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 Abstract  
Maximal pulmonary oxygen uptake (pulmonary VO2max), which is equal to the 

product of cardiac output and arterial-venous oxygen content difference, is the gold 

standard measure of aerobic fitness. This test is used routinely in studies of exercise 

physiology and clinic research, particularly in the study of heart failure. A limitation of 

pulmonary VO2 measurement during whole body exercise is that it integrates all factors 

that determine oxygen consumption, including oxygen transport and oxygen utilization by 

active muscles. Thus, this test cannot distinguish oxygen delivery or extraction limitations 

of the exercising muscle independently. Currently, there is no non-invasive method for 

simultaneously measuring skeletal muscle oxygen consumption and its determinants 

(muscle blood flow and muscle oxygen extraction) during dynamic exercise, which is 

necessary to expose the mechanisms of dysfunction along the oxygen cascade in health and 

disease.  

In this thesis, I propose a new imaging approach which interleaves complex-

difference (CD) and susceptometry magnetic resonance imaging (MRI) pulse sequences 

for real-time imaging of venous blood flow (VBF) and venous oxygen saturation (SvO2) 

for the calculation of skeletal muscle oxygen consumption (VO2). The goals of this thesis 

were to develop the imaging method, with specific targeting of the femoral vein and 

quadriceps muscle group, and to determine the reproducibility of this novel approach 

during sub-maximal single-leg knee-extensor (SLKE) exercise.  

When combined with cardiac and vascular studies, these non-invasive methods 

provide necessary tools to investigate the relative contributions of the mechanisms that 

reduce exercise capacity in those at risk for, or with, heart failure. 
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project, of which this thesis is a component, received research ethics approval from 
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Chapter 1: Introduction and Background 

Introduction 

During exercise stress, metabolic demand and oxygen delivery are strongly 

coupled. The intensity of skeletal muscle contractions is correlated to oxidative 

metabolism and skeletal muscle blood flow. Simultaneous quantification of the 

factors contributing to muscle oxygen consumption (VO2), explicitly blood flow, 

and oxygen extraction can elucidate disease states and refine treatment. This 

relationship is particularly significant during and immediately post-exercise. 

Patients with, or at risk for, heart failure exhibit decreased peak oxygen (O2) 

consumption and impaired biomechanical efficiency (external work performed 

divided by oxygen consumption) during exercise when compared to healthy 

controls (1, 2). Patients with heart failure consume more oxygen relative to their 

healthy, age-matched controls to perform similar levels of activity and the amount 

of additional oxygen required increases with the severity of the heart failure (3, 4). 

 Exercise intolerance in patients with heart failure and those at risk for heart 

failure (e.g. diabetes and obesity) may be due to restricted blood flow, maximal 

muscle oxygen consumption limitations, or some combination of factors. 

Independent impairments in the components of the muscle oxygen consumption 

may be elucidated with investigation before, during, and immediately following 

dynamic exercise. Safe and robust methods to simultaneously quantify blood flow 

and oxygen extraction, which determine the resulting muscle oxygen consumption 

in the exercising muscle, are needed to understand disease mechanisms and 

evaluate treatment. 

Background 

Heart Failure (HF) occurs when the heart is unable to supply sufficient 

blood flow to meet the demands of the body (5). HF is the most-common heart 

disease. A poor understanding of the mechanisms of heart failure and how to treat 
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the underlying causes means that many patients will not respond to therapy (6, 7). 

There are an estimated 500,000 Canadians living with heart failure, and 50,000 new 

patients are diagnosed every year (8). Almost 50% of people with heart failure die 

within 5 years of diagnosis (9). By making an accurate and timely diagnosis and 

tracking disease progression, early intervention (e.g. pharmacological, lifestyle, 

etc.) could be initiated to reduce risk factors, symptoms, and hospitalizations and 

improve quality of life and prolong survival (6). 

While exercise intolerance is a cardinal feature of heart failure, it is 

prevalent in a number of common disease states including diabetes, obesity, cancer, 

and muscular dystrophy. In all of these pathologies, the exercise intolerance may 

be due to reduced blood flow, impaired oxygen extraction, or a combination of 

factors. If independent impairments and limitations of the factors that contribute to 

muscle oxygen consumption can be measured, targeted therapies can potentially be 

prescribed on an individual basis. 

Blood Flow, Oxygen Extraction and Oxygen Consumption 

Three main systems compose the human cardiovascular system: bronchial 

circulation, systemic circulation, and pulmonary circulation. The bronchial 

circulation supplies blood to the tissues of the large airways of the lungs. The 

systemic circulation carries oxygenated, or oxygen-rich, blood from the heart to the 

body and returns deoxygenated blood to the heart. The pulmonary circulation 

system carries deoxygenated blood from the heart to the lungs, where the blood can 

release carbon dioxide and pickup oxygen during respiration, and then returns 

oxygenated blood back to the heart from the lungs. The pickup of oxygen during 

respiration is made possible by hemoglobin. 

The oxygen rich arterial blood carries oxygen that is chemically combined 

with hemoglobin (10). Four protein subunits, each containing a ferrous (Fe2+) ion, 

compose a single hemoglobin unit. The average hemoglobin level for males is 14 

to 18 g/dl and for females is 12 to 16 g/dl (10, 11). Hematocrit is the volume 
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percentage of red blood cells in the blood. The normal hematocrit for men is 40 to 

54%; for women it is 36 to 48% (11). 

Hemoglobin has an oxygen carrying capacity (Ca) of 1.34-1.37 ml O2 per 

gram hemoglobin (12). The oxygen carrying capacity of a gram of hemoglobin 

multiplied by the concentration of hemoglobin in the blood provides a measure of 

how effectively an individual can carry oxygen to working tissue. A blood draw is 

often used to measure this carrying capacity and it has been shown to be constant 

during exercise (13-16).  

The blood flow through the pulmonary and systemic circulatory systems is 

responsible for the oxygenation of blood and the delivery of that oxygenated blood 

around the body and to working muscle tissue. When studying oxygen consumption 

and blood flow, the mass of the investigated tissue is of critical importance as these 

variables are often expressed per unit mass to provide comparable normalized 

values (17, 18). Blood flow, oxygen saturation in the blood, and oxygen 

consumption by the working tissue are all explored below, providing additional 

context for the physiologic parameters of interest. 

Blood Flow 

Under normal resting conditions, the heart can maintain a healthy supply of 

blood to every part of the body. Cardiac output (Q) is the amount of blood flow 

pumped by a single ventricle of the heart in one minute. An average resting cardiac 

output would be 4.9 L/min for a female and 5.6 L/min for a male (19). Cardiac 

output is often expressed as the product of the heart rate and stroke volume, the 

volume of blood pumped from one ventricle of the heart with each beat: 

 Q = HR * SV Eq. 1.1 

In Eq. 1.1, Q is the cardiac output, HR is the heart rate of the individual 

measured in beats per minute, and SV is the stroke volume, the volume of blood 

pumped from one ventricle of the heart with each beat. A value for stroke volume 

can be obtained by subtracting the end-systolic volume (ESV), the volume of blood 
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in the ventricle at the end of a contraction, from the end-diastolic volume (EDV), 

the volume of blood in a ventricle at the end of filling in. 

 SV = EDV - ESV Eq. 1.2 

During exercise, both the heart rate and the stroke volume may increase, 

thereby increasing the cardiac output. In a healthy individual, most of the increase 

can be attributed to an increase in heart rate. Stroke volume depends on several 

factors such as heart size, contractility, duration of contraction, preload, and 

afterload. Other factors that act to increase cardiac output include the following: the 

skeletal muscle pump, increased depth and frequency of breathing, and venous 

tone, and decreased peripheral resistance. There are physiological limits to stroke 

volume and heart rate that can both limit maximal cardiac output. In some healthy, 

trained athletes maximal cardiac output can reach 42.3 L/min (20). 

The fundamental characteristic of heart failure is the inability for the heart 

to provide sufficient blood flow to supply the needs of the body (5). In many 

pathologies blood flow to particular working muscle groups is obstructed or 

otherwise limited (e.g. peripheral vascular disease). An understanding of local 

blood flow to working tissue can help elucidate contributions of blood flow 

limitations to maximal oxygen consumption in a muscle. Blood flow may not be 

the only limiting factor; oxygen consumption may also be limited by oxygen 

extraction, or how much oxygen is removed from the blood as it passes through the 

capillaries. 

Oxygen Extraction 

Arteriovenous oxygen difference (a-vO2 diff) is the change in oxygen 

content of the arterial and the venous blood, indicating how much oxygen was 

removed from the blood by the capillaries during circulation. The arteriovenous 

difference is measured by comparing the difference in the oxygen saturation of 

oxygenated, arterial blood (SaO2) and the oxygen saturation of venous, 

deoxygenated blood (SvO2). SaO2 is relatively straightforward to measure using a 
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pulse oximeter, and the arterial oxygen saturation remains constant with exercise 

(16) except in some cases of endurance-trained athletes performing intense exercise 

(21). 

 a-vO2 diff = Ca * (SaO2 – SvO2) Eq. 1.3 

Eq. 1.3 shows that the a-vO2 diff is calculated by multiplying the difference 

in saturation of arterial and venous blood by the oxygen-carrying capacity of the 

blood (Ca). Usually, the a-vO2 diff is described in units of mL O2 / 100 mL blood.  

There are several pathologies where the oxygen-carrying capacity of the 

blood decreases, such as anemic hypoxia or hystotoxic hypoxia (22). 

Understanding the extraction of the oxygen from the blood provides insight into the 

contributions of oxygen consumption in working muscle tissue. By characterizing 

constraints in the blood flow, and the oxygen extraction, oxygen consumption in 

working tissue can be more fully described, and limitations can be fully elucidated. 

Oxygen Consumption 

Whole body maximal oxygen consumption (VO2max) serves as the primary 

measure of exercise capacity. The arteriovenous oxygen difference and the cardiac 

output are the main factors that determine the variation in the body’s total oxygen 

consumption. VO2max is commonly quantified by measuring the oxygen 

concentration in expired air at the peak workload in a graded exercise stress test in 

which intensity is progressively increased. VO2max is reached when the oxygen 

consumption remains steady despite an increase in workload. VO2max is defined by 

the Fick equation: 

 VO2max = Q * ( CaO2 – CvO2 ) Eq. 1.4 

These values must be obtained during exertion at maximal effort. In Eq. 1.4 

Q is the cardiac output, CaO2 is the arterial oxygen content, and CvO2 is the venous 

oxygen content. Whole body VO2 testing cannot provide a local measure of skeletal 

muscle oxygen consumption (23). Local muscle oxygen consumption can by 
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estimated using Fick’s principle by measuring blood flow to the muscle together 

with the muscle’s arterial and venous blood oxygen saturations (24): 

 VO2muscle = Ca * Q * ( SaO2 – SvO2 ) Eq. 1.5 

The VO2muscle is calculated as the product of the carrying capacity of 

hemoglobin (Ca), the blood flow to the muscle (Q), and the difference between the 

saturation of fully oxygenated blood in the artery feeding the muscle (SaO2) and 

the partially desaturated deoxygenated blood returning from the muscle in the veins 

(SvO2). At rest, the usual range of SvO2 is 50-75% (25), and the average values for 

SaO2 are in the range of 97-99% (26, 27). While Q is often measured as arterial 

blood flow (locally or whole body), Q can also be measured on the venous return 

side (28, 29). 

The amount of oxygen delivered to the tissue is dependent on several 

parameters including the metabolic demand, arterial oxygen content, rate of blood 

flow, temperature, and hematocrit (Hct) (10). By measuring the oxygen 

consumption, we can characterize the limitations to exercise in patients with, or at-

risk for, heart failure. Measuring blood flow, oxygen saturation, and thus oxygen 

consumption at rest provides an understanding of the basal oxygen metabolism, but 

to truly understand the effects of potential limitations we need to push the limits by 

introducing a stress to the system.  

Exercise Stress 

Exercise stress testing is an essential tool in the detection and treatment of 

heart disease. Physical exertion is preferred to pharmacological testing because it 

links physical activity to symptoms (30). In addition, side effects are a potential 

disadvantage of pharmacological testing. The cardiopulmonary exercise testing is 

useful for assessing therapy and stratifying risk in patients with heart failure (31-

33). A fundamental characteristic of heart failure is an impaired ability to increase 

cardiac output appropriately with exercise (34, 35). 
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Exercise is associated with a number of physiologic changes, including an 

increase in cardiac output from a resting value of 5 L/min to as much as 42.3 L/min. 

(20, 29, 36, 37). During exercise both the heart rate and the stroke volume may 

increase, thereby increasing the cardiac output. Hemodynamic phenomenon may 

be hidden during rest, especially for sedentary individuals, and an exercise 

challenge may help to induce hemodynamic changes, thereby elucidating 

differences between healthy and disease states.  

When compared to rest, exercise induces a marked increase in oxygen 

consumption, cardiac output (CO), heart rate (HR), ejection fraction (EF), and 

stroke volume (SV) (38). Exercise significantly increases oxygen demand of 

muscle when compared to rest. This increased distribution to muscle cells may 

induce hypoperfusion in other organs (39, 40). During physical exercise at 50% 

heart rate acceleration, Weber et al. observed an increase in aortic and pulmonary 

flow during exercise (41). Cheng et al. measured a similar increase of the flow 

volume in the main pulmonary artery (42). Exercise stress increases the blood flow 

delivered to the tissue and the oxygen extraction of the tissue. During peak exercise 

venous oxygen saturation drops significantly and maximal oxygen uptake can be 

characterized. 

Measuring Blood Flow, Oxygen Extraction and Oxygen Consumption 

Whole body oxygen consumption reflects the aerobic physical fitness of an 

individual, but it may not correlate to local muscle tissue oxygen consumption, and 

it cannot provide any measure of the local muscle blood flow or local tissue oxygen 

saturation. While tissue oxygen saturation is directly measurable with several 

imaging modalities discussed below, the techniques have limitations. Local tissue 

saturation can be estimated by the blood oxygen saturation in the vessels draining 

from that tissue (10). Quantitatively measuring local tissue oxygen saturation is 

important to describe the physiological and pathological state of muscle function 

(43). Simultaneous measurement of the physiological contributions to muscle 
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oxygen consumption is critical to elucidate independent impairments in flow or 

oxygen extraction.  

There are invasive and non-invasive methods to measure blood flow, 

oxygen extraction, and oxygen consumption. Invasive techniques involving 

catheterization include large vein oximetry. Some techniques, including flow 

measurement by the 133Xe-washout method, utilize an injected radioactive tracer 

and invasive catheterization. Others techniques utilize ionizing radiation such as 

positron emission tomography (PET), single photon emission computed 

tomography (SPECT), or Xenon computer tomography (Xenon CT). Non-invasive 

techniques that do not use ionizing radiation such as Doppler ultrasound (US), near-

infrared spectroscopy (NIRS) and magnetic resonance imaging (MRI) are 

preferable. The use of these invasive and non-invasive methods in previous studies 

for the measurement of blood flow, oxygen extraction, and oxygen saturation are 

explored below. Several imaging modalities have been used to measure 

simultaneous blood flow and muscle oxygen consumption changes in response to 

exercise stress. Our newly developed MRI technique is also briefly described 

below. The feasibility and reproducibility of the new method are detailed 

completely in Chapter 2. 

Invasive Techniques to Measure Oxygen Consumption 

In the late 1940’s, Kety and Schmidt devised a method to measure regional 

blood flow invasively based on the principle that the rate at which an inert gas 

concentration in the venous circulation approaches the concentration in the arterial 

circulation is dependent on the volume of blood flowing through the tissue (45-47). 

This fundamental principle has lead to measuring blood flow by administering an 

inert radioisotope, commonly 133Xe, and monitoring clearance of the radioisotope 

using sensitive detectors. Oximetry involves the catheterization of the jugular vein 

and must be paired with flow measurement with Doppler ultrasonography to garner 

information on oxygen consumption (10, 48).  
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Resting femoral venous blood flow (Qfv) between 0.15-0.40 L/min was 

measured using the thermodilution technique. No-load knee extension exercise 

increased Qfv to an average value of 1.45 L/min; Qfv increased linearly, as work rate 

increased, to a maximal flow of 6.21 L/min (29). Andersen and Saltin measured a 

resting femoral venous blood oxygenation (SvO2) of 70-75% and a no-load knee-

extension exercise SvO2 of 40% (29). They also found that SvO2 decreased linearly 

with an increase in work rate (29). At a maximal work rate averaging 60W they 

measured an SvO2 of 24-29% (29). Knee extensor oxygen uptake, VO2 (KE), was 

measured between 6-12 ml/min at rest and no-load knee extension exercise 

increased VO2 (KE) to 0.191 L/min. VO2 (KE) increased linearly as work rate increased 

to maximum values of 0.52 – 0.76 L/min for sedentary individuals and 1.0 L/min 

in very fit subjects (29). Andersen and Saltin showed a peak oxygen uptake in limb 

skeletal muscle from 0.2-0.4 L/min/kg. A muscle mass of only 10-15kg was 

involved to elicit maximal oxygen consumption in a muscle (29, 49). When arm 

exercise was added to maximal leg exercise, maximum oxygen consumption values 

increased. These increases had a proportionally greater dependence on the increase 

in arteriovenous oxygen difference than on the cardiac output.  

Invasive methods may measure changes in blood flow, oxygen saturation 

and oxygen extraction in response to exercise, but there are several disadvantages 

including discomfort of the patient due to the catheterization, long data acquisition, 

and inherently low temporal resolution due to the blood draw time (29, 37, 48). 

Accurate, easy to perform noninvasive measurements of blood flow, oxygen 

saturation, and oxygen extraction are preferable to invasive methods for several 

reasons including less likelihood of complication and a reduced dependence on 

operator experience (10, 50). 

Non-invasive Techniques 

Doppler Ultrasound 

Doppler ultrasound can be used to measure blood flow faster than other 

imaging modalities. It is a non-invasive, non-radiating measurement technique 
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where the mean flow in the center of the vessel is represented by the maximal 

frequency of the Doppler shift (51, 52). The technique estimates blood flow 

velocity based on two major assumptions: a constant diameter of the insonated 

vessel and a constant angle of insonation. Doppler techniques are prone to 

overestimation of total blood flow in a vessel as only the highest flow in the center 

of the vessel is assessed (53, 54). Doppler ultrasound has been used to measure flow 

during isometric contractions, and during exercise (55-58) however, as the effect 

of exercise on the diameter of the insonated vessels has not been completely 

characterized, and as movement may potentially compromise data, the validity of 

measurements with Doppler may not be entirely valid and accurate (53). 

Near-Infrared Spectroscopy (NIRS) 

Near-infrared spectroscopy (NIRS) can be used to measure regional oxygen 

saturation in tissue by analyzing the spectrum of reflected near-infrared light (10, 

59, 60). Near-infrared spectroscopy is significantly less expensive, smaller and 

more portable than larger imaging modalities like MRI and PET. The temporal 

resolution is sufficient to monitor changes with exercise and, as the device could 

be affixed to the subject, motion during an exercise challenge could be controlled 

for (10, 61, 62). However, NIRS is limited to investigation of superficial vessels 

due to tissue penetration limitations of the light. As well, the accuracy of NIRS 

measurement may be confounded by contributions from layering arteries and veins 

(10, 63). While correlation has been found between NIRS and invasive data, NIRS 

measures relative changes in oxygen saturation and thus cannot provide absolute 

measurements for oxygen consumption (10, 64). 

Positron Emission Tomography (PET) 

Positron emission tomography (PET) measures oxygen metabolism by 

imaging the accumulated inhaled 15O-labeled radiotracers that distribute into the 

tissue and are converted into 15O-labeled water (10, 65). PET is restrictive in terms 

of its utility for exercise imaging due to several factors: high radiation dosage, 

complex, potentially invasive arterial/venous lines for administration of radio-
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labeled gases, high associated expenses, comparatively low spatial resolution, and 

long scan times (66, 67). 

Determining the saturation of venous blood returning from a muscle group 

provides an indirect measurement of the oxygen extraction of that muscle group. 

As well, while blood flow is commonly measured on the arterial side, the inherent 

pulsatility of the arterial flow may confound flow measurements. Luckily, the 

venous blood flow returning from a muscle provides a surrogate measurement of 

the blood flowing to that muscle group, with less transient pulsatility. 

MRI Techniques 

 Magnetic Resonance Imaging (MRI) is a commonly used imaging 

technique to investigate anatomy and physiology in health and disease. MRI 

scanners use a combination of static and time-varying magnetic fields to image 

water (and other molecules containing hydrogen atoms), with highly controllable 

soft tissue contrast and the ability to measure a wide array of functional 

information. Of particular interest in this thesis is the sensitivity of MRI to oxygen 

saturation and to blood flow, and the ability to image planes with arbitrary 

orientations.  

  MRI has previously validated methods to measure flow such as phase 

contrast and complex-difference imaging (68-70), and previously validated 

techniques to measure oxygen saturation such as magnetization relaxation based 

techniques including blood oxygen level dependent (BOLD) and T2-relaxation-

under-spin-tagging (TRUST) techniques as well as susceptometry based 

techniques. None of these techniques have characterized oxygen consumption, and 

the relative contributions of blood flow and venous oxygen saturation, with an 

exercise challenge (70). 

The techniques to measure flow and oxygen saturation will be discussed 

below, as well as a brief discussion on exercise in the MRI scanner. Finally, this 

section will conclude with a brief description on interleaving pulse sequences, a 

critical characteristic of the new technique fully described in Chapter 2. 
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Measuring Blood Flow 

Phase-Contrast Magnetic Resonance Imaging (PC-MRI) is the current gold 

standard for measuring blood flow in conduit blood vessels (68, 69). Phase-

difference methods are based on the accumulation of phase shift proportional with 

the velocity of moving hydrogen nuclei (71).  

PC-MRI images the magnetized moving spins, thereby obtaining 

quantitative flow information (72-75). This is achieved by the introduction of a 

bipolar flow encoding gradient, as shown in Fig. 1.1, after the radio-frequency (RF) 

excitation pulse and slice selective gradient, to encode the velocity of the moving 

spins. This velocity is translated into image phase by the flow encoding gradients. 

The flow gradients can be placed in any physical gradient orientation to achieve 

flow sensitivity in that direction. Flow gradients can even be applied 

simultaneously in multiple axes to obtain flow sensitivity in any arbitrary direction.  

Phase data obtained from the MRI is influenced by factors like main static 

magnetic field (B0) inhomogeneities, radiofrequency coils, and eddy currents. In 

order to eliminate these unwanted sources of phase, two images are acquired. The 

first image is obtained with a flow encoding gradient and the second image is 

acquired flow compensated (without the flow encoding gradient or with a negative 

flow encoding gradient strength, as shown in Fig. 1.1). 

 

Figure 1.1 – Bipolar gradients with opposite polarities result in different first moments, 

M1. A phase- or complex-difference calculation eliminates the background phase allowing 

for velocity measurement.  
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The nth order gradient moment Mn integrals describe the contributions of the 

magnetic field gradients (76).  

 
φ(r,TE)=φ0+γ r0 ∫ G(t) dt

TE

0

+γ v ∫ G(t) t dt
TE

0

+… Eq. 1.6 

Phase φ at an arbitrary point in space, r, and time, TE, is described in Eq. 

1.6. φ0 is the unknown background phase, the second term is the zeroth order 

gradient moment describing phase encoding from stationary spins. The third term 

is the first gradient moment, M1 = ∫ G(t) t dt
TE

0
. Velocity induced signal phase, 

for the constant velocity approximation, is proportional to M1, (φvel = γ * v * M1) 

(76). 

The phase of these images (ϕ1 and ϕ2) are subtracted to remove any non-

velocity contributions to phase (including phase encoding from stationary spins, 

M0) and velocity is calculated from the resulting phase difference (Δϕ) image.  

 ϕ1 – ϕ2 = Δϕ = γ * v * ΔM1 Eq. 1.7 

The encoding velocity (VENC) is determined by the difference in the first 

moments of the two interleaved velocity-encoded acquisitions (ΔM1) and the 

associated gradient waveforms. VENC is specified by the operator and typically 

chosen such that VENC = 1.2 * vmax, or 1.2 times greater than the maximum 

expected velocity. If the velocity exceeds VENC then aliasing, or phase wrapping, 

will occur. VENC represents the velocity value that leads to a flow-induced phase 

accumulation of ±π. Then, from Eq. 1.7 the velocity can be described generally in 

terms of the VENC and the phase difference of Δϕ: 

 
v = Δϕ / (γ * ΔM1) = Δϕ * (VENC / π) Eq. 1.8 

The encoding velocity (VENC) is defined as a phase difference of π: 
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 VENC = π / (γ * ΔM1) Eq. 1.9 

The velocity is then described by the VENC and the phase difference (77): 

 
v = Δϕ * (VENC / π) Eq. 1.10 

Software is used to draw regions around the vessel of interest, as well as 

around a surrounding stationary reference tissue area, to measure and remove any 

residual background phase that was not removed by the differential flow-encoding 

(i.e. phase error most often caused by eddy currents). The area of the vessel (A) is 

measured by tracing the vessel lumen manually. The number of pixels in the vessel 

of interest is multiplied by the pixel spacing to obtain the area. Then, the velocity 

is spatially averaged across the lumen and multiplied by the calculated area (A) to 

obtain a total quantification of the blood flow (BF) in the vessel of interest. 

 BF = v * A Eq. 1.11 

 

If flow is not constant over time due to cardiac pulsatility, it is common to 

use cardiac gating, or real time imaging, to resolve flow over the cardiac cycle, 

yielding BF values at several cardiac phases. PC-MRI makes no geometric 

assumptions, and operator variances are minimized with a standardized protocol. 

PC-MRI provides flexibility in spatial and temporal resolution to suit the 

application and has access to all directions of flow at any location. PC-MRI has 

been used to quantify flow during exercise (78).  

Complex Difference to Measure Blood Flow 

Complex Difference MRI (CD-MRI) is an extension of PC-MRI which can 

provide qualitative images to visualize flow, or moving spins, and is robust to 

partial volume effects. In CD-MRI the complex values from two images are 

subtracted on a pixel-by-pixel basis and the signal from stationary spins is 

subtracted out (74, 79, 80). Complex difference, as the name suggests, performs the 

subtraction of the two complex datasets either in k-space or in the image domain.  
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Figure 1.2 – Comparison between phase contrast and complex difference. 1.2A) shows a 

standard phase contrast acquisition with the highest flow signal measured in the femoral 

vein. As this is a cardiac gated phase contrast, this image took several seconds to acquire. 

This data is compared to complex difference acquisition data, where the static tissue is 

completely subtracted out from the signal by computing the difference between the flow 

compensated signal projection in 1.2B) with the flow encoded signal project in 1.2C), what 

remains is only the velocity encoded signal from the moving spins only as seen in 1.2D). 

The variant of the CD-MRI imaging method used in this thesis is the line-

scan projection CD method. The goal of projection CD-MRI is to speed up 

traditional PC-MRI techniques, by eliminating the phase-encoding gradients, and 

AU 

AU 

AU 
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enable real-time velocity imaging, appropriate for quantitatively measuring blood 

flow in large vessels (81). The values from complex difference flow imaging agree 

when compared to conventional PC-MRI techniques (81), but the acquisition time 

is significantly shorter, a comparison is shown in Fig. 1.2. The time savings come 

from a tradeoff for information on the inhomogeneity of flow in the vessel.  

Rapid imaging is necessary for the proposed thesis as the goal is to quantify 

blood flow in conjunction with dynamic exercise, for which tissue motion and 

rapidly changing blood velocities preclude conventional PC-MRI techniques 

(which often have a several second imaging window). The particular details of our 

complex-difference imaging technique and the practical intricacies of CD-MRI 

implementation are explored in Chapter 2. The blood flow imaging is only one 

component of oxygen consumption imaging; the other component is measuring 

oxygen saturation. 

Measuring Oxygen Saturation 

Measuring oxygen saturation in venous blood with MRI has been explored 

in many previous studies with a variety of different techniques; in general these 

techniques exploit contrast from either relaxation time differences or susceptibility 

differences.  

Relaxation based techniques may noninvasively assess blood oxygenation 

saturation using MRI. These techniques are based on BOLD (blood oxygen level 

dependent) contrast imaging. As deoxyhemoglobin concentration increases, 

magnetization relaxation rate (i.e. T2, T2* or T2’) decreases.. The relationship 

between relaxation rates and blood oxygenation has been demonstrated in blood 

samples, and is a main theory driving the field of functional magnetic resonance 

imaging, or fMRI (82, 83). An in-vitro calibration curve is required to translate 

measurements of the relaxation rates into oxygen saturations (10, 84). Previous 

studies have used relaxation rate measurements to extract the oxygen saturation of 

the blood (10, 24, 84, 85). 
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Oxygen saturation has been measured using a T2 relaxation rate from a 

special multi-echo gradient echo (GRE) / spin echo (SE) sequence (10, 86-93). 

Static spin dephasing and/or spin diffusion through field inhomogeneity may 

induce signal loss (10). A multi-echo GRE sequence is typically used to obtain the 

time constant for transverse magnetization decay from static spin dephasing, or T2* 

(10, 94-96). T2* decay is more sensitive to oxygen saturation changes than T2 

decay as SE signal loss is mainly due to spin diffusion due to field inhomogeneities 

due to paramagnetic deoxyhemoglobin (10, 96).  

A relaxation-based technique has been studied for small vessels (10, 97, 

98). T2-Relaxation-Under-Spin-Tagging (TRUST) techniques use a tagging 

scheme similar to arterial spin labeling for T2 measurements in the vein (99). These 

techniques are not limited by vessel orientation or the availability of reference 

tissue for background field measurement. As these relaxation-based techniques 

require a calibration curve, may be sensitive to pulsatility, and may potentially have 

longer scan times, susceptibility based techniques may be preferable for imaging 

the oxygen saturation in venous blood with an exercise challenge (10, 27). 

Using Susceptometry to Measure Oxygen Saturation 

MRI is sensitive to local perturbations in the main magnetic field (B0), 

including those arising from susceptibility effects. The field difference between the 

inside of the vein of interest and the surrounding tissue (ΔB) is related to the 

underlying susceptibility difference, and is also dependent on the vessel geometry 

and orientation. Magnetic susceptibility (χ) is a quantitative measure of the 

magnetization of a material in response to a magnetic field. Materials may be 

classified according to susceptibility as paramagnetic (χ>0), diamagnetic (χ<0), or 

ferromagnetic (χ>>0). Paramagnetic materials tend to increase the surrounding 

applied magnetic field, and diamagnetic materials tend to decrease the field.  

Hemoglobin (Hgb) has different magnetic properties in its oxygenated and 

deoxygenated forms, both of which can be detected using MRI (100). In 

oxyhemoglobin (HbO2), the iron ion is bound to oxygen with no unpaired electrons, 
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thus HbO2 is diamagnetic and creates an induced magnetic field opposite to the 

applied field. When oxygen dissociates from the ferrous ion it leaves 

deoxyhemoglobin (dHbO2) behind. The unpaired electrons of the dHbO2 molecule 

make it paramagnetic relative to the surrounding tissue and induce an internal 

magnetic field in the direction of the applied field (10).  

Venous blood rich in dHbO2 has an increased susceptibility (χ>0) with 

respect to the surrounding tissue. This susceptibility difference is an intrinsic 

contrast agent that causes a shift in the magnetic field, or image phase, relative to 

surrounding tissues (10). Oxygen saturation of the venous blood (SvO2) can be 

related to the susceptibility difference between the venous blood and the 

surrounding tissue (Δχ).  

 Δχ = Δχ [do] * Hct * (1 – SvO2) Eq. 1.12 

Hematocrit is the volume percentage of red blood cells in the blood, and the 

susceptibility difference between fully oxygenated and fully deoxygenated 

erythrocytes (Δχ [do]) has been measured, and validated, at 0.27 ppm (27, 101). 

Thus, the difference in susceptibility provides an endogenous oxygenation-

dependent contrast in-vivo. 

An MRI method to quantify oxygen saturation by measuring absolute 

susceptibility has been developed previously by imaging phase of paramagnetic 

agents in cylindrical phantoms modeling veins at various oxygenations (102). This 

technique has been used to measure oxygen saturation from veins in the brain (10, 

103, 104), major veins in the neck (27), and major veins in the upper leg (28, 105, 

106). 

The field changes inside the vessel can be estimated using axial imaging 

slices orthogonal to the main magnetic field (B0) direction, and restricting analysis 

to through-plane vessels parallel or near parallel to B0, with a diameter much 

smaller than the length of the vessel (24, 43, 92). These vessels are approximated 

as infinite cylinders, for which the inversion from field shift ΔB to susceptibility 
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shift Δχ is straightforward. This approximation holds well even if the vessel is 

slightly tilted (<30°) with respect to the main magnetic field (43, 107).  

The difference in phase between two images is directly related to the 

incremental field ΔB. The blood vessel can be modeled as a long paramagnetic 

cylinder, and then the incremental field inside the cylinder ΔB is defined below. 

 ΔB = 1/6 * Δχ * (3 * cos2θ – 1) * B0 Eq. 1.13 

The susceptibility difference is calculated from a phase difference image 

obtained by taking the complex difference of two images separated by echo time 

(TE). By acquiring gradient echo images at multiple TEs and measuring phase 

differences between the vessel and background tissue, the local field shift can be 

determined. Phase evolves with time as described below, where gamma, γ = 

267.513 rad/sT, is the gyromagnetic ratio for a 1H proton (108). 

 Δϕ = γ * ΔB * ΔTE Eq. 1.14 

Echo time should be short enough to avoid unwanted phase wrapping (27). 

By combining Equations 1.12, 1.13, and 1.14, the venous oxygen saturation (SvO2) 

is related to the phase shift (Δϕ / ΔTE): 

SvO2(%) = 100 * {1 -
2 * | Δϕ / ΔTE |

γ * χ
do

 * Hct * B0 * (cos2θ - 1/3)
} Eq. 1.15 

In Equation 1.13, the venous oxygen saturation can be calculated from the 

measured phase shift. The hematocrit value is assumed to be Hct = 0.42 (109) for 

a healthy young male, the gyromagnetic ratio and main magnetic field strength are 

known, the susceptibility difference between oxygenated and deoxygenated blood 

has been previously calculated and validated (101) and the angle between the vessel 

can be measured from a stack of images along the vein (107). 



Chapter 1: Introduction and Background 

20 

 

With the blood flow and venous oxygen saturation calculated above and a 

healthy normal assumed arterial saturation (SaO2 = 98%), oxygen consumption can 

be calculated from using Eq. 1.5 (47). Hemoglobin can be measured, or assumed to 

be 146 mmol/L and the carrying capacity of oxygen can be calculated from this 

value for Hgb (Ca=1.34 ml O2/g of Hgb). Thus all that is needed to estimate local 

muscle tissue oxygen consumption is a measure of blood flow (Q) to the muscle 

and venous oxygen saturation (SvO2) in the blood draining from the muscle.  

Flow and oxygen saturation should be measured simultaneously and fast 

enough to characterize the rapid hemodynamic changes that accompany exercise 

and exercise cessation. Thus, the complex difference flow imaging technique must 

be combined with the susceptibility oxygen saturation imaging technique, to create 

an interleaved sequence. 

Interleaved Flow and Oxygen Saturation Imaging 

Simultaneous measurement of skeletal muscle blood flow and oxygen 

saturation allows characterization of the oxygen metabolism of the working muscle, 

including detailed insight into the components of oxygen consumption. 

Independent imaging of the factors could introduce potential confounders which 

are difficult to control for. This simultaneous imaging is made possible by 

interleaving sequences for flow and oxygen saturation measurement.  

There is some published research on interleaving a phase contrast MRI 

sequence with a susceptibility sequence for simultaneous mapping of blood flow 

and oxygenation at rest and during post-occlusive reactive hyperemia (28). By 

using phase projections, which are explained in detail in Chapter 2, interleaved 

imaging can be accelerated. Jain et al. accomplished a temporal resolution of 2.5s, 

with a similar phase-contrast MRI-based approach, by utilizing phase projections 

(110). Exercise in the MRI is a difficult challenge with many applications. 

Characterization of maximal oxygen consumption and recovery from exercise is 

made possible by imaging before and immediately post-exercise. 

Exercise in the MRI  
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Exercise challenges provide information on the stressed state, and recovery, 

of tissue perfusion and oxygen consumption abnormalities otherwise hidden at rest 

(37). Exercise in an MRI requires special equipment that is MRI compatible. The 

device must allow for exercise in the narrow bore of the MRI where leg movement 

is restricted and must allow for alignment with the magnetic isocenter. Several 

design factors must be considered for in-magnet exercise devices, such as 

robustness, minimal power loss due to friction, adjustability based on height and 

leg length, accurate quantification of a variable workload, safety, security, and 

comfort. 

Several attempts have been made to facilitate exercise in the MRI room 

(111, 112) prior to imaging alignment, as well as directly in the MRI bore (41, 42, 

113-115). On-bed exercise is preferable for a variety of reasons, including the 

following: the hemodynamic deviations with exercise will retreat to baseline quite 

suddenly following the cessation of the exercise challenge (37, 116) and the patient 

does not need to be repositioned after the exercise challenge.  

The physiological goal of the major study comprising this thesis is to 

simultaneously measure the components of oxygen consumption (blood flow and 

oxygen extraction) in an isolated working muscle while minimizing the potentially 

limiting factor of cardiac output, or delivery of O2. Thus, the muscle group should 

be a single well-defined functional group, exercisable in isolation, with direct blood 

flow to and from the muscle group. The quadriceps muscle, specifically exercised 

with a dynamic knee-extension exercise, is an ideal candidate for these 

requirements. We designed an exercise device to meet the necessary criteria for 

MRI-compatible knee-extension exercise, as no device was commercially 

available. 

Scope of Thesis 

In this thesis a new imaging technique to simultaneously measure blood 

flow, oxygen saturation, and calculate and characterize oxygen metabolism in an 

exercising muscle mass is proposed. There are three chapters in this thesis: Chapter 
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1 provides a motivation for measuring these physiological values as well as the 

background knowledge associated with the thesis. Furthermore, previous studies 

with similar interests in measuring these physiological values, as well as their 

limitations, are discussed. In Chapter 2, the main body of the thesis, the new 

technique is presented which uses a new interleaved MRI technique to 

simultaneously measure skeletal muscle oxygen consumption and venous blood 

flow with an exercise challenge. Accompanying the study in chapter 2 is a 

comparison of the results of the new technique with existing measures for blood 

flow and oxygen metabolism with exercise. Chapter 3 discusses the results of the 

study presented in Chapter 2 in the larger context of the intersection of exercise 

physiology and biomedical imaging; as well, limitations of the study and future 

directions of the technique and the field of research are discussed. 

We endeavored to design and build an MRI compatible knee-extension 

ergometer with a variable, quantifiable workload. In parallel with the development 

of the exercise ergometer, a novel MRI imaging technique interleaving flow-

sensitive complex difference acquisitions with oxygenation sensitive multi-

gradient echo acquisitions was tested and developed. Following testing of the 

exercise device and the imaging sequence, a pilot study was designed and 

undertaken to test the feasibility and reproducibility of the simultaneous 

measurement of femoral vein blood flow and venous blood oxygenation. From this 

simultaneously acquired blood flow and oxygen extraction, the metabolic rate of 

oxygen consumption in skeletal muscle in healthy adult volunteers was measured 

at rest and immediately post-knee extension exercise. In addition, the oxygen off-

kinetics was obtained by fitting the muscle VO2 relaxation data with a mono-

exponential function. These measured parameters are compared between two trials 

to assess the reproducibility of the technique. This study, with additional details on 

methods, is presented in Chapter 2 of this thesis. Direct comparisons between our 

study and other studies are difficult due to variances in exercise protocols and 

measured parameters (29, 115, 117).  
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 The research presented in this thesis outlines the background, development, 

and testing of a novel MRI-based muscle susceptometry approach for simultaneous 

measurement of oxygen extraction, blood flow, and oxygen consumption 

immediately post single-leg knee-extension exercise within the MRI magnet bore. 

By endeavoring to measure and characterize these physiological parameters, we 

can improve the testing and treatment progressions for pathologies that limit 

exercise capacity such as heart failure, diabetes, and cancer.  
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Chapter 2: Feasibility and Reproducibility of Measurement of 

Skeletal Muscle Blood Flow, Oxygen Extraction and VO2 with 

Dynamic Exercise Using MRI1 

Introduction 

Maximal pulmonary oxygen uptake (Pulmonary VO2max) is the gold 

standard measure of aerobic power (1). In accordance with the Fick principle, VO2 

is equal to the product of cardiac output and arterial-venous oxygen content 

difference (A-VO2 diff) (2) therefore abnormalities in convective or diffusive O2 

transport and/or impaired oxygen utilization may limit pulmonary VO2max. 

Decreased pulmonary VO2 during peak endurance exercise incorporating a large 

muscle mass (i.e. treadmill or cycling) is a cardinal feature in clinical populations 

including heart failure patients with preserved or reduced ejection fraction (3, 4). A 

limitation of pulmonary VO2 during whole body exercise is that it integrates all 

factors that determine oxygen consumption, including cardiac output, vascular 

function, and oxygen extraction in all exercising muscles. Thus, this test cannot 

identify or distinguish blood flow and oxygen extraction limitations of the 

exercising muscle in isolation. Conflicting studies regarding either the alteration (5, 

6), or lack of alteration (7, 8), of mitochondrial coupling and/or muscular efficiency 

in heart failure during exercise underlies the need for muscle-specific tests of 

oxygen consumption that can distinguish the components of blood flow and oxygen 

extraction to muscle VO2 with exercise challenges, independently of cardiac output. 

Previously, isolated muscle VO2 during dynamic exercise has been measured using 

femoral and arterial catheters to determine O2 extraction, combined with a 

                                                 

 

1 A version of Chapter 2 of this thesis has been submitted for publication for consideration to 

Magnetic Resonance in Medicine (MRM) as Mathewson KW, Haykowsky MJ, Thompson RB. 

Feasibility and Reproducibility of Measurement of Whole Muscle Blood Flow, Oxygen Extraction 

and VO 2 with Dynamic Exercise Using MRI. (submitted August 2014). 
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simultaneous measure of muscle blood flow (invasive flow probe, or non-invasive 

ultrasound) which limits its use to healthy subjects in a clinical setting (9-11). 

Non-invasive imaging of muscle VO2 has been reported with positron 

emission tomography (PET), but this method is limited by reliance on contrast 

agents and exposure to ionizing radiation (12, 13). Alternatively, MRI is well suited 

for the assessment of oxygen delivery and consumption due to its intrinsic 

sensitivity to both the concentration of deoxyhemoglobin and to blood flow without 

the requirement for contrast agents or ionizing radiation, in combination with 

excellent soft tissue contrast. Many studies have used the sensitivity of transverse 

relaxation rates, R2 and R2*, to changes in deoxyhemoglobin concentration to detect 

changes in oxygen saturation in blood (14-18) and muscle tissue (19-21). 

Specifically relevant to the goals of the current study, Elder et at (20) and later 

Zheng et al (19) used MR methods to measure relative oxygen saturation and 

perfusion in the calf muscle with isometric contraction. While these studies have 

illustrated direct imaging of flow and oxygen extraction in muscle tissue for the 

case of static muscle contraction, these methods are not compatible with dynamic 

exercise and the reported temporal resolutions (>5s) may be insufficient to capture 

peak values and off-kinetics following dynamic exercise, even for the case of a 

single imaging slice.  

An alternate approach to estimate oxygen consumption is to measure flow 

and oxygen saturation in large conduit veins to integrate whole muscle utilization 

of oxygen. This approach has been used in conjunction with invasive 

catheterization in several landmark studies (9-11), and more recently using MRI in 

muscle (22, 23) and the brain (24, 25). Specifically, MRI studies have utilized the 

magnetic susceptibility shift of deoxyhemoglobin (22, 24, 25) as an oxygen 

saturation contrast mechanism, which can be imaged relatively quickly, particularly 

in the blood pool. However, no previous studies have considered the effects of 

dynamic exercise with the rate of consumption of oxygen (VO2) as a targeted 

parameter.  
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In the current study we developed and evaluated a variant of the interleaved 

oxygen consumption imaging method from Langham et al. (22, 23, 26, 27) to 

enable rapid imaging of venous blood flow (VBF) and venous oxygen saturation 

(SvO2) in conjunction with dynamic exercise. The method was designed to emulate 

invasive studies that have targeted simultaneous venous blood flow and oxygen 

saturation to assess whole muscle oxygen consumption (9-11). Our specific aims 

were to determine the feasibility and reproducibility of this approach in the femoral 

vein in conjunction with knee extensor exercise, isolating the quadriceps muscles, 

within the MRI scanner bore. Specific targeted quantitative measurements include 

flow (VBF) and oxygen saturation (SvO2) in the femoral vein at the time of peak 

exercise and dynamically during the subsequent recovery, for determination of 

peak dynamic exercise VO2 and the recovery time constant of VO2 for the 

assessment of off-kinetics.  

Methods 

Subjects 

Nine healthy male subjects (31±6 yrs., 177±6 cm, 80±10 kg), with no prior 

history of cardiovascular disease, provided written informed consent following an 

institutional review board-approved protocol.  

Exercise Device 

A custom-built MRI-compatible knee-extension ergometer was used for 

dynamic exercise, which consists of an adjustable A-frame knee support and a 

hanging adjustable weight. A boot system connects the weight to the subject’s foot 

by a cable. A 12 cm vertical displacement, Δd, of a weight, m = 5 kg, and a knee-

extension repetition period of Δt = 1.2 seconds was used to achieve a targeted 

average power of ~5 watts (Pave = m*g*Δd/Δt, where g = 9.81 cm/ s2 is acceleration 

due to gravity). An audio click track sent to the subject’s headphones was used to 

maintain the knee-extension repetition rate during exercise. The ergometer was 

designed to allow subjects of a wide range of heights to exercise within the 
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specified range of motion with the targeted femoral vein location at the magnet 

isocenter (60 cm bore, 1.5T Siemens Sonata, Siemens Healthcare, Erlangen, 

Germany).  

Imaging of Venous Oxygen Saturation 

Magnetic resonance susceptometry estimation of oxygen saturation 

(oximetry) relies on the difference in magnetic susceptibility, ΔXdo, between 

deoxygenated intravascular blood and the surrounding tissue, which gives rise to 

directly measurable shifts in the magnetic field (24, 25). For whole blood, the 

susceptibility shift can be expressed as a function of hematocrit, Hct, and the 

fraction of oxygenated hemoglobin, HbO2, according to ΔX = ΔXdo Hct(1-HbO2), 

where ΔXdo = 4π*0.27 ppm is the susceptibility difference between fully 

deoxygenated and fully oxygenated red blood cells in SI units. Previous studies 

have differed on the susceptibility shift of oxygenated and deoxygenated blood (16, 

28-31) with the strongest support for a value of 0.27 ppm (32). For a given 

susceptibility shift, the corresponding shift in magnetic field can be estimated using 

a long paramagnetic cylinder model according to ΔB = 1/6*ΔX*B0*(3cos2θ-1) (33, 

34), where θ is the vessel tilt, or the angle between the vessel long axis and the main 

field, B0. The shift in magnetic field, ΔB, can be measured using the phase 

difference between images at two echo times, such that ΔB = (φ(TE1) -φ(TE2)) / 

(ΔTE), where ΔTE = TE1-TE2 and  is the 1H gyromagnetic ratio ( = 

42.576MHz/T). The muscle reference tissue is assumed to have a susceptibility that 

is similar to fully oxygenated arterial blood (35). Then, by combining expressions 

for ΔX and ΔB, the oxygen saturation in a vessel can be estimated as:  

 

HbO2(%) = 100 * {1 -
2*|Δφ/ ΔTE |

γ * χ
do

 * Hct * B0 * (cos2θ - 1/3)
} 

Eq. 2.1 

where Hct = 0.43 was assumed for all subjects in this study. Thus, the venous 

oxygen saturation, SvO2 = HbO2, can be estimated using only the measured phase 

difference between two images acquired in a multi-echo acquisition, Δφ, and the 

vessel tilt, θ. Similar to Langham et al., the effects of the static field inhomogeneity, 
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which are additive to the targeted susceptibility shift in the vein, were measured 

and removed by fitting the phase difference images to a second order polynomial 

surface in a user-defined region surrounding but excluding the vessel region (33). 

The median SvO2 value from within the vessel was reported in this study. A 

schematic of the multi-echo pulse sequence used for evaluation of SvO2 used is 

shown in Fig. 2.1.  

 

Figure 2.1 – A schematic of the multi-gradient-echo pulse sequence used for evaluation of 

venous oxygen saturation (susceptometry) and complex-difference imaging of blood flow. 

For both acquisitions, a spatial saturation pulse (slice prescription detailed in Fig. 2.5) is 

applied in every TR to minimize signal from the arterial blood pool and to reduce the 

imaging field of view. For susceptometry acquisitions, flow-compensation is applied in the 

slice-encoding direction. The same sequence and slice prescription are used for complex-

difference blood flow acquisitions, but without the application of phase-encoding 

gradients, and with interleaved application of differentially flow-encoded gradients in the 

slice-encoding direction, in each sequential TR. The protocol for susceptometry and 

complex-difference blood flow acquisitions in conjunction with baseline and exercise 

studies is detailed in Fig. 2.3. 
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Complex-difference Flow Imaging for Estimation of Venous Blood Flow (VBF) 

A complex-difference projection method was used for real-time imaging of 

VBF (36).  Phase-encoding gradients are turned off in order to yield a projection of 

the imaging slice in the phase-encoding direction with every readout. The complex-

difference method is based on the subtraction of MRI signal projections from 

sequential TRs to remove signal from stationary tissue. The application of 

differential flow encoding in the slice-selection direction between the sequential 

projections yields signal from moving spins within the vein with a magnitude that 

is proportional to flow (36). A schematic of the pulse sequence used for evaluation 

of VBF is shown in Fig. 2.1. The equation relating the complex-difference signal 

and flow at each location in the projection, x, can be expressed as:  

 
F(x) = 

SCD(x)*Venc*∆V

pi*S0*∆z
 

Eq. 2.2 

where F(x) is the voxel flow rate in ml/s at the location x in the projection, SCD(x) 

is the magnitude of the complex-difference signal at x, Venc is the encoding velocity 

in cm/s, S0 is the signal intensity in the vein from a reference image, ΔV is the voxel 

volume in the image used to measure S0, and Δz is the slice thickness. This 

expression was previously derived and validated (36). A step-by-step description 

of the complex-difference processing to yield a signal in units of flow in the current 

study is detailed below, and also outlined in Fig. 2.2. 

1) The complex-difference projection signal, SCD(x), was measured as the complex 

subtraction of the flow-encoded and flow-compensated acquisitions for each 

pair of sequential acquisitions. The delay between projection acquisitions is TR 

= 30 ms. 2.2B shows a typical SCD(x) profile over the vein at peak flow 

immediately post-exercise. 

2) The phase of the complex-difference signal, CD, has contributions from radio-

frequency coils, off-resonance, magnetic susceptibility and velocity-encoded 

phases. SCD(x) was phase-corrected by determining the phase angle at which the 
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real component of the projection within the vessel region is a maximum. A 

single value for CD was used for all pixels in the projection and was 

recalculated for each complex-difference subtraction pair over time, to account 

for motion and changes in velocity over time. Analysis of the phase-corrected 

real data, as opposed to the absolute value of the projection, was necessary to 

retain the phase relationship between residual background signal and the signal 

from the vein, as illustrated in Fig. 2.2B. 

3) Residual background signal in the phase-corrected real projection, due to 

incomplete subtraction of stationary tissue, was removed by measuring the 

signal intensity over the projection, excluding the vessel region, and 

subsequently interpolating the residual signal over the vessel prior to 

subtraction of the residual. Fig. 2.2C shows removal of the background signal 

from 2.2B, and why phase-corrected real data is necessary to avoid 

underestimation of flow (Fig. 2.2E). 

4) The complex-difference method requires reference signal intensity, S0, from the 

venous blood pool to convert the magnitude of the complex-difference signal, 

SCD, to units of flow (36). The reference signal was acquired using the first echo 

of the SvO2 acquisitions, which were designed to have identical acquisition 

pulse sequence parameters to the complex-difference acquisition save for the 

inclusion of phase-encoding gradients, as shown in Fig. 2.2. S0 was measured 

as the average signal intensity over the vessel lumen and the average over time, 

normalized by the number of phase-encoding lines in the acquisition, to account 

for scaling of the Fourier transform. Fig. 2.2D shows a typical sample S0 signal 

intensity over time, for a post-exercise experiment, and the selection of S0.   
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Figure 2.2 – A) Magnitude image showing a cross-section of femoral vein from one of the 

subjects. Raw complex-difference data is shown as both phase-corrected real and absolute 

signal intensities, B) before and C) after correction of the background signal. The mean 

signal intensity in the vessel from the magnitude images acquired over 50 acquisitions 

(dashed line) for calculation of the reference signal S0 is shown in D). Peak venous flow 

from this subject, using both the phase-corrected real and absolute complex-difference 

signals, is shown in E), illustrating the potential for underestimation of flow if absolute 

values are used. 
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Pulse Sequence 

As shown in Fig. 2.1, the same pulse sequence template, with identical TE, TR, 

radiofrequency pulses, saturation pulses and slice selection and frequency-

encoding gradients was used for both complex-difference (VBF) and 

susceptometry (SvO2) acquisitions. The interleaved sequences were implemented 

on a 1.5T MRI scanner (Sonata; Siemens Healthcare; Erlangen, Germany). A 

flexible single element surface coil was used for signal reception and the body coil 

was used for excitation. Acquisition parameters for the susceptometry acquisitions 

were 5 mm slice thickness, 192x80 acquisition matrix, 384 x 160 mm field of view, 

2 mm in-plane resolution, 260 Hz/pixel receiver bandwidth, TR/TE1/TE2 = 

30ms/5ms/10ms, flip angle = 20°, flow-compensation in the slice-selection 

direction, with 2.4 seconds acquisition time per image for 80 k-space lines. 

Complex-difference acquisition parameters were identical to the SvO2 acquisitions, 

but with no phase-encoding gradients and a velocity encoding strength of Venc = 

170 cm/s, which was implemented as flow-encoded slice-oriented gradients with 

equal and opposite first moments. Each complex-difference acquisition consists of 

40 pairs of projections (to match the 80 lines of k-space in the SvO2 acquisition) 

that were acquired within the 2.4 second imaging window, with each pair of 

acquisitions spanning a real-time temporal window of 2*TR = 60 ms. 

To visualize the venous anatomy, an arterial saturation venogram was 

acquired with the following parameters: 40 slices, 3 mm slice thickness with no 

gap, 256x176 acquisition matrix, 400x275 mm field of view, 260 Hz/pixel receiver 

bandwidth, TR/TE = 24 ms/3.57 ms, flip angle = 40°, with a gradient echo readout 

and a total scan time of 150 seconds. A superior saturation pulse was applied with 

every TR to eliminate signal from the arteries, to allow for clear identification of 

the veins. Acquisitions for muscle mass calculations used a single shot fast spin 

echo sequence with 50 slices and 10 mm slice thickness with no gap, 192x96 

acquisition matrix, 400x250 mm field of view, 300 Hz/pixel receiver bandwidth, 

TR/TE = 287 ms/30 ms for a total scan time of 29 seconds. 
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Figure 2.3 – Rest and exercise study protocol illustrating the interleaved complex-

difference flow imaging and susceptometry imaging, each of which has a temporal 

acquisition window of 2.4 seconds. 40 independent measurements of flow are obtained in 

the 2.4-second window (bottom left) and a single venous oxygen saturation image is 

acquired in the sequential window (bottom right). This sample data corresponds to the first 

imaging windows (the first 4.8 seconds) post-exercise in a representative subject.   

Exercise and Imaging Protocol 

As shown in Fig. 2.3, susceptometry acquisitions were interleaved with 

complex-difference flow acquisitions, with typical imaging times of 2.4 seconds 

for each acquisition. Using the arterial saturation venogram, care was then taken to 

prescribe the imaging slice for VBF and SvO2 experiments perpendicular to the 

long axis of the vein and in a location proximal to the femoral circumflex veins, but 

distal to the junction of the femoral vein and greater saphenous vein, as shown in 

Fig. 2.4. 
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Figure 2.4 – A) Transverse plane cross-section magnitude image showing the femoral vein 

location, and B) a zoomed magnitude image showing the outlined femoral vein and the 

great saphenous vein and with saturated signals in the femoral arteries. C) A 3 dimensional 

model reconstruction from the venogram scan showing the location of imaging slice in 

relation to the saphenous arch and the circumflex femoral vein. This figure also illustrates 

the calculation of the angle, θ, which is the angle between the main static magnetic field, 

B0, and the vessel.  

Additionally, the imaging slice location was selected to provide sufficient 

muscle reference tissue for the determination of background off-resonance 

frequency (107). For all VBF and SvO2 imaging studies, a slab-selective saturation 

pulse (15 cm slice thickness) was applied proximal to the imaging slice, in every 

TR, both to saturate the signal from the inflowing arterial blood and to provide a 

field of view reduction to reduce image acquisition time by saturating the signal 

posterior to the vein and reference muscle tissue. Suppression of the arterial blood 

signal was necessary to eliminate artifacts from pulsatile flow over the 2.4 second 

imaging window for SvO2 acquisitions and to enable the complex-difference 

projection flow imaging method used to estimate VBF, which could otherwise be 

contaminated by potentially overlapping arterial blood flow (77, 134). Fig. 2.5 

illustrates the prescription of the imaging slice and the orientation of the saturation 

slab.  
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Figure 2.5 – Slice Prescription Details. A) Sketch of lower limb vasculature illustrating 

the location of the femoral vein. B) Coronal magnitude image showing the femoral arteries 

and veins, as well as the saphenous arch. The imaging plane is prescribed distal to the 

saphenous vein bifurcation. C) Sagittal plane magnitude images used to define a slice 

location, and direction perpendicular to the length of the femoral vein. This image is also 

used to prescribe the saturation pulse that will remove arterial blood signal, and reduce the 

effective field of view. D) Resulting transverse plane cross-section image showing the 

femoral vein and the saturation in the arterial blood signal and the lower half of the image. 

All subjects performed two repeated 2-minute, 5-Watt knee-extension 

exercise bouts, separated by a 10-minute recovery period. Fig. 2.3 outlines the 

baseline and post-exercise imaging windows used for all studies in conjunction with 

the timing of the exercise bouts. Motion during exercise precluded the acquisition 
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of data during the exercise bouts but the peak flow and recovery acquisition began 

immediately (<1 second) with the cessation of exercise.  

Measurement of Skeletal Muscle Oxygen Consumption 

Similar to previous invasive (9-11) and non-invasive imaging studies (29), 

skeletal muscle oxygen consumption, VO2, was estimated using Fick’s principle as 

the product of the venous blood flow (VBF), which is a surrogate for the whole 

muscle blood flow, and the arteriovenous oxygen difference, a-vO2(diff), as shown 

in Equation 3. 

 VO2 = VBF*a-vO2 (diff)= VBF * Ca * Hgb * (Sa𝑂2-Sv𝑂2) Eq. 2.3 

 The a-vO2(diff) was estimated as the product of the oxygen carrying capacity 

per gram of hemoglobin, Ca = 1.34 mL O2/g Hb, the assumed typical hemoglobin 

level, Hgb = 14.6 g/dL (with a hematocrit (Hct) of 0.43), and the difference between 

arterial oxygen saturation, SaO2, measured from a finger pulse oximeter and 

assumed constant during the exercise bouts, and SvO2, as estimated from MR 

oximetry experiments (38). 

Vessel Tilt Calculation 

The three-dimensional venogram, as shown in Fig. 2.4, was used for 

calculation of the femoral vein angle, θ, relative to the magnet bore. The vessel was 

traced with an automated region-tracing algorithm based on signal intensities, and 

the centroid of the vessel along its length was used to define the angle of the vessel 

with respect to the main field at the location of flow and oximetry imaging slice.  

Muscle Mass Quantification 

The mass of the quadriceps muscle, measured from volumetric anatomical 

images, was used to index venous blood flow and skeletal muscle VO2 to the mass 

of knee-extension targeted muscle groups. A single-shot fast spin echo sequence 

was used to image the thigh muscles groups from the knee to groin. A region 

containing quadriceps muscle was traced on each slice. The volume contained 
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within this 3D region was multiplied by 1.06 g/mL to provide an estimate of the 

muscle mass. 

Time-Course Experiments and Data Analysis 

 As shown in Fig. 2.3, the pair of interleaved complex-difference flow and 

oximetry experiments, each with duration of 2.4 seconds, were repeated 20 times 

over 96 seconds at baseline, and 50 times over 240 seconds post exercise. Imaging 

began simultaneously (within 1 second) with the completion of exercise. For 

moderate intensity exercise, the VO2 kinetics are well described by a simple mono-

exponential function (39), SvO2(t) = SvO2(offset) + A*exp(-t/τ), where SvO2(offset) is 

a baseline offset value, A is scaling factor and τ is the time constant. For all subjects, 

the VO2 recovery time course data for each exercise bout was fit with a mono-

exponential function to estimate the recovery time constant, τ. 

Reproducibility and Statistical Analysis 

Test-retest reliability was measured by repeating the imaging protocol and 

exercise trial, as shown in Fig. 2.3, with a 10-minute recovery interval. 

Reproducibility was assessed using linear correlation, coefficient of variation (CV), 

and interclass correlation (ICC) for peak post-exercise VBF, SvO2 and VO2, and 

time constant of recovery of VO2 between the two trials.  

Results 

 The mean quadriceps muscle mass was 2.43±0.31 kg and the mean arterial 

oxygen saturation, from the pulse oximeter, was 97.7±0.6%. The mean femoral 

vein tilt with respect to the B0 field was 22.1±2.6 degrees. 

Figure 6A shows a typical view of the femoral vein cross-section for flow 

and SvO2 experiments, with a zoomed view in 7B, from a sample multi-echo 

gradient-echo acquisition, post exercise. The good saturation of the arterial blood 

pool signal shown here was observed in all subjects at all time frames in baseline 

and post-exercise scans. Sample SvO2 maps, corresponding to the image frames 

immediately post exercise and at baseline, are shown in 6C and 6E, and a time-
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series of 40 complex-difference projections, spanning 2.4 seconds, immediately 

post exercise is shown in 6D. Flow waveforms for the 50 acquisitions post-exercise 

for this subject are shown in 6F. Cardiac pulsatility can be seen in the venous flow 

data in 6D and F.  

 

Figure 2.6 – Sample imaging results. A) Magnitude image showing a typical slice 

orientation perpendicular to the targeted femoral vein. B) Zoomed magnitude image 

showing the location of the femoral vein and the saturation of the femoral artery signal. C) 

and E) show the oxygen saturation map (% SvO2) for peak post-exercise and resting, 

respectively. A series of 40 flow projections, acquired over a 2.4 second window 

immediately post exercise is shown in D), and F) shows the flow waveforms over the 4 

minute recovery period post-exercise, where the pulsatile flow over the cardiac cycle is 

visible, as indicated in D). Resting flow in this subject was 0.2 L/min. 
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Figure 2.7 – Test and Re-test group average data of normalized venous blood flow (VBF), 

venous blood oxygen saturation (SvO2) and oxygen consumption (VO2) time course data 

in all subjects at rest for 96 seconds, and for 240 seconds starting immediately following 2 

minutes of 5 Watt knee extension exercise. Mean data is shown as solid points. Dashed 

lines indicate one standard deviation over the study population. 
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Figures 7A, 7B and 7C show the average time-course data for all subjects, for 

femoral vein blood flow, SvO2 and VO2, for both test and re-test acquisitions. The 

dashed lines indicate one standard deviation. Figure 8 shows the correlations 

between the test and retest acquisitions for peak flow (R2=0.69), SvO2 (R
2=0.77), 

VO2 (R2=0.78) and recovery time constant (R2=0.85). Figure 9 shows the 

correlation between the quadriceps muscle mass and venous oxygen saturation at 

peak exercise (R2=0.74) and corresponding peak VO2 (R2=0.76), but without a 

significant correlation to peak flow (R2=0.14). Table 1 summarizes all other 

measured parameters. All data are reported as mean ± standard deviation. 

Table 2.1: Group Mean Data 

 Baseline 

1 

Baseline 

2 

Post Ex. 1 Post Ex. 2 CV(%) / R / 

ICC 

SvO2 (%) 69.4±10.1 68.0±9.3 43.2±13.5 40.9±13.1 15.6 / 0.88/ 

0.88 

VBF      

(L/min) 0.31±0.15 0.37±0.13 2.20±0.27 2.41±0.31* 7.6 / 0.83 / 0.68 

(L/min/kg) 0.13±0.06 0.14±0.05 0.91±0.12 1.00±0.16* -- / -- / -- 

VO2      

(ml/min) 16.7±10.5 19.9±4.1 236.4±65.3 266.2±57.3

* 

12.3 / 0.88 / 

0.80 

(ml/min/kg

) 

6.8±4.1 8.4±1.6 95.7±18.0 108.9±17.3

* 

-- / -- / -- 

τ (s) -- -- 26.1±3.5 26.0±4.0 6.0 / 0.92 / 0.92 

*p < 0.05 between test and re-test. SvO2 – venous oxygen saturation in the femoral vein, 

VBF – blood flow in the femoral vein, VO2 – rate of oxygen consumption.  
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Discussion 

The current study has demonstrated the feasibility and good test-retest 

reproducibility of a novel MRI method for the measurement of venous blood flow 

and venous oxygen saturation, for the estimation of skeletal muscle oxygen 

consumption, VO2. Conventional expired gas analysis of VO2 with whole body 

exercise does not distinguish the cardiac and skeletal muscle limitations to exercise 

performance, particularly in patients with impaired heart function (40, 41). Isolated 

muscle exercise, with quantification of oxygen consumption in the isolated limb, 

removes the cardiac limitations and allows for targeted skeletal muscle studies. The 

quadriceps muscle was targeted in the current study as it can be isolated with 

dynamic single leg knee extension exercise and quadriceps muscle function is 

representative of an individual’s capacity for exercise (40, 42). 

 The temporal resolution of the proposed method was sufficient to measure 

venous blood flow, venous oxygen saturation, and skeletal muscle VO2 

immediately following knee-extension exercise (targeting the quadriceps muscle) 

as well as the dynamics of all parameters, to determine the time constant of VO2 

recovery following exercise. The immediate post-exercise values in the current 

study are in general agreement with peak exercise values from previous reported 

invasive studies at similar workloads using catheter-derived venous blood flow and 

oxygen saturation values post knee-extension exercise (10). The muscle VO2 time-

constant of recovery is similar to previously reported expired gas VO2 time-

constant for younger males during dynamic isolated muscle exercise (39, 43). 

On average, peak flow values increased ~7 fold over baseline and venous 

saturation dropped by ~25% (approximately doubling a-vO2(diff)) for a resulting 

increase in oxygen consumption by ~15 fold with exercise. For reproducibility 

studies, the baseline values for VBF, SvO2 and VO2 differ slightly, although they 

are not statistically significant (Baseline 1 and Baseline 2 in Table 2); the second 

showing marginally increased blood flow, decreased venous oxygen saturation, and 

thus increased oxygen consumption. These small changes towards increased flow 

and rate of oxygen consumption may be due to the relatively short 10 minute rest 
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periods between tests which may be insufficient to allow the subjects to return to 

homeostasis. However, both baseline femoral vein SvO2 studies have values that 

are similar to previous invasive studies in large groups of healthy subjects (44). 

Similarly, the post exercise peak flow values are very similar but slightly higher in 

the second trial, venous saturation is slightly lower, and thus VO2 is slightly higher. 

Again, this may reflect incomplete recovery to homeostasis at the onset of exercise 

in combination with a relatively short exercise interval of 2 minutes, which may 

not have been sufficiently long to reach steady state or peak values at the prescribed 

workload. As shown in Fig. 2.7, the average time-course of flow, oxygen saturation, 

and VO2 over all subjects are nearly identical in the test and re-test studies. The 

time-constant of VO2 recovery, calculated from a best-fit mono-exponential decay 

of VO2, had the lowest coefficient of variation of all parameters at 6%.   

As shown in Fig. 2.8, there is wide range of peak VO2 values in the 9 healthy 

young subjects, and, as expected, Fig. 2.9C shows that these values are significantly 

correlated to quadriceps muscle mass. Interestingly, as shown by Figs. 2.9A and 

2.9B, the increased VO2 with larger muscle mass is due largely to increased oxygen 

extraction (lower SvO2) and not to increased flow. However, all subjects performed 

the same absolute exercise work of ~5W which is likely not the same fraction of 

their peak workload, and thus these differences could be related to differences in 

relative workload. Future studies using this methodology would ideally determine 

each subject’s peak load, and have exercise performed at known fractions of this 

peak, as is the standard for whole body exercise testing.  
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Figure 2.8 – Test-retest correlations for all parameters immediately following exercise: A) 

blood flow (VBF), B) venous saturation (SvO2), C) oxygen consumption (VO2), and D) 

VO2 recovery time constant, .  

 

Figure 2.9 – Correlations between quadriceps muscle mass and each of A) blood flow 

(VBF), B) venous oxygen saturation (SvO2) and C) oxygen consumption (VO2) for peak 

values measured immediately after exercise.  
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Experimental Considerations 

With the proposed method, the quadriceps muscle blood flow, oxygen 

extraction and oxygen consumption with exercise are estimated based on the flow 

and oxygen content of the blood in femoral vein. Thus, the location of the imaging 

slice along the femoral vein is an important experimental factor. Longer cylindrical 

sections of vein are desirable as they are more likely to meet the geometric 

assumptions of the susceptometry model (33, 34). Also, too high (superior) of a 

location along the vein is more likely to include venous blood that was not utilized 

by the quadriceps, for example from the great saphenous vein. Too low (inferior) 

of an imaging location, towards the circumflex, will result in increasingly complex 

branching of the femoral vein which will affect the flow quantification and a 

smaller exercising muscle mass will be reflected. However, MRI provides detailed 

vein and muscle morphology on a subject-by-subject basis, so that slice 

prescriptions can be routinely optimized, as shown in Fig. 2.4. 

The effects of pulsatility, in both the targeted femoral vein and arteries, was a 

critical factor in designing the methods presented in this study. Large temporal 

variations in signal over the cardiac cycle, from inflow signal enhancement, gave 

rise to significant flow-related artifacts in the phase-encoding direction, particularly 

from the arteries. These artifacts confounded quantitative measurements in the 

neighboring femoral vein. Saturation of the arterial signal, using a superior 

saturation band as shown in Fig. 2.5, was necessary to ensure no contamination at 

the location of the femoral vein. Additionally, pulsatility of the femoral venous 

blood flow necessitated use of real-time imaging to avoid similar artifacts in the 

venous flow imaging. Conventional single-shot phase-contrast imaging in the 

femoral vein consistently yielded flow-related artifacts and large errors in peak flow 

following exercise. These artifacts could be avoided with gated-segmented imaging 

to resolve flow over the cardiac cycle at the expense of drastically reduced temporal 

resolution that would not be compatible with dynamic exercise studies. The real-

time complex difference approach reported in the current study overcame these 

limitations. Finally, while imaging studies began immediately after exercise, there 
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was still significant bulk motion of the recovering muscles over a period of tens of 

seconds following the cessation of exercise, and thus imaging windows had to be 

sufficiently short to avoid blurring and contamination of the vessels by the 

surrounding lipids. The imaging window durations of 2.4 seconds for venous 

oxygen saturation and 60 ms for venous flow were sufficient to minimize flow 

related and bulk motion artifacts in all subjects in the current study, at rest and post-

exercise.     

Limitations 

We acknowledge that the methods used in this study provide no insight into the 

spatial variations of flow, oxygen extraction, or estimated VO2 within muscles 

groups that could be provided with direct imaging of these parameters in the muscle 

tissue. However, current MRI methods for estimation of tissue perfusion with 

simultaneous oxygen saturation do not provide sufficient temporal resolution and 

spatial coverage to determine the whole muscle oxygen consumption responses to 

dynamic exercise. No previous MRI study to our knowledge has illustrated imaging 

of these parameters, even in a single imaging slice, in conjunction with dynamic 

exercise. Additionally, given the heterogeneous patterns of quadriceps muscle flow 

with exercise (13), single-slice imaging is likely insufficient to reflect the whole 

muscle response to exercise.   

An important limitation of methods proposed in the current study is the 

potential effects of mixing of the venous blood pools from the targeted quadriceps 

muscle and from the regions distal to the muscle, in the calf and foot. This mixing 

will lead to overestimation of the true quadriceps flow, and venous oxygen 

saturation values will underestimate the drop in SvO2 during exercise due to mixing 

with higher oxygen saturation venous blood pools from distal non-exercising 

muscles. Previously, these effects were mitigated in invasive studies using a similar 

venous blood pool method by placing a cuff placed below the thigh, which was 

inflated just prior to data collection to eliminate distal blood flow from the femoral 

vein (9, 10). A similar approach could be combined with the methods present here. 
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 Another potential limitation of the method is the requirement for a large caliber 

femoral vein, which could be obscured with conditions such as deep vein 

thrombosis. Additionally, the susceptometry method relies on reference muscle 

tissue near or surrounding the targeted vessel; a lack of tissue near the vein will 

confound the estimation of blood oxygen saturation based on the relative shift in 

the magnetic susceptibility. Finally, the method relies on the geometric assumption 

of a long cylindrical vessel, and the impact of the range of actual venous geometries 

on a person-by-person basis is unknown. None of these factors limited the current 

study of healthy younger subjects and future patient-oriented studies will be 

necessary to determine the relative importance of these potential confounders.   

Additional assumptions were made in the current study that could be avoided 

in the future. Blood samples for our subjects were not available for our subjects so 

a hemoglobin value of 14.6 g/dL and a hematocrit of 0.43 were assumed for all 

subjects. Also, femoral artery oxygen saturation was assumed to be consistent with 

pulse oximetry measured saturation, and it was assumed to be constant over the 

short exercise trial, which is well justified for moderate isolated muscle exercise.  

A final limitation of the current study is that there is no direct measurement of 

the true work being performed by the subject; the true distance of the mass 

displacement for each knee-extension was not measured and the internal friction of 

the system was not taken into account.  

Conclusion 

Simultaneous femoral vein blood flow and oxygen saturation measurements 

are feasible and reproducible immediately post-exercise, and subsequently during 

the period of off-kinetics, for the estimation of whole muscle VO2. Our resting 

values, peak values and time course data during recovery are in general agreement 

with previous reported values from invasive hemodynamic knee extension studies. 

In future studies, simultaneous measurement of blood flow and SvO2 will enable 

the independent consideration of these physiologic factors as mechanisms of 

impaired VO2 in subjects with reduced exercise capacity, independent of impaired 
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heart function. When combined with cardiac and vascular studies, these methods 

can investigate the relative importance of the mechanisms that contribute to reduced 

exercise capacity in common conditions including those at risk for or with heart 

failure. 
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Chapter 3: Discussion and Conclusions 

Introduction and General Findings  

All protocols and new techniques should be validated with a pilot study 

before they are utilized in a larger scale clinical patient study. The primary goal of 

the study in Chapter 2 that comprises the body of this thesis is to explore the 

feasibility and reproducibility of a new technique developed to simultaneously 

measure venous blood flow and oxygen saturation to in turn measure the oxygen 

extraction of working muscles during dynamic exercise with MRI.  

To that end, we have developed a new MRI method to quantify in vivo 

blood flow, oxygen saturation, and oxygen consumption of a muscle during 

dynamic exercise and demonstrated the feasibility and reproducibility of the 

method with an imaging study on human volunteers. These physiological 

parameters are currently unavailable using noninvasive MRI techniques and have 

the potential to provide novel information about skeletal muscle function in 

diseased states such as heart failure. 

Our measurements using the new technique are in good agreement with 

previously validated invasive study data (1). As well, the test-retest data showed 

statistically significant reproducibility for the new technique for blood flow, 

oxygen saturation, and oxygen consumption.. There are multiple limitations to the 

technique as currently developed, which are explored below. By addressing some 

of these limitations, we think that this new tool can help to elucidate individual 

impairments in the oxygen cascade, and help to develop recovery paths for patients 

with, and at-risk for, heart failure.  

Limitations and Future Directions 

The technique presented in Chapter 2 is robust, fast, and easy to integrate 

into standard clinical MRI protocols as it uses standard GRE and CD sequences 

already available on clinical scanners to make these measurements. There are 
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several limitations with the exercise imaging technique that should be explored in 

future development and studies.  

A major limitation to exercise imaging is that MRI is extremely sensitive to 

movement; thus, the imaging protocol must commence immediately post-exercise, 

as opposed to during exercise. Additionally, as physiological parameters associated 

with exercise change rapidly following the cessation of exercise, the time between 

exercise cessation and starting imaging should be minimized. 

 Phase-dependent MRI techniques, such as complex-difference MRI and 

susceptometry, require sufficient mass of reference tissue surrounding the vessel of 

interest to correct for static phase variations. As well, susceptometry is dependent 

on vessel geometry and orientation (2). By focusing on a vessel segment parallel to 

the main magnetic field that can be approximated by an infinite cylinder, the 

quantification of susceptibility in the vessel, and thus oxygenation, is simplified. 

This condition naturally limits the set of vessels, and thus working muscle groups, 

which can be analyzed with the current technique, and may introduce a bias to the 

oxygen extraction (SvO2 in particular) measurement depending on how well the 

approximation holds. 

In addition, although regional venous blood flow was calculated, whether 

or not this femoral vein flow in fact corresponds exclusively to the exercising 

muscle tissue, or territory that the vein is draining, is not completely known. An 

understanding of the precise vessel draining system around the tissue of interest 

would allow for an accurate match of perfusion values in tissue with venous flow, 

and potentially extend the method to usability in additional areas.  

An important next step in the future development of the proposed technique 

is to verify the ability of our measurements to detect true local changes in the tissue 

oxygen consumption. Also, the global changes to oxygen consumption would be 

interesting to compare with local changes, to assess how good of a surrogate whole 

body VO2 measurement is for local muscle oxygen consumption. 
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Our method is proposed as an ideal candidate to investigate the progression 

of heart failure and the relationship between exercise intolerance and heart disease 

severity. A key clinical collaborator at the University of Alberta is the Alberta 

HEART study, which can further the progress on this technique and apply it to 

clinical populations. 

Conclusions 

Exercise training in heart failure could improve biomechanical efficiency. The 

study in Chapter 2 shows that it is feasible to measure blood flow and oxygen 

saturation simultaneously immediately post-exercise in the femoral vein, and the 

technique has good reproducibility. With these values, immediate post-exercise 

recovery of oxygen consumption to baseline values can be measured and modeled 

with an exponential decay curve. The time constant of this curve could be used as 

an endpoint metric in studies involving interventions such as exercise training or 

pharmaceutical agents including resveratrol. 

Safe and robust methods to measure exercise capacity in disease states are 

needed to understand disease mechanisms and to evaluate treatment. Through 

development of these methods we can advance the state of medical understanding 

and provide people opportunities to live longer, healthier lives. 
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