques.

2

2
2.1

Literature Review
Heart Failure: Scope of the problem

Cardiovascular diseases are leading causes of death, accounting for 17.3 million mortalities
worldwide as of 2014. These numbers are projected to rise to approximately 25 million by 2030
[1]. Every year approximately 787,000 people die from heart related conditions in US, which is
one in every three deaths [2]. These statistics correlate well with the global trends in mortality [1,
3, 4]. Heart Failure (HF) is a condition prominent among the cardiovascular diseases and is
steadily on the rise. In a broad sense, it is the inability of the heart to meet the metabolic
demands. It is a leading cause of morbidity and reduced life-span. Even with the advent of new
research techniques and considerable endeavor, its effects have mostly been irreversible. As per
the recent statistics, 5.7 million HF patients are currently residing in US, with approximately
870,000 new cases being reported per annum[1]. The mean survival time of these patients is 5
years post-detection. The treatment cost of HF to the US healthcare system is $32 annually [2-5].

Heart Failure with preserved left ventricular ejection fraction (HFpEF) accounts for
approximately 50% of the reported cases of HF. It is more common in the elderly population,
specifically in overweight females[6]. Exercise intolerance is the cardinal symptom in these
patients [7, 8]. This intolerance, manifested as dyspnea and fatigue in sub-maximal exercise, is a
major factor in their reduced quality of life. The reason behind manifestation of these symptoms
are yet to be understood [7, 9]. Morbidity and mortality of HFpEF patients are similar or worse,
as compared to Heart Failure with reduced ejection fraction (HFrEF) subjects. With the
prevalence of HFpEF relative to HFrEF rising at ~1% per year, the former is poised to become
the more prominent epidemiologically, without concrete prevention pathways understood [10].
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Clinical interest in HFpEF has traditionally emerged from the confluence of two areas – diastolic
left ventricular (LV) dysfunction and LV remodeling after myocardial infarction (MI).
Hypertrophic cardiomyopathies were considered to largely emerge from LV dysfunction and
soon after, HFpEF was identified also in post-infarct patients [11-15]. This ambiguous origin of
HFpEF contributed to the confusion surrounding its distinct diagnosis. Cardiac myopathy indeed
has little in common with MI and hence HFpEF has to occur for reasons which are independent
from occurrence of this heart condition. In past literature, HFpEF has been commonly referred to
as diastolic HF. But since diastolic LV dysfunction is observed in HFrEF as well, the
nomenclature has been replaced with HFpEF [16]. HFpEF classification is now based on strict
inclusion criteria which primarily consists of at least 50% LVEF and no evidence of coronary or
peripheral arterial disease, with evidence of pulmonary edema and hypertension[17].

HFpEF is poorly understood because of complex involvement of several factors. Heterogeneity
in the patient population has confounded researchers. The definition and detection criteria has
mildly varied in reported studies [17]. Although these studies associate exercise intolerance and
non-cardiac factors to exercise intolerance, as the primary symptoms, variation in inclusion and
exclusion criteria has been observed. These pertain to vascular dysfunction, pulmonary
hypertension, renal failure, anemia, skeletal muscle dysfunction and presence of comorbidities[17]. Initially HFpEF was characterized as a HF condition having normal systolic LV
performance but slow diastolic filling, isovolume relaxation and increased wall stiffness [11, 14,
16]. Cardiac output (CO) does remain depressed in HFpEF as comparison to age matched
healthy subjects [10, 18-21]. Opinion remains divided on whether impaired CO is secondary to
lower end diastolic volume (EDV) or reduced heart rate (HR) [22]. LV wall stiffness in HFpEF
has been identified and attributed to the complex relationship between cardiomyocytes,
4

extracellular matrix and over-expression of matricellular proteins, which may inhibit wall
distention required to efficiently pump. Reduced aortic distension has also been observed in the
patient population, which is nominally higher than age-matched healthy people [23]. Although
abnormalities in the cardiac system exist, these dysfunctions seem to have milder impact since
global measures of systolic functions have been reported to be preserved [24]. Recent studies
have indicated they are not as impaired as in the case of HFrEF, but impose limitations on
mobility of subjects when coupled together with exercise intolerance [25, 26]. This brings the
focus of current investigation on the peripheral circulation and its attributes.

2.2

Exercise training and the role of exercise testing

HFpEF is characterized by exercise intolerance even in sub-maximal exertion. The reasons for
the same remain a matter of speculation [27, 28]. Exercise intolerance has been objectively
quantified via changes in peak VO2 consumption by expired gas analysis. Peak VO2 (pVO2) can
be explained in terms of the Fick’s equation,
VO2 = CO × (Ca – Cv) = (HR×SV) ×AVO2

(Eq. 1-1)

Ca and Cv are arterial and venous oxygen content. HR is the heart rate and SV is the stroke
volume, which combine to form CO. AVO2 is the arterial-venous oxygen difference, equivalent
to difference of Ca and Cv. Hence VO2 can be influenced by either reduced supply of oxygen or
reduced exchange of oxygen in the muscular compartment, indicated by a reduced arterialvenous oxygen difference (AVO2) [17]. The results indicated by the studies show that all these
factors play roles in the progression. Peak HR is seen to be depressed in HFpEF patients across
all studies. But its effect may not be causal, since HR could be controlled by several other
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circulatory factors. SV is seen to be depressed, secondary to inability to reach higher EDV.
AVO2 is seen to be severely diminished with regards to the control group measured in these
previous studies [29, 30]. In absence of substantial improvement in the heart’s function,
improvement in pVO2 has been reported by endurance physical training of HFpEF patients. This
indicates vascular and skeletal musculature factors are important in alleviating the morbid
conditions and quality of life (QOL) score [31-40]. However exact mechanism for this pVO2
improvement are still unclear. Haykowsky et.al conducted a 4 month multi-center trial which
corroborated results from past studies with smaller populations [31, 41]. These trials report the
baseline or resting cardiovascular characteristics to be same between patients and controls.
Hence, one or more factors could be very different only when a subject is exercising.

To seek answers along these lines, Kitzman et.al and Haykowsky et.al have investigated HFpEF
parameters in upright bicycle tests. HFpEF subjects were recruited from hospital visits to Wake
Forest University Baptist Medical Center (WFUBMC). Measurements and validation of clinical
condition was performed before randomly assigning subjects to intervention and control groups.
Intervention group was subjected to a 4 month duration medically supervised cardiopulmonary
exercise training on a Schwinn Aerodyne bicycle (Louisville, CO) whereas control group was
simply monitored with reminders and questionnaires [31]. Resting heart-rate, end diastolic
volume, stroke volume, systolic, diastolic and mean arterial pressures were identical between the
groups. However, exercise regimen indicated that intervention group had better response to
muscular demands. Peak heart rate was slightly better in case subjects. A model analysis
ascertained that 84% of the improvement was due to the changes in the AVO2 for the case group
and 16% being due to CO improvements. However, this study could not comment whether
improved peripheral circulation, better perfusion or fiber compositional changes mediated the
6

improvement. A follow up study by Kitzman et.al in 2013, investigated the effect of exercise
training on flow mediated dilation of arterial walls and endothelial function [42]. This study
acknowledged the roles of impaired arterial and/or skeletal muscle function in severe exercise
intolerance as a starting assumption. Endothelial function was speculated to be lower in HFpEF
patients as compared to healthy normal subjects. The study found no improvement in flow
mediated dilation or change in arterial stiffness in major vessels in response to exercise mediated
O2 demands. Hence, evidence pointed to the fact that oxygen uptake was impaired either due to
circulation abnormalities or composition of muscle tissue, when peripheral arterial functions
were normal.

Though these results are promising, they are not completely in agreement with similar exercise
studies conducted at other research institutions. Hambrecht et.al. infer the increase to be
mediated by cardiac output [35, 36, 38] whereas Dubach et.al lay more emphasis on AVO2
difference [37]. The bulk of the evidence however lays weight on the claims of AVO2 being the
primary effector, as reported by cross-sectional analysis by Bhella et.al [29]. Most of these
studies however point to HFpEF being caused due to micro-vascular and/or skeletal muscle
adaptations [43-47]. Summarily, peak VO2 is shown to increase as much as 10% due to AVO2
with clinically noticeable improvement in QOL and possibly lesser mortality in the longer run
[48-51]. Also, some vital parameters such as peak heart rate, heart rate reserve, and oxygen pulse
are also shown to improve noticeably by exercise training. In the absence of significance gains in
quality of life by medication alone, it is important to investigate the effect of physical exercise,
and the musculoskeletal factors it is tied to. Obesity, which is highly prevalent in HFpEF also
adds to the metabolic costs of exertion. By gross addition of mass and constriction of vascular
pathways, it could be potentially be leading to aggravation of the disease condition [17, 52]. This
7

further underscores the need for mapping of oxygen utilization or perfusion analysis through
exercise testing and imaging patients and normal subjects.

2.3

Studying Muscle Perfusion in HFpEF via Magnetic Resonance

Skeletal muscle is the largest tissue in the body. It is also unique among tissues in that its
demand for energy can rapidly increase 10-50 fold during activity. This demand is met by an
increase in heart rate, perfusion, AVO2 exchange rate, and a decrease in systemic vascular
resistance[53]. As described, HF subject exhibit reduced exercise-mediated energy supply
quantified in terms of peak VO2 uptake (pVO2). Magnetic resonance imaging (MRI) and
spectroscopy (MRS) are invaluable tools in evaluating several parameters of patients during
exercise non-invasively.

In addressing HFpEF, Puntawangkoon et.al described that mechanisms other than cardiac output
were responsible for exercise intolerance in HFpEF patients [54]. They concluded that submaximal exercise-induced femoral flow is reduced even if CO is preserved. The number of
subjects they studied was low to reach statistical relevance to conclusively state reduced flow as
an effector to drop in peak muscle oxygenation, assuming all other factors remaining same. With
Kitzman et.al indicating improvement in pVO2 with exercise training in a larger trial, it is
evident that non-cardiac factors are important in differentiating morbidity and quality of life
HFpEF [54]. AVO2 improvement was not sufficiently answered by their trial covering bicycle
tests and echocardiograms, but it seemed crucial in understanding exercise intolerance and
dyspnea.
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In addressing the current question for finding the determinants of pVO2 & AVO2 reduction, we
draw inspiration from two studies in particular. Pollak et.al studies Arterial Spin Labeling (ASL)
based MRI to measure peak-exercise calf muscle perfusion in subjects with peripheral arterial
diseases (PAD) [55]. In this study all exercises were conducted in supine position. The study
used PICORE, a variant of pulsed ASL technique along with flexible multi-channel coils to
measure perfusion in the lower extremities. Contamination of perfusion signal by intravascular
blood was minimized by QUIPSS-II saturation technique. Their study measured perfusion across
different muscles in the calf in context of PAD in reaching conclusions. The pVO2 improvement
could be due to increase in volume of blood at the oxygen exchange site or better efficiency in
exchange. This study design can address solution to the first part i.e. measure perfusion
quantitatively.
Better quantification methods have recently been reported in measuring limb perfusion
phenomena. Grozinger et.al conducted a study to measure the effective reactive hyperemia in
PAD patients. The study involved the use of pseudo-continuous ASL (pCASL), a more recent
implementation of ASL, which scores higher in quality over PASL technique. Incorporating the
exercise test protocol from Pollak et.al and integrating the technological advances via pCASL,
the current study is better positioned than previous studies to evaluate the challenges of
measuring extremity perfusion in HFpEF patients.
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3
3.1

Fat and Water Quantification
Introduction

Robust imaging and post-processing techniques are needed to quantify human adipose tissue
distribution. Accurate determination of fat and water are necessary in several studies to monitor
clinical interventions. With obesity being an important attribute in HFpEF, it is crucial to
understand what role it plays in HFpEF onset and aggravation [2, 56-58]. It remains to be
understood as what the thresholds of tolerance in HFpEF and how presence of fat in skeletal
muscle affects the perfusion or pVO2 levels. Fat-water imaging enables us to get images and
fraction maps of fat or water content only, in the region of interest (ROI). Water image closely
relates to the location of muscle space and fat image overlays with marrow and subcutaneous fat
deposits. The perfusion images from the skeletal muscle suffer from distortions due to fast
imaging sequences. It is easier to perform accurate registration of these images to the water
image, because of similar lower resolutions as well as attribute of the water image highlighting
just the muscular space. These images also are pivotal in identifying various sub-regions in the
ROI during segmentation, by various logical manipulations exploiting just the water and fat
locations. Fat water techniques can not only enable us to find the exact volume or mass of fat in
any particular slice, but the fraction maps can give detailed description of how much percentage
of fat a particular pixel contains. Such detailed information is only unique by fat water separation
technique, which is otherwise not available by processing information from T1 or T2 weighted
images.

Magnetic Resonance techniques have provided a wide array of sensitive methods to characterize
and assess fat in the body [59]. Since water and fat are different chemically, they could be
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resolved by either selective excitation of fat, employing their vast T1 differences or exploiting
their different precession frequencies. There are several practical challenges to fat suppression by
saturation prior to water measurement, due to B0, B1 non-uniformities and magnetization
transfer effects. T1-differences lead to techniques such as Short Tau Inversion recovery (STIR)
and Fluid attenuated inversion recovery (FLAIR). In both these techniques, we are able to
measure just either fat or water. Also, they are prone to field distortions and attenuation is never
perfect due to pulse sequence and hardware limitations. Many of these drawbacks have been
addressed by newer techniques which exploit the difference in chemical shift between fat and
water. In such techniques, we can simultaneously get both the water and fat images by measuring
a combined signal. This is advantageous over T1-based or Spectral fat saturation methods, where
measuring a single species is the end result.

3.2

The Dixon Technique and Spectral fitting

W.T Dixon published a novel way of resolving fat and water signals[60], combining ideas of MR
spectroscopy with imaging. There have been several improvisations to increase accuracy of the
technique [61, 62]. To understand the technique, let us consider the case of 2 echoes.

In a 2-point Dixon technique, the signal originating from the region of interest is assumed to
have only two components i.e. water at 4.7ppm and fat at 1.3ppm. The scanner is set to acquire
two echoes, one with dominant fat peak and water magnetization being in-phase and the other in
which the two species are out of phase. This is a good model for measuring water and the –CH2
content, which has the highest spectral peak. The TE times can be set according to the B0
strength of the scanner. The chemical shift depends on the molecule and scales according to B0.
At 3T, this is roughly equal to 4.6ms (~1000/420Hz, the difference in resonant frequencies of the
11

species). Hence every 4.6ms, the signal can be derived from fat and water being in phase, and
every 2.3ms after the TE, spins be out of phase. Dixon showed that, with such an arrangement it
was easy to create separate water and fat images by solving a set of equations. The in-phase
image will be considered |SFAT + SH2O|. Similarly, the out of phase image will be characterized
by | SH2O – SFAT|. We can solve this system of equation to estimate the fat and the water image
respectively.

𝑆𝐹𝐴𝑇 =

|𝑆𝐼𝑃 − 𝑆𝑂𝑃 |

𝑆𝐻2𝑂 =

|𝑆𝐼𝑃 + 𝑆𝑂𝑃 |

2

2

Figure 3-1 Dixon Technique illustrating in & out of phase spins
12

(Eq. 2.1)

(Eq. 2.2)

IP represents in-phase image and OP represents out-of-phase image. This simple solution to
estimate a voxel’s fat content ignores additional corrections from T2* relaxation, diffusion and
other phase anomalies which could result from hardware constraints, eddy currents and B1
inhomogeneity[63]. Although Dixon’s 2-point method explains the rationale of collecting
separate signals from fat and water well enough, it is far from perfect because fat is never just
one species and the above mentioned sources of error can never be completely resolved. B0 field
is always inhomogeneous. With imperfections, the parallel and antiparallel alignment is not
perfect. The added and subtracted images contain admixtures of both fat and water. To overcome
such issues, multi-point Dixon methods acquire 3 or more echoes. With additional information
obtained with more number of echoes, the phase errors may be accounted for by solving a
system of linear equations. Hence literature exists for various techniques and methods devised
around Dixon techniques with 3 or more echoes.[63, 64]

However, a fundamental problem in such quantification is with the nature of fat itself. Lipids invivo and otherwise are seldom a single chemical entity. They are composed of fat molecules of
different carbon chain lengths and exhibiting different electron shielding. True signal consists of
multiple signals with various resonant frequencies. Complexity of the fat spectrum is a
confounder in imaging techniques that simplify fat quantification into a single-peak model.
Getting more number of echoes in the Dixon method tries to alleviate the deleterious effects of
the mentioned factors, but it still assumes the fat is a single peak and hence leading to inaccurate
quantification.
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Figure 3-2 Spectral model of fat peaks
(Courtesy: Reeder et.al. Reproduced under fair-use permission from NIH)
Spectral modeling based approaches uses information from typically six or more echoes to fit the
acquired signal into a mathematical model and evaluates the contribution of each peak (or
species). This non-linear fit better accounts for the multi-peak nature of the true signal.

Spectral techniques rely on two approaches: magnitude model technique and the complex model
technqiue. In such a model, signal from our region of interest containing two entities, such as
water and lipids, at an echo time can be written as,
∗

𝑠(𝑡𝑛 ) = (𝑊 + 𝐹𝑐𝑛 )𝑒 −𝑅2𝑒𝑓𝑓 𝑇𝐸𝑛

(Single R2*) (Eq. 2.4)
∗

∗

𝑠(𝑡𝑛 ) = (𝑊𝑒 −𝑅2𝑤 𝑇𝐸𝑛 + 𝐹𝑐𝑛 )𝑒 −𝑅2𝑒𝑓𝑓 𝑇𝐸𝑛

(Dual R2*)

(Eq. 2.5)

Where, 𝑐𝑛 = ∑𝑝1 𝑟𝑖 𝑒 𝑗2𝜋𝛥𝑓𝑖 𝑇𝐸𝑛 is a complex term which is supposed to be known a-priori, with Δfi
(i = 1, 2 …P) representing frequency shifts of peaks & ri representing normalized amplitudes
[65]. Non-linear fitting can be done by Levenberg-Marquardt least square fitting technique. After
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demodulation of the phase-shifts caused by inhomogeneity maps, estimates of components are
made using pseudo-inverse multiplication of matrix to get estimates in in the least square sense
[65]. Magnitude based fit only considers the modulus, whereas complex fitting considers the
additional phase channel as well. Better estimations to fat quantity are possible when dual R2*
based fitting is employed. Water R2* and effective R2* are used. A graphical representation of
the function with respect to time is given below.

Figure 3-3 Absolute Value of signal from signal equation
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3.3

Evaluation of Fat Water Quantification Accuracy

Before calculating fat compositions in subjects, it is crucial to test and perfect the technique
required for computing these percentages. This step can be performed by a systematic validation
of parameters required in acquiring the images.

In testing Fat Water percentages, Siemens Medical Systems extended its help in providing a
state-of–the–art lipid computation module. The Advanced Fat & Iron Quantification package
with Multi-Echo GRE was used in all subsequent calculations of fat and water percentages. It is
based on a 3D VIBE sequence in performing acquisitions. The package supports up to 32 echoes,
although requirements and configurations could lead to computations based on fewer echo
acquisitions. Multi-peak fat modeling is the crucial addition which allows to set and tweak the
model parameters required in the least square based fitting process. Additionally, the software is
robust to account for B0 and B1 inhomogeneity. Many of the technological advances from
previous product lines have enabled accurate quantification currently.

Test images were acquired on different emulsion strengths or intralipids, to verify the accuracy of
reconstruction. Several tubes containing standardized concentrations of emulsions were
assembled in a rack. 10 tubes with increasing amounts of fat-fractions from 0% (distilled water)
to 100% lipid, were arranged. Five pure lipid samples were also kept in the rack to evaluate the
reconstructed fat percentages of different compositions. The pure oils consisted of commercially
available Canola, Peanut, Vegetable, Corn oils with a sample of Mineral oil provided by Siemens
Healthcare. The phantoms were designed to be stable, inert and durable. These sample tubes
were gently shaken before being scans to avoid any heterogeneity in composition that may have
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occurred from separation of the emulsion. A pictorial representation of the arrangement of
different true fractions is as shown below.

Figure 3-4 Scheme of phantom used in fat-water reconstruction evaluation
In acquiring images, the voxel size was set at 1.6x1.6x4mm. The acquisition matrix measured
256x102. Six echoes were acquired for all experiments. The configuration file was set to
generate both magnitude-only reconstruction and complex fit based outputs. The protocol was
configured to record 60 coronal slices, with R-L phase encoding. In evaluating fat percentage, a
slice from the middle section of the tube was chosen. To find the best configuration, getting the
following information was crucial.


Choice of spectral model



Number of averages required



Flip angle in excitation.
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3.4

Choice of spectral model

The Fat-Water quantification package allowed to use configuration files to enable customization
of the model to which lipid signals could be fit. Accordingly, three widely cited models were
tested. The criteria of final choice was the maximum range of fat percent values obtained.


Hernando Model [66]
The fat signal peaks are designated at -3.8253, -3.4714, -2.7645, -1.8680, -0.5026 and
0.5324 ppm relative to water. These peaks have relative amplitudes of 0.0945, 0.6466,
0.0967, 0.0226, 0.0222 and 0.0883 respectively.
Hernando et.al Model

4

2

0

2

4

ppm

Figure 3-5 Spectral model referenced by Hernando et.al.


Yu Model [67]
Hangzhou Yu et.al suggested a six peak model based on peanut oil studies. The chemical
shifts defined at -3.2882, -2.4890, 0.7359, -3.6953, -1.8320 and -0.36 ppm. The relative
amplitudes are 0.62, 0.15, 0.10, 0.06, 0.03 and 0.04 respectively.
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Yu et.al Model
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Figure 3-6 Spectral model referenced by Yu et.al.


Ren Model [68]

Ren et.al proposed a model based on experiments conducted at 7T on human adipose and
marrow tissue. This was a 7-peak spectral model with shifts at -3.72928,-3.32928,3.03928,-2.59928,-2.37928,-1.85928 & 0.680722 ppm respectively. The relative
amplitudes are 0.08251, 0.6273, 0.07155, 0.09576, 0.0655, 0.0153, and 0.0419.
Ren et.al Model
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Figure 3-7 Ren et.al 7-peak adipose fat model
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A combined overlay of the three models is shown in the following diagram.

Figure 3-8 Combined overlay of peaks from different spectral models
All the models performed closely in terms of dynamic range of fit. Ren model performs
incrementally better than the other two, having approximately ~3% higher dynamic range.
Because of the 7-peak configuration, the least square algorithm better fits the complex fat signal.

Figure 3-9 Comparison of lipid signal models with NEX=32
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3.5

Choice of Averaging value

Noise is always present in any image, and its effect on the SNR can be practically reduced by
averaging. We proceed with prescribing multiple acquisition in the fat water quantification
sequence parameters and the output images are the simple averages of these acquisitions. But
averaging also increases the scan time required to get desirable data. Hence, an optimal value of
the number of averaging is required to balance the needs of getting accurate fat percentages
along with reasonably short scan time.

To find an optimal of repeat acquisitions (NEX), a trend test was conducted to visualize the
quality of reconstruction as a function of NEX. NEX was incremented up to 32 in unit steps, the
maximum permissible value defined by the protocol. A single measurement was taken. Two
sample tubes were selected (30% and a 100%) to observe the differences. The trends are
summarized by the plot below.

Figure 3-10 Trends of averaging seen in 100% lipid (peanut oil)
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Figure 3-11 Trends of averaging in 30% Lipid
The acquisitions were observed to have high reconstruction accuracy even in lower number of
averaging. However, since a benefit of consistency could be seen in having NEX>10. Having a
high NEX produced scans which had uniform value of pixels in the ROI. Granularity due to
noise gradually dissipated away. For all the further phantom and in-vivo reproducibility, NEX
was set to 16.

3.6

Determination of suitable flip angle

Flip angle is crucial in determining fat percentage accurately. If the net magnetization tipped into
the transverse plane is too small, the signal becomes indistinguishable from noise & SNR
remains low. If the flip angle is set high, the signal suffers from T1-weighting based artifacts,
leading to incorrect detections. Hence, a suitable balance was sought. The scanner limits the flip
angle below 4°. A test was carried out to measure the relative performance of flip angles.

Flip angle

20% True

30% True

100% True

4°

21.4

33

98.4

7°
10°

35
46.4
99.8
43.8
50
99.9
Table 3-1 Variation in Fat% due to flip angle
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Figure 3-12 Reconstruction accuracy as function of FA (top-bottom) 4°, 7° 10°
Hence, the measurements become less reliable and deviate higher from the ground truth, as we
increase the flip angle. The value of 4°, configured as default in the scanner is retained.
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3.7

Repeatability test on Phantoms

To evaluate consistency of measurements, repeatability test is necessary. The first phase of
repeatability involved scanning the phantoms with the refined protocol on different scans,
sessions and days. Three scans were performed every session with shimming introduced in
between each acquisition. There were two sessions spaced within 24 hours. This schedule was
repeated for two dates. The combined result was analyzed by a 4 way Analysis of variance
(ANOVA) which generated p-values for repeatability across day, session and scans.

A good degree of consistency was observed in between scans and within the same session. The
results of the ANOVA is summarized as follows, along with a plot indicating the spread of fit at
each value.

4-Way ANOVA: Phantom Scans
Source

Sum of Sq.

DF

Mean Sq.

F

Prob. > F

Scan

0

2

0

0.02

0.9849

Session

0.3

1

0.3

0.94

0.3362

Day

0.1

1

0.1

0.23

0.6304

Sample

99687.1

5

19937.4

58761.78

0

Error

21

62

0.3

Total

99708.5

71

Table 3-2 ANOVA on Phantom scans

24

Fat-Water QC (Phantom) with Error-bars
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Figure 3-13 Plot with error bars indicating the quality of fit at each intralipid value.

3.8

Repeatability test via in-vivo scans

After successful validation of the repeatability of measurements in phantoms, it is crucial to
check the quality of acquisitions in-vivo. The repeatability test was conducted through scanning
two subjects on different dates. A single session with two was conducted each day. The subject’s
calf was scanned via a knee coil. The placement of the coil was around the gastrocnemius muscle
distal to the knee. Sample intralipid tubes (0%, 20% and peanut oil) were attached to the calf to
compare the quality of acquisition with the range of values acquired from previous phantom
scans. Measurement of in-vivo fat was done on the bone marrow which is understood to have
very high fat proportions [69, 70]. The following scans show the measurement of intralipid fat
percentages mapped along with representative phantom scan values.
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Comparision of values in 0 FP between in-vivo & phantom scans
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Figure 3-14 Values of 0% FP obtained in-vivo with the values measured in phantom.
Comparison of 20% FP samples from In-vivo scans and phantom scans
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Figure 3-15 Values of 20% FP obtained in-vivo with the values measured in phantom
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Comparison of 100% FP from Invivo and Phantom scans

Measured Values

100
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Invivo
phantom
1

5
Samples of 100% FP from Invivo scans and phantoms

10

12

Figure 3-16 Values of 100% FP obtained in-vivo with the values measured in phantom
Representative images from in-vivo scans are illustrated below.

Figure 3-17 Representative In-vivo scans
Subject
Fat % (at Marrow)
D1
94.5%
D2
95.1%
BK1
94.1%
Table 3-3 Measurement of fat percentage at marrow
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3.9

Calculation of fat quantity

The calculation of fat quantity in images can be done from the Fat fraction maps generated by
this protocol. In doing so, some preliminary pre-processing is necessary. The fat fraction maps
are a result of least fit and therefore contain significant background noise. Also, the different
regions of the slice need to be designated in order to meaningfully calculate fat quantity. Calf
slices have two dominant regions of fat – the subcutaneous envelope and the bone marrow. There
are also pockets of intramuscular fat in the muscle space.

In order to effectively ascertain fat quantity, the Fat fraction map needs to be registered into the
T2 reference space. In doing so, there are several advantages. Slice masks created from T2
images and covering just the ROI can effectively eliminate the background clutter. Masking
labels based on T2 images, marking the different sub-regions in the ROI can be employed to
extract only the dominant fat portions. These can also be employed to suitably calculate fat
composition across all sub-regions. An example of mask overlay on a processed Fat fraction map
is shown in the following graphic.

Figure 3-18 Fat fraction map with label mask overlaid
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Using the fat fraction map, and the tissue labels mask, we can do a pixel by pixel multiplication
to ascertain a numerical estimate of the total voxels of fat contained in each of these sub-regions.
Knowing the pixel dimensions and the density of adipose tissue (0.9 gm./ml), we can ascertain
volume and mass of fat contained in our slice. The process of creation of labels and statistic
calculation is covered in the following chapter.
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4
4.1

Blood Flow Quantification with ASL techniques
Introduction

Chronic heart failure, of both preserved and reduced ejection fraction types, are understood to
have circulation deficiency as a common effect. The baseline and exercise response of HFpEF
patients in particular, are quite different from healthy normal subjects [22, 24, 30, 31, 34, 71, 72].
In addition to chronotropic incompetence, several other vascular and musculoskeletal factors
have been identified in recent years. These have opened new lines of investigation into the cause
of HFpEF onset and progression [31, 36, 46].
Fick’s principle indicates that inability of oxygen delivery may be due to blunted cardiac output
(CO) or Arterial venous Oxygen difference i.e. a bulk measure of the oxygen extraction
efficiency in skeletal muscle [17, 57]. Cross sectional studies by Borlaug et.al indicate the
oxygen deficiency to be primarily caused by a blunted CO, secondary to impaired HR, and
myocardial contractility[25]. A similar study by Abudiab et.al have indicated that diastolic
dysfunction creates sufficient congestion by fluid overload to impair CO [73]. Kitzman et.al have
shown that lower peak VO2 (pVO2) in HFpEF patients is not only by reduced CO but also via
lower Arterial venous oxygen difference (AVO2) [74]. Similar results by Bhella et.al, also
indicate that cardiac reserve is not seriously impaired and the abnormal hemodynamic response
is similar to patients with skeletal muscle dysfunction. This points to blunted AVO2 as the culprit
in exercise intolerance [29]. These facts do fit into our overall understanding, since exercise
training doesn’t improve HR or arterial dilation but quality of life and cardiorespiratory fitness
scores, reported by patients is still higher [7, 30, 75]. Understanding AVO2 mechanisms and
reasons for its depressed values in HFpEF is important to understand HFpEF itself.
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Investigating into the causes of reduced AVO2 difference, there could be multiple factors causing
this abnormality. The primary mechanisms governing the utilization of oxygen by the exercising
tissue are based on the delivery of oxygen by the vasculature and the diffusion of the oxygen into
the mitochondrial space. Although the nature of utilization by the tissue has been addressed by
other studies, it is paramount to understand the temporal nature of blood flow to tissue bed in
HFpEF [53]. Although, Doppler studies have measured blood flow in the aorta, information is
still limited on the supply of blood to the skeletal muscles & limb extremities during exercise
[30, 75]. Also, understanding the nature of blood flow will enable us to understand the secondary
effects of HFpEF as decreased vascular reserve and alternate circulation pathways [54]. Efficient
quantification of blood flow will throw light on staging the progression of this debilitating
condition more effectively.

4.2

Perfusion measurement by ASL

Perfusion implies delivery of oxygen-rich blood to the capillary beds, and is quantified in terms
of amount delivered per unit time, per unit amount of tissue [76]. It is an important metric
supporting cell viability and function. The determination of perfusion is of importance from
physiological investigation to therapeutic evaluation. Although several modalities offer the
possibility of measuring perfusion such as

15

O PET, and

133

Xe SPECT, there are many

advantages of using MRI to measure it. With modalities requiring a contrast agent, there are
always constraints set by toxicity on how much data can be acquired.

Arterial Spin Labeling (ASL) techniques are commonly used to investigate perfusion. Introduced
by Detre et.al, they are an important class of quantitative imaging techniques [77]. Perfusion was
earlier measured by dynamic contrast enhanced MR techniques, which involved injecting a
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contrast agent such as Magnevist™ intravenously and then acquiring T1-weighted images
rapidly before the contrast effects faded from the circulation. Although proven to be safe and
providing high quality images, it was still invasive. ASL fulfills many of the attributes of an ideal
perfusion measurement method, namely being non-invasive, quantitative in absolute terms, and
spatially & temporally well-resolved. With use of blood water molecules as endogenous tracer,
data can be repetitively measured every couple of seconds, without any loss of temporal quality,
a serious drawback with injection-based measurement techniques. The ASL signal is
proportional to number of perfusing spins. Since ASL measures the difference in tagged and
control image, the change is very small, in the order of a few percent of the total signal in either
control or label. Hence, this leads to poor signal to noise ratio (SNR). ASL also required fast
acquisition methods like the echo planar imaging (EPI). EPI is prone to field distortions,
ghosting and magnetic susceptibility. Motion of the ROI being imaged can further aggravate the
problem. With specific adaptations introduced in the last few years, some of these problems have
been adequately resolved [78-83].

Basic ASL measurement consist of magnetic labeling to modify longitudinal magnetization of
blood water in a tag plane proximal to the imaging plane. When allowed to flow for a defined
transit time (TT), the magnetically labeled blood reaches the tissue at the time of rapid
acquisition. The blood magnetization is of the order of few percent of the static magnetization of
background tissue. In order to view only this magnetization, the static tissue magnetization is
removed by a control acquisition immediately after, in which an inflowing blood isn’t labeled.
The difference of tagged and control image leaves us with the blood magnetization observed in
that duration. We can quantitatively deduce the blood flow with application of the kinetic
model[84].
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Although several imaging sequences exist, the labeling methods can be broadly categorized into
Continuous ASL (CASL), Pulsed ASL (PASL) and Pseudo-continuous ASL (pCASL) [76, 84].
pCASL is an extension of the ideas in CASL, incorporating several advantages of the PASL such
as high SNR and usability of regular clinical MR without modifications. It mimics the short
pulsating tagging of PASL, with the longer tag duration of CASL, which results in higher
amount of signal and lesser tag dispersion. This is a significant advancement over both the parent
techniques.

Current implementations of pCASL involve a long train of slice selective RF pulses applied at
the labeling plane, along with gradient pulses which have small values. The RF spacing is kept as
short as possible, typically in order of 1ms. When the gradient and RF are properly calibrated
flow mediated adiabatic inversion occurs similar to CASL. In order for pulses to remain in phase
with spins, the phase of the nth pulse is set γnGTZ, where γ is the gyromagnetic ratio, G is the
mean gradient (typically 1mT/m), T is the RF pulse spacing (in milliseconds), and Z is the
distance from the iso-center of gradients, to the labeling plane. In the control image, phase of
every other RF pulse is shifted by π to keep an unbalanced control i.e. keeping the gradients
between label and control different, which achieves minimization of off-resonance artifacts and
abnormalities. [85].

Using pCASL, magnetization transfer effects are greatly minimized since the magnitude of
gradients is typically large. This creates a larger resonant offset for spins distinguishing it from
the static tissue[86]. The signal quality in such cases is retained since the water signal doesn’t
diminish. It mimics CASL without having to operate the transmitter continuously. It enables high
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tagging efficiency although operating in a pulsed fashion. Summarily, this method of ASL
provides many technological benefits over its predecessors.

Measurement of perfusion in skeletal muscle is much sought after identification of its needs in
studies spanning several disciplines. It is often challenging since it is characterized by certain
unique kinetics. Unlike brain imaging, where the location of a small, the transit times are longer
and comparable to the T1 recovery period. Resting and maximal flow rates can be different by
several folds in most organs. The carotid artery and cardiac arteries typically have circulation in
the vicinity 60ml/100ml/min at rest which can go up by 2-4 folds during systemic demands. The
dynamic range of perfusion in the skeletal muscles is much higher. The basal perfusion can be in
the range of 5-10ml/100ml/min which can go higher than 80-100ml/100ml/min in situation
where muscle needs to perform peak exercise [87] The rate of change of flow can be large too,
as noted by plethysmography during reactive hyperemia. Normalized femoral blood flow after
reactive hyperemia has been found to be 90 ml/min/kg-muscle mass [88, 89].

4.3

Measuring skeletal muscle perfusion in HFpEF

Skeletal muscle perfusion has been investigated previously with various ASL techniques, which
have been based on CASL and PASL to evaluate various physiological parameters such as
apparent T1 and steady state saturation [88, 90-93]. Pollak et.al used PICORE PASL technique
to study peak exercise calf perfusion in subjects with peripheral arterial disease [55, 94]. The
study showed it was possible to get consistent and reproducible results from circulation
compromised subjects using ASL techniques. Grozinger et.al have researched similar objectives,
but using pCASL sequence [95]. The current plan of measuring perfusion draws inspirations
from these projects and has been tested initially on healthy subjects with reasonable outcomes.
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Patient preparation: In investigating skeletal muscle perfusion, the test subjects will need to be
appraised of the procedure involved in the MRI based exercise test. A suitable load on the
ergometer is to be determined by adjustment of the pneumatic pressure [7, 74, 75]. This is to
ensure the subject is able to perform steady, sub-maximal exercise until exhaustion or fixed
duration of time, whichever is applicable. The subject is to be positioned on the scanner table,
and a 15-channel knee coil is to be placed around the gastrocnemius muscle, such that the coil is
positioned around the region of maximum circumference. The patient is to be advised on doing
plantar flexion and extension of the feet, with the designated load on ergometer unto exhaustion
or a fixed time duration.The acquisition of the perfusion signal follows immediately thereafter.

Acquisition description

The pCASL labeling sequence consists of a train of 35° Gaussian pulses, each with a duration of
600μs and separated from the next by a 600μs gap. For the control sequence, the configuration
remains the same except that the phase of the pulses are inverted by π to keep an unbalanced
control. The tag duration during labeling is set 1200ms followed by a delay of 1500ms.

Figure 4-1 Label & Control: RF and gradient scheme
(Courtesy: Grozinger et.al. 2013: τ = 1200ms, ΔT = 1500ms)
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Immediately after either labeling or control part is over, the image acquisition is performed by a
2-dimensional Echo planar imaging (EPI) sequence. The acquisition consists of 50 control and
label pairs, and a M0 magnetization which is helpful in normalizing the data to perform
quantitative calculations. Thus, 101 images measuring 64x64 pixels are to be acquired, each
covering 7 slices for a total of 84mm along the length of the imaged volume. The pixel
dimensions are set at 4x4x12mm.

A high resolution 256x512x70 pixel T2 weighted image is also acquired after the perfusion
image. This high resolution image with pixel dimensions of 0.5x0.5x2.4mm is useful for
registering all other quantitative images to its native space. Doing so enables comparisons and
statistical calculations with convenience.

Post processing & blood flow quantification

The files obtained from session are first converted to NIFTI format from the original DICOMs.
Thereafter the naming is changed to a human comprehensive according a pre-defined
convention. A script (msk_lut_rename) takes in a text file of source and destination names and
location, and does the first stage of organizing the data.

Figure 4-2 File conversion and rename operation
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The second stage of processing involves registration of all files to the T2 space. This is done by
several pathways. For fat-water images and fraction, the fat-water in-phase image is taken as the
reference to be first registered to T2. The in-phase magnitude images exhibit all major
anatomical landmarks. These images are registered to T2 via FLIRT, tool of FMRIB software
library [80, 81, 96]. The transform matrix obtained from this step is applied to Fat and Water
images, and fraction maps. The transform also scales & resamples the images.

Figure 4-3 Fat & Water image set registration
The perfusion images, unlike the fat-water image set consists of 4-dimensional images. Usable
information such as perfusion weight images and blood flow maps are derived first. These
additional processing, before transforming to T2 space, is done by shell and MATLAB scripts.
The pCASL 4-dimensional data is registered to itself to account for any inadvertent motion
during the long acquisitions. MCFLIRT is used to register the 4D file with the first file, i.e. the
M0 image as the reference.
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Figure 4-4 M0, Control and Label self-registered images.
A custom MATLAB script (msk_perfusion_processing) separates the M0 image, and performs
Control and Label subtraction to yield Perfusion Weighted Images (PWI). These PWI files are
4D and qualitative representations of the perfusion. Since there is a finite delay in acquiring the
individual slices, a mono-exponential decay correction is applied using the knowledge of
repetition time (TR) and inversion time (TI). Doing so corrects the fade-off effects between
slices.

𝑃𝑊𝐼𝑖 =

𝑃𝑊𝐼𝑖
⁄ [−(𝑖+1)(𝑇𝑅−𝑇𝐼)]
𝑒 (𝑁−1)𝑇1

(Eq. 3-1)

Where, i denotes the ith slice and T1 is the T1 value of the blood (1600ms). PWI data is
converted to absolute blood flow (ABF) data by the following conversion on a pixel-by-pixel
basis:

𝑓 =

𝜆
2𝛼𝑇1

𝛥𝑀

(𝑀0 )

1
−𝛥𝑡
[𝑒 𝑇1𝑏

−(𝛥𝑡+𝜏)

(Eq. 3-2)

− 𝑒 𝑇1𝑏 ]

Where, f denotes the absolute flow value in ml/100ml/min, ΔM is the perfusion weighted image,
and M0 is the equilibrium magnetization of the blood. T1 of muscle is assumed to be that of the
38

blood. The symbols α (0.095) and λ (0.09 ml/g) are the tagging efficiency of RF and blood-tissue
partition coefficients [95]. Tissue masks derived from M0 images can be used to clean the
background clutter, leaving us with image containing only the perfusion information.

Figure 4-5 Representative ABF volume from 4D data.
The ABF 4D data indicates temporal trends in perfusion over discrete time points. To estimate
perfusion at any arbitrary time, it is beneficial to fit the ABF to mono-exponential function
according to the time-points of data collection. Doing so makes it easier to study its decay and
provides an estimate of the peak perfusion, a value otherwise inaccessible because of the finite
delay in acquiring the first control-label pair. MATLAB can be used to fit the 4D ABF data on a
pixel by pixel basis into a mono-exponential model given by:

𝑌 = 𝐴𝑒 −𝐵𝑡 + 𝐶

(Eq.3-3)

Through the fit, 3D datasets ABF Peak, ABF Exponent and ABF control are generated, which
are maps of peak perfusion values, rates of decay and quality of fit respectively. This model
works rather well for our estimation of peak perfusion immediately after exercise. However,
there are lacunae which still exists. This model becomes unsuitable for estimation when the
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blood velocity drops beyond a certain threshold. It is hard to distinguish noise from true signal in
the perfusion. Also, in the current design there is a gap mediated by acquisition of the M0 image.
The perfusion information lost in the first ~3 seconds could be vital, if the drop from peak
follows a nature which is a higher order exponential rather than a simple mono-exponential. This
problem however can be mitigated by acquiring the M0 in the end rather than in the beginning.

Figure 4-6 Temporal fitting of perfusion data for a representative pixel.
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Figure 4-7 (L-R, Bottom) Peak, Exponent and Quality Map from ABF.
The perfusion data can be registered through the M0 image. The M0 image is registered to Water
image registered into the T2 space. The transformation matrix obtained in the process is used to
register the ABF-derived images into the T2 space.
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Figure 4-8 Perfusion data registration schematic.

Figure 4-9 (L-R) Peak (ml/100ml/min) and decay rate (s-1) overlaid on T2 image
4.4

Segmentation and Statistics

Calculation of statistics pertaining to fat composition and perfusion in muscle space, requires the
identification of different regions. Four major regions can be identified in an axial slice of the
calf, namely subcutaneous fat, skeletal muscle, bone cortex of tibia and fibula and their
respective marrows. The task of identifying and labeling the regions is done by a MATLAB
script which utilizes T2, Fat and Water fraction images to create the different labels.

42

The process is automated to a large extent by means of a control script. This control script
contains the input file-paths and parameter flags. By keeping standard naming conventions, it is
easy to utilize the same control file for different dataset, hence speeding up the processing task.
The control file also has different input and output options. The segmentation script creates a
tissue mask out of binary T2-weighted image and the registered in-phase (IP) image. This helps
in keeping only relevant information and nulling background for all the resampled images. which
are being utilized. A representative image shows the process.

Figure 4-10 Tissue mask creation. (L) Binary T2 (R) ‘Hole-filled’ Tissue mask
The tissue mask can be eroded to create skin mask. The skin mask is beneficial in removing the
thin layer, which is often responsible for bleed-through effects in registering perfusion images.

Figure 4-11 Skin Mask created from tissue mask
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Operating via Otsu’s threshold, complementary nature of fat and water images, and logical
operations of AND & OR, it is possible to create the labels for individual tissues. The fraction
map can be binarized and cleaned, to provide map of the subcutaneous fat and bone marrow
predominantly.

Figure 4-12 Bone Marrow and Subcutaneous fat derived from fat-fraction.
Water image can be stripped off the skin layer by simple logical operation. This provides us with
just the muscle space. A mask created of such a muscle space is beneficial is separating the
binarized fat into separate marrow and cortex images.

Figure 4-13 Skin-stripped water mask
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Figure 4-14 (L) Subcutaneous mask and (R) bone mask.
Although, the program is capable of detecting the bone marrow, manual intervention is
recommended the identification of bone cortex. The thin profile and irregular shape makes
correct automated identification a tough situation. In correct identification of the cortex will lead
to poor detection of the bone marrow enclosed. Third-party, open-source tools like ITK-SNAP
can be used to identify and region grow the bone marrow label. This can be fed to the program,
using the control file to generate more accurate and well-delineated regions.. A representative
tissue label mask is illustrated.

Figure 4-15 Composite Tissue label via MATLAB
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Statistics calculation is done by using the generated tissue label and specific image in question.
The label mask and an image can be multiplied by pixel by pixel basis and the values summed up
to give the total composition marked by the tissue label mask. MATLAB scripts (msk_label_stat)
can be used conveniently to process the data and find common statistics such as mean and
standard deviation over slices or the volume. The calculations are saved onto a spreadsheet for
easy access and comparison.
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5
5.1

Instrumentation for Exercise Physiology
Introduction

Although MR techniques look into vascular parameters post-exercise, it is crucial to develop
means of getting exercise work & power information in addition. Peak VO2 is reported as a
standard practice but it may not mean much in the context of ability of work for a subject.
Comparing exercise intolerance between subjects and gauging improvement requires work and
power quantification be done as part of exercise testing and longitudinally during the course of
the study. Kitzman et.al have shown that exercise intolerance conditions can be improved by
physical training [30, 41, 75]. Heart Rate recovery post-exercise has been used as a yardstick to
predict longevity for clinically morbid HF patients [97]. During exercise training, Kitzman et.al
reported improved peak HR & chronotropic competence in response to exercise demands in the
intervention group.

The pVO2 index at maximal exercise capacity is the parameter known to improve during
monitored exercise training [22, 31, 57, 72]. However, temporal information during a single test,
longitudinally during the training course and across subjects is unknown. The current literature
describes improvement in the quality of life (QOL) in HFPEF post-exercise training, but any
statistical trend aren’t in quantifiable form which could highlights trends in mortality, cardiac
parameters, stamina or maximal capacities.

A recent publication has tried to establish

relationship between muscular oxygenation and exercise by BOLD oximetry [53]. It also
emphasizes the need to measure and correlate graduated exercise with blood flow & oxygenation
parameters. MR-compatible pneumatic ergometers for exercise testing over a variety of loads,
have been developed [98]. To understand HFpEF progression, it is crucial to link vascular &
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micro-vascular performance with fat quantification and exercise capacity in a temporal sense.
Hence, there is a need to unique develop devices capable of measuring exercise work and power
for these HFpEF subjects, over a sufficient range and having adequate sensitivity.

5.2

HFPEF Ergometer: Device & description

An exercise device aimed at measuring the work from lower limb extremities has been devised
and fabricated by Philip Brown, Biomechanics graduate student of Virginia Tech – WFU School
of Biomedical Engineering. The device is manufactured from polycarbonate composite with nonferrous accessories to make it completely MR safe.

The device has a foot-pedal on which a subject exercises by dorsal and plantar flexion. The pedal
is connected to pistons, which are dry-lubricated for long-lasting consistency of operation. The
rigidity of the piston in both directions of motion is controlled by four pneumatic pressure tubes.
These tubes are independent in their operation and enable precise rigidity in forward & reverse
motion of the piston. The tubes can be charged by an external pump. The base of the ergometer
is machined at an angle to fit into head coil slot of a Siemens Skyra MR, the research scanner for
the project. Additional detachable polycarbonate tongues have been designed to fit into the coil
grooves for grip.
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Figure 5-1 Ergometer (Profile and Top View)

Figure 5-2 Scheme of flexion based measurement via the foot pedal
5.3

Sensors and Instrumentation

The ergometer has two sensors. The foot-pedal transmits all the force to the piston through a
force sensor placed in the intermediate space. The sensor, a FUTEK LRF350, can measure loads
up to 200lb in both tension and compression mode. Secondly, there is a high quality
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potentiometer which measures the displacement of the foot-pedal by measuring the voltage
change across rotation. Both the sensors have a uniform supply of 10V DC.

Figure 5-3 FUTEK Sensor with position of load attachment
(Courtesy FUTEK Inc.)
The force sensor produces outputs according to its calibration of 0.011mv/V/lb. Hence, with a
10V DC excitation and loads up to 50N during plantar and dorsal flexion, the voltages are
extremely low (~200-250μV) and indistinguishable from electronic noise present in other
components. The output from the force sensor unit is fed into a load cell amplifier. This amplifier
converts the sub-mV range outputs into measurable voltages on multi-meters and digital
acquisition units (DAQs) preserving the fidelity of the original signal.
The ergometer sensors are setup to be read by National Instrument’s LabVIEW Base
development system. The signals from the sensors are transmitted to a data-logging computer
outside the magnet enclosure via a DB9 cable. A NI-USB 6008 Data acquisition system (DAQ)
is used for reading these signals from both sensors. It has 8 analog input slots in pairs of 2,
providing 4 unique differential measurements channels. Operating at 12-bit resolution and 10
kilo-samples/second, it can simultaneously measure each channel up to 2.5 KHz. The following
schematics show the wiring diagram for the sensors and the DAQ.
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Figure 5-4 Box diagram of the components

Figure 5-5 Pin breakout of the DB9 cable connecting the ergometer and DAQ

Figure 5-6 Connection diagram in ergometer instrumentation.
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5.4

LabVIEW Virtual Instrument

In LabVIEW a virtual instrument (VI) operates as a signal acquisition and work calculation
device. There are 3 major parts to this VI, which are explained as follows:

Acquisition sub-VI

Figure 5-7 Continuous acquisition sub-vi
This part of the sub-vi is responsible for the collection of signal. The DAQ-MX toolbox can
identify the separate inputs coming on different channels. However, the user has to assign which
channel is to be read. In the ergometer implementation Analog Input 0 and 1 channels (AI0 and
AI1) are used to acquire load cell amplifier and the potentiometer as differential input. This tool
has a real-time channel view mode, which can be used in testing the sampling and signal quality
without having to run the whole virtual instrument.

This sub-vi having identified the signal and forwarded to the DAQ-MX output, a de-multiplexer
can be placed to split the signal. The potentiometer voltage reading is first converted to value of
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angle based on the potentiometer calibration. Thereafter, using basic trigonometry, the angle is
converted to a value of length. Knowing the initial position of the pedal and instantaneous
position calculated by the sensor, work can be calculated.

The force sensor output in voltage is converted to a measure of force, by calibration which draws
a linear relationship between the two. This quantity can be converted to a torque by knowing the
radial distance of point of contact of sensor.

Signal collection sub-VI

Figure 5-8 Signal Collection in LabVIEW
The signal collection sub-vi collects the calculated outputs stored in the buffer of LabVIEW and
records into a spreadsheet. Each channel is represented as an independent column, with row
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spacing defined by the sampling rate. A binary toggle switch indicates file write status, which is
handy if a file of similar name exists or directory is in a read-only lock.

Metronome and Timer sub-VI

Figure 5-9 (R) Metronome and (L) timing circuit.
A timer has been implemented, which shows a bold graphical display for a timed countdown.
For current implementation, timer does a countdown for 3 minutes in step size of a second.
Accompanying the timer is a metronome which gives an auditory beep, to be relayed to the
scanner room. This is essentially to keep the patient pacing uniformly. The metronome plays a
pre-created MP3 file. It contains a beeping media with a frequency of 0.8Hz. The pitch of the
beeping increases in the last 10 seconds, to indicate to the subject the end of countdown shortly.

5.5

Work Calculation

The VI acquires signals on two separate channels and reads them to the computer buffer. Once
the acquisition is complete, the buffer is flushed to a spreadsheet file. The spreadsheet contains
readings from the individual channel along with time stamp. The work calculation can be done
by using values from these columns.
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The values of the force and displacement columns are imported into MATLAB. A moving
averaging filter with a short window (typically, 11-point) can be employed for smoothing the
information and improving the quality of signal. Numerical difference function can generate a
(N-1) column vector of displacements between each time points, where N were the original
number of sampling points. The work calculation can be performed as followed.
𝑑𝑊𝑖 = 𝐹𝑖 × ∆𝑥 = 𝐹𝑖 × [𝑥𝑖+1 − 𝑥𝑖 ]

(Eq.4-1)

𝑊 = ∫ 𝑑𝑊𝑖

(Eq.4-2)

W denotes the total work done, which is computed by summing all the incremental work over
the time period. Fi and xi denote the instantaneous force and position respectively. The difference
of two adjacent values of x gives the displacement over the incremental time. Power can be
calculated by knowing the time difference between start and end points. Since the sampling
duration is known from the LabVIEW setup (or through the spreadsheet), it can be easily
computed accurately. If P denoted the power and Ti denoted an end-point,

𝑃=

𝑊

(Eq.4-3)

(𝑇𝑛 −𝑇0 )
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6

Summary & Future scope

HFpEF is a debilitating condition for which several lines of research are in progress. The most
promising avenue is understanding the role of skeletal muscle in the disease progression. By
combining the perfusion data, along with the quantity of fat and amount of work, and observing
changes temporally over the course of study, we might be able to detect the factors which lead to
improvement in the quality of life. Understanding the crucial parameters will enable us to pinpoint the non-cardiac determinants of HFpEF.

The current design of study aims to measure perfusion and its pattern in the calf muscles, namely
soleus and gastrocnemius bundles. AVO2 is dependent on both the quantity of perfusion and the
amount of oxygen extraction. The second parameter to do with oxygen utilization can be
achieved by BOLD technique. A fast, and simple way of the quantification of oxygen utilization
by MVO2 measurement is being perfected and implemented. Addition of this method would
provide deeper insights and a complete picture of the dynamics of oxygen metabolism at limb
extremities.

It is worthwhile to note that fiber composition is at the heart of our understanding of HFpEF.
Diffusion tensor imaging (DTI) can measure the relative anisotropy of 1H diffusion in the
skeletal muscle. DTI can provide a visual description of the nature of diffusion and highlight any
deficiency existing in diseased state as compared to normal muscle.

With these planned advancements, the question of finding determinants to HFpEF is within
scope. New discoveries on this topic would be beneficial of millions currently undergoing
treatment and help early screening of potential subjects, denting impact of this disease.
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