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Abstract 

 
Measuring venous oxygen saturation (SvO2) provides direct assessment of the upstream 

muscle or organ’s ability to extract and metabolize oxygen. Previously, measurement of venous 

oxygen saturation has been performed in most studies by intravenous catheterization. This 

approach has the advantage of continuous monitoring at the bedside, but the catheter insertion is 

an invasive method and has risks including venous infection and thrombosis.  

Magnetic Resonance Imaging (MRI) has the potential to estimate the blood oxygen 

saturation level based on the difference of the magnetic properties of oxygenated and 

deoxygenated hemoglobin in the blood. While oxyhemoglobin is diamagnetic, deoxyhemoglobin 

is paramagnetic relative to the surrounding tissue which makes it possible to estimate venous 

oxygen saturation levels, which is termed oximetry.  

In magnetic susceptometry-based oximetry, the vessel is modeled as a long paramagnetic 

cylinder immersed in an external uniform magnetic field. The resulting magnetic field shift within 

cylindrical blood vessels can be used to estimate venous oxygen saturation, based on the known 

magnetic susceptibility of deoxyhemoglobin. However, conduit veins in the periphery are often 

surrounded by fat, which has a different magnetic susceptibility than water and the venous blood 

pool. The potentially complex magnetic field perturbation from the fat may extend into the vein 

and the surrounding muscle reference tissue, potentially confounding estimation of the venous 

oxygen saturation.  

In this thesis, new methods for the measurement and correction of the unwanted magnetic 

susceptibility effects of fat are explored, to enable magnetic susceptometry-based venous oximetry 

in the presence of large fat pools around the targeted veins. Compatibility with dynamic imaging 

in associated with plantar flexion (calf) exercise is evaluated. The addition of flow-encoding 
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gradients enable phase-contrast evaluation of venous blood flow in the same acquisition, which 

allow for direct calculation of the volume of muscle oxygen consumption, VO2, which is the 

product of oxygen extraction and blood flow.   
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Preface 

This thesis is an original work by Hyun Joo Esther Yang. The main research project, of 

which this thesis is a part, received research ethics approval from the University of Alberta 

Research Ethics Board, Skeletal muscle blood flow in healthy people and individuals at risk for or 

with heart failure, Pro00040073 and Cardiovascular Magnetic Resonance, Pro00001460. 

In this thesis a new method for the quantification and correction of the magnetic 

susceptibility effects of fat on the blood vessels contained within fat is proposed. There are four 

chapters in this thesis: Chapter 1 is the introduction that consists of a literature review and study 

motivation. Chapter 2 of this thesis contains the primary studies and findings on the measurement 

and correction for the magnetic susceptibility effects of fat in venous oximetry, and is being 

prepared for submission for publication in the Magnetic Resonance in Medicine. In Chapter 3, the 

application of our new methods for lower leg muscle oxygen consumption (VO2) with plantar 

flexion exercise is illustrated. Chapter 4 contains the summary of the findings, the limitations of 

the study, and future directions.  
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Chapter 1: Introduction  

 
1.1 Introduction and Background  

 
Exercise capacity, measured most commonly as the volume of oxygen consumed per time 

per kg of body mass (VO2, ml/kg/min), is a major determinant of quality of life and survival in 

those with cardiovascular and a host of other diseases such as diabetes, obesity, cancer and liver 

disease (1,2). The vast majority of oxygen is consumed at the level of the exercising skeletal 

muscle. Skeletal muscle is the largest organ in the body, constituting 40-50% of total body mass 

in healthy individuals (3). Under various physiological challenges, the body maintains sufficient 

oxygen delivery and consumption based on demand (4,5). During exercise, skeletal muscle 

requires increased oxygen delivery to meet the increased metabolism of muscle contraction. The 

amount of oxygen delivered is dependent on the tissue metabolic requirement and on several 

physiologic parameters such as the arterial oxygen content, blood flow and hematocrit (Hct) (6-8). 

The difference in oxygen content between the afferent arterial blood and the efferent venous blood, 

and the amount of blood flow, together determine the amount of oxygen utilized by the tissue for 

its metabolic processes. Therefore, skeletal muscle oxygen consumption, VO2muscle, can be 

estimated using knowledge of arterial and venous oxygen saturation and blood flow (either arterial 

or venous blood flow, which are equal). The normal arterial oxygen saturation, SaO2, values are 

97% to 99% in the healthy individual (9). In most studies, SaO2 is assumed to be 98% for normal 

healthy individuals under resting conditions and mild exercise where arterial blood is almost fully 

oxygenated (9). Alternatively, SaO2 can be measured using the finger pulse oximeter, which is 

routinely used for patient monitoring. Measurement of venous oxygen saturation, SvO2 and venous 

blood flow will be described later in this chapter.  
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Traditionally, expired gas analysis during exercise is used to measure the whole body 

maximal oxygen consumption, VO2max, which reflects the integrated aerobic fitness of an 

individual. However, this whole body VO2max test does not provide a local measure of skeletal 

muscle oxygen consumption, nor does it distinguish the relative contributions of blood flow 

oxygen extraction to VO2. In order to isolate the effects of skeletal muscle on limitations to whole 

body oxygen consumption, it is necessary to perform isolated muscle exercise. This will remove 

the potential limitations of the heart and larger conduit blood vessels on delivery of blood and 

oxygen to the muscle.  

Monitoring of oxygen saturation in venous blood from the particular muscle group of 

interest provides a whole muscle assessment of the oxygen delivery and oxygen consumption in 

that muscle group. Therefore, robust and reliable methods to quantify venous oxygen saturation 

and venous blood flow, which determine the resulting muscle oxygen consumption in the 

exercising muscle, are needed to measure local physiological responses and to understand whether 

cardiac output (cardiac dysfunction) or local oxygen delivery and extraction (skeletal muscle 

dysfunction) is the limiting factor in exercise performance. Furthermore, local assessment of both 

oxygen extraction and blood flow will allow these two contribution factors to oxygen consumption 

to be evaluated independently.    

1.2 Metabolism – Utilization of Oxygen in Exercising Muscle 

Skeletal muscles need energy that is derived from adenosine triphosphate (ATP) to produce 

muscle contraction. Muscles tend to contain only limited quantities of ATP in the mitochondria. 

Thus, the rate of ATP hydrolysis (i.e. release of energy contained in ATP for muscle contraction) 

must be balanced by an equivalent rate of ATP synthesis to maintain ATP levels relatively constant 

so that the exercise can be continued (10). ATP production for muscle contraction occurs via 
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phosphorylation within the cytosol at the level of creatine phosphate (PCr) breakdown (Figure 

1.1a) and anaerobic glycolysis (Figure 1.1b) and via oxidative phosphorylation within 

mitochondria (Figure 1.1c). 

 

Figure 1.1 - ATP production for muscle contraction. Image from Introduction to the human body: 

the essentials of anatomy and physiology (11).  

Different modes of ATP production are utilized based upon the exercise intensity and 

duration (12). However, training, diet and environmental conditions can also modify the metabolic 

response to exercise.  

Oxygen plays an important role in both the aerobic and anaerobic metabolic systems. 

Aerobic metabolism fuels most of the energy needed for prolonged submaximal exercise. The 
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Citric Acid Cycle (CAC), a series of chemical reactions that use oxygen to convert energy sources 

including carbohydrates, fats, and proteins to carbon dioxide and ATP, is an aerobic process. Most 

cellular metabolism uses the aerobic metabolism system due to its high efficiency, as it generates 

36 ATP per glucose. On the other hand, anaerobic metabolism occurs when the oxygen need for 

energy exceeds the oxygen supply. Anaerobic metabolism can only generate 2 ATP from one 

glucose molecule, and thus it provides energy during high intensity exercise of short duration. 

During anaerobic metabolism, creatine phosphate (CP) degradation to creatine (Figure 1.1a) and 

the breakdown of muscle glycogen to lactic acids (Figure 1.1b) are the major energy yielding 

pathways (13). However, the accumulation of lactic acid in muscle tissue and the lack of resources 

under conditions of high energy demand lead to muscle fatigue and muscle contraction stops (14). 

Oxygen is essential in the aerobic metabolism system to function, but it is also required in the 

anaerobic system to convert excess lactic acid back to glucose in the liver. 

1.3 Invasive Methods to Measure Oxygen Consumption   

In 1945, Kety and Schmidt described a method of measuring cerebral blood flow, cerebral 

metabolic rate and flux in humans based on the Fick principle. They used nitrous oxide or Kr85, a 

metabolically inert and highly lipid-soluble gas, as the tracer of blood flow (15). The Fick principle 

states that the amount of a gas taken up or eliminated by a tissue per unit of time, Q(t), is equal to 

the difference between the amount in the entering arterial blood, CA(t) and the amount in the 

leaving venous blood, CV(t). Thus, the average cerebral blood flow per gram weight of brain is 

then:  

                                                 CBF = 
Q(t)/W

∫(CA(t)−CV(t))dt
                                                  Eq. 1.1 
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where Q(t) is the amount of the inert gas taken up by the brain in time, t, and W is the brain weight 

(g), and CA(t) is the gas concentration in the arterial blood and CV(t) is the gas concentration in the 

venous blood.  

Based on this fundamental principle, radioactive tracer clearance techniques were 

introduced. The radioisotope techniques measure blood flow by administering an inert 

radioisotope, 133Xe and monitoring the exponential pattern of clearance of the radioisotope from 

the brain using sensitive detectors. Similarly jugular vein oximetry involves intravenous 

catheterization of a fiber optic probe and measuring oxygen delivery and oxygen extraction from 

the absorption spectrum of different wavelengths of light through optical measurements or Doppler 

ultrasound (16).  

The blood flow and oxygen extraction can be measured, which in turn can be used to 

estimate the metabolic rate of oxygen consumption. However, invasive techniques have significant 

disadvantages including discomfort due to the catheterization, risk of infections, long data 

acquisition, and low temporal resolution (17). There are several non-invasive methods to measure 

oxygen consumption, which are summarized below. 

1.4 Non-invasive Methods to Measure Oxygen Consumption  

1.4.1 Positron Emission Tomography (PET) 

In Positron Emission Tomography (PET), a very small amount of labelled radiotracer is 

either injected into the body, swallowed or inhaled as a gas and accumulates in the organ. The 

concentration of radiotracer in the tissue is measured by the imaging device.  
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Tissue oxygen extraction and metabolism can be measured by imaging the accumulated 

inhaled 15O-labeled radiotracers in the tissue, where it is converted into 15O-labeled water of 

metabolism (18-21). PET also uses intravenous injection of H2
15O water to quantify the blood 

flow. However, PET may not be preferable for exercise imaging due to several factors: restrictive 

positions, long scan times, and comparatively low spatial resolution (18,22). Also, PET imaging 

systems are relatively uncommon, requiring facilities to generate the isotopes on site, particularly 

for 15O, which has a very short half-life of 122.24 seconds and complex system for constant 

delivery of the radiotracers. 

1.4.2 Near-Infrared Spectroscopy (NIRS) 

Near-infrared Spectroscopy (NIRS) is a non-invasive method for monitoring in vivo tissue 

oxygen availability and utilization (23-25).  NIRS technique is based on measuring the attenuation 

of the near-infrared light (700-1000 nm wavelength) by the oxyhemoglobin and deoxyhemoglobin 

and cytochrome oxidase present in the tissue. The amount of light reflected after penetrating the 

tissue depends on the degree of scattering and the amount of absorption within the tissue.   

NIRS is most commonly used due to its portability. NIRS is also relatively inexpensive, 

has excellent temporal resolution and relatively low noise amplitudes during movement like 

exercise. However, the spatial resolution of NIRS is low, the localization of the reflected signal is 

uncertain and NIRS methods cannot differentiate the signal of the arterial and venous blood (26-

28). NIRS is also limited to superficial investigation due to the poor signal-to-noise ratio and the 

low intensity of penetrated light to deep tissue locations, with difficulty in individuals with 

substantial subcutaneous fat.  
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1.5 Magnetic Resonance Imaging (MRI) 

Magnetic Resonance Imaging (MRI) measures oxygen saturation in venous blood with 

different techniques; either magnetization relaxation based techniques (29-32) or susceptometry 

based techniques (27,33-35).  

Magnetic susceptibility, χ is a physical quantity that characterizes the magnetic response 

of a substance when placed in an external magnetic field. This can be expressed by: 

                                                           χ = 
𝐽

𝐵0
                                                               Eq. 1.2 

where J is the magnitude of the internal polarization and B0 is the strength of the external field 

(Figure 1.2). The value of χ is given in ppm (parts per million). The magnetic induction within the 

material can be expressed as: 

                     B = 0(1+ χ )H,                                                        Eq. 1.3 

where B is units of Tesla, 0 is the permeability of free space and H is the magnetic field strength 

in ampere/meter. Susceptibility differences between tissues will create field inhomogeneities in 

uniform external fields, and can cause image distortions and loss of signal in MR images (36). 

However, local variations in susceptibility can be used to diagnose pathology or provide important 

information about tissue structure and function in the body (37). 
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Figure 1.2 - Magnetic Susceptibility. When matter interacts with the magnetic field, an internal 

magnetization (J) is created that either opposes or is in the same direction as the external field. 

Courtesy of Allen D. Elster, MRIquestions.com 

Based on the macroscopic behavior under the influence of an external magnetic field, 

various materials are classified into diamagnetic, paramagnetic, or ferromagnetic (36). If the 

susceptibility χ is negative (χ<0), the material is considered as diamagnetic. If χ is positive (χ>0), 

the material is paramagnetic. In the ferromagnetic case, χ>>0.  Almost all soft tissues in the body 

are diamagnetic in nature. 

MRI is intrinsically sensitive to blood oxygenation based on the paramagnetic effects of 

deoxyhemoglobin. Hemoglobin, Hb, is the primary oxygen carrier in the red blood cell and is 

composed of four protein oxygen-carrying subunits, two alpha chains and two beta chains. Each 

protein subunit contains a heme molecule that consists of an iron atom (Fe2+). In oxyhemoglobin 

(HbO2), the iron atom is bound to oxygen with no unpaired electrons (Figure 1.3). HbO2 exhibits 
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diamagnetism, and thus is magnetically indistinguishable from surrounding tissues. Conversely, 

deoxyhemoglobin, dHbO2 has four unpaired electrons that are exposed as the oxygen dissociates 

from the iron atom, with a significant magnetic moment. Thus, dHbO2 is paramagnetic relative to 

the surrounding tissue (38).  

 

 

 

 

 

 

 

 

Figure 1.3 - Oxyhemoglobin and Deoxyhemoglobin. Deoxyhemoglobin is strongly paramagnetic 

due to four unpaired electrons at each iron center. Courtesy of Allen D. Elster, MRIquestions.com 

1.5.1 Relaxation based techniques  

Relaxation based techniques can measure blood volume and oxygenation based on the 

blood oxygen level dependent (BOLD) effect. T2 methods quantify intravascular transverse 

relaxation of blood caused by blood water protons diffusing through the magnetic field 

inhomogeneities. Such field inhomogeneities are created as a result of the frequency shifts between 

intra-and extra-erythrocyte spaces due to the paramagnetism of deoxygenated hemoglobin (39). 

Thus, the signal attenuation by T2 relaxation is enhanced as the concentration of deoxyhemoglobin 

increases. However, T2 methods have significant limitations including poor spatial resolution, low 

signal-to-noise ratio and image distortion by long acquisition times and motion, and sensitivity to 
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partial volume effects from surrounding tissues (32,40-42). In order to convert the measured T2 to 

venous oxygen saturation levels, an ex-vivo calibration curve relating T2 and SvO2 at different 

hematocrit and oxygenation levels needs to be measured using a blood perfusion phantom (32,43-

45). 

T2-Relaxation-Under-Spin-Tagging (TRUST) method measures T2 in the venous blood 

by applying spin tagging, similar to pulsed arterial spin-labelling (29,30,46,47). This method labels 

blood on the venous side of circulation and performs paired image subtractions. This allows the 

subtracted image to contain only venous blood signal and determine the T2 relaxation time of this 

signal and this T2 can be converted to venous oxygen saturation with a calibration curve. While 

TRUST has good reliability (48) and high SNR due to the large blood volume, measurements are 

restricted to terminal veins (49) and temporal resolution is low (50).  The effects of inversion times 

also have to be accounted for and because it is a subtractive technique, it relies on negligible motion 

to ensure subtraction of unwanted background signals.  

1.5.2 Magnetic Resonance Susceptometry-Based Oximetry 

MR susceptometry-based oximetry is based on the measurement of the susceptibility 

difference, Δχ=Δχdo*Hct*(1-SvO2) between the blood in the vein and its surroundings, where 

Δχdo= 4π*0.27 ppm (51) is the susceptibility difference (in SI units) between fully deoxygenated 

and fully oxygenated blood (33,34). Hematocrit, Hct is the fractional volume of red blood cells of 

the total volume of blood. The magnetic susceptibility of most tissues is very close to that of water 

(52), the predominant component of tissue. Therefore, muscle tissue serves as a magnetic field 

reference, relative to which the field of the venous blood signal can be measured (53).  
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In the magnetic field of an MRI scanner, susceptibility differences between the venous 

blood and the reference tissue result in frequency shifts. These shifts are due to the variation in the 

local magnetic field that causes the spins to precess at different frequencies. This results in phase 

differences that can be routinely measured using multi-echo gradient-recalled echo (GRE) 

acquisitions. Images with multiple echo-times (TEs) enable the measurement of phase-differences 

between images, Δφ. The local field shift, ∆B can be obtained for each pixel of the image from the 

phase difference: 

                                   Δφ = γΔBΔTE  and thus ΔB = 
Δφ

γ∗ΔTE
                                      Eq. 1.4 

where Δφ is the phase difference between multiple gradient-echoes separated by ΔTE and γ is the 

gyromagnetic ratio for a 1H proton (γ=267.513 rad/sT). The relationship between the ΔB and Δχ 

can be described as: 

      ΔB = d*Δχ           Eq. 1.5 

where d is the dipole kernel and * is the process of convolution. Figure 1.4 below shows a two-

dimensional cut of the three-dimension dipole kernel, showing the characteristic dipole-pattern.  

 

Figure 1.4 – The characteristic dipole-pattern.  
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In susceptometry methods, the blood vessel is modeled as a long paramagnetic cylinder 

(length >> diameter) (34) immersed in an external uniform magnetic field. For this situation, for a 

given susceptibility shift (Δχ), the induced magnetic field (∆B) inside the cylinder, relative to 

surrounding tissue can be approximated (34) as:  

                          ∆B =  
1

6
 ΔχB0(3cos2θ-1) = 

1

6
 Δχdo*Hct*(1-SvO2) B0(3cos2θ-1)                    Eq. 1.6 

where θ is the vessel angle relative to the main magnetic field (B0). The characteristic (3cos2θ-1) 

term is the result of convolution of the dipole kernel, shown in Figure 1.4, and an infinite cylinder 

with a relative shift in magnetic susceptibility, Δχ, relative to the surrounding material. By 

combining equation 1.4 and 1.6, the venous oxygen saturation can be calculated as: 

                                        SvO2 (%) = 100 *{1-
2*Δφ/ΔTE

γ∗Δχdo∗Hct∗B0∗(cos2θ−1/3)
}                                Eq. 1.7 

The major strength of MR susceptometry-based methods are their robustness, acquisition 

speed, self-calibration and good temporal and spatial resolution, which are a result of the simple 

and efficient multi-echo gradient-echo acquisitions (53). These features make this approach 

preferable for imaging the oxygen saturation in venous blood with exercise challenges. In 

particular, the high blood velocities (rapid and complex motion) associated with exercise make the 

alternate T2-based methods incompatible with exercise imaging. 

Measurement of Blood Flow  

The most widely used MRI technique to measure blood flow is the phase contrast (PC-

MRI) method (54-56). PC-MRI method can be readily combined with the multi-echo gradient-

echo field mapping methods to enable joint measurement of blood flow and oxygen saturation, 

which together can be used to estimate oxygen consumption. 
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1.5.3 Phase Contrast MRI   

  Phase contrast magnetic resonance imaging (PC-MRI) can quantify blood flow using 

velocity induced phase shifts. Typically, a bipolar gradient is used to encode velocity to image 

phase after excitation by a radio-frequency (RF) pulse. The stationary spins experience no net 

phase shift in relation to motion, but the moving spins will acquire a net phase shift as they move 

along the direction of a magnetic field gradient (57,58). In the phase difference image, the signal 

phase is linearly proportional to the velocity of the spins in each pixel; faster moving spins in one 

direction give rise to a higher positive phase, whereas blood moving in the opposite direction is 

assigned higher negative phase. Thus, the speed and direction of the blood flow can be quantified.  

Due to the cyclic nature of image phase (-π to π), phase contrast imaging is usually only 

applied over a range of velocities that correspond to this range of phases. To specify this range of 

velocities, a velocity-encoding (VENC) value can be chosen by a user. It determines the highest 

and lowest detectable velocity encoded by a phase-contrast sequence. The VENC parameter 

corresponds to the velocity that will give rise to phase shifts of ±π. VENC is usually given in 

centimeters per second.  

The signal in each pixel in a phase difference image is linearly proportional to the velocity 

of the blood by that pixel. Velocity in pixel can be expressed as:  

            v = VENC * (pixel phase difference / π)                                Eq. 1.8 

and labelled with direction. A region of interest (ROI) can be drawn on the image to measure the 

velocity of the blood directly. In addition, flow volumes can be calculated from the equation: 

                                                  Q = v * A                                                                  Eq. 1.9 
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where Q is flow in mL/min, v is the average velocity (cm/sec) of all pixels in the region of interest 

(ROI), which is determined by using the phase images and A is the area of the vessel (cm2) which 

is defined by a user-generated ROI.  

 PC-MRI provides flexibility of image spatial and temporal resolution to suit the application 

and can be repeated for all directions of flow at any location in the body (59).  However, in order 

to account for non-velocity image phase, from off-resonance frequencies, two images must be 

acquired, with different bipolar gradient pairs but with identical echo-times. Phase-difference 

processing removes the off-resonance image phase, and the different bipolar gradients define the 

flow-encoding strength, or VENC, for the acquisition.  

1.6 Exercise in the MRI 

1.6.1 Target Muscles and Vein of Interest 

The ultimate goal of the work to be enabled by this thesis is to measure the skeletal muscle 

oxygen consumption in an isolated muscle with exercise. Isolated exercise has the potential to 

expose muscle-specific limitation to exercise capacity (blood flow to that muscle and oxygen 

extraction in that muscle) as opposed to conventional whole body exercise, in which several factors 

act in unison to reduced exercise capacity, which are difficult to untangle (e.g. lung function, heart 

function, vascular function at many locations). 

In order to study isolated muscle with exercise the muscle group should be a well-defined 

functional group, exercisable in isolation and with direct blood flow to and from the muscle group 

(60). The gastrocnemius muscle which is targeted with plantar-flexion exercise was used for our 

study. The blood oxygen saturation and blood flow in the popliteal vein (Figure 1.5) were 

measured to estimate the whole lower leg muscle oxygen consumption at rest and with exercise.  



15 

 

 

Figure 1.5 - Visualizing the contents of the popliteal fossa. Image from Gray’s basic anatomy 

(61).  

1.6.2 Oxygen Consumption 

The skeletal muscle oxygen consumption, VO2muscle, can be estimated by combining 

arterial and venous oxygen saturation and venous blood flow measurements using Fick’s principle 

(15). 

                                            VO2Muscle = Ca * VBF * (SaO2-SvO2)                                        Eq. 2.0 

where Ca is the oxygen carrying capacity of hemoglobin, VBF is the total venous blood flow to 

the muscle, SaO2 and SvO2 represent the arterial and venous oxygen saturation levels, respectively. 

Ca = 1.34 mL O2/g Hb, and hemoglobin is commonly assumed to have a concentration of 14.6 

g/dL (at the Hct of 0.43). At rest, the normal range of SvO2 is 50-75% (62), and the normal values 

for SaO2 are in the range of 97-99% (9,35). SvO2 can be estimated by MR susceptometry and SaO2 
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is measured with a pulse oximeter (inexpensive finger device). VBF is quantified with the phase-

contrast MRI technique. By interleaving sequences for venous blood flow and venous saturation 

measurement, both parameters are simultaneously measured to assess whole lower leg muscle 

oxygen consumption. Imaging immediately post-exercise allows characterization of end-exercise 

peak values and oxygen recovery kinetics from peak exercise.  

Oxygen recovery kinetics refer to the rate of change in VO2 after exercise (63,64). VO2 

recovery time, τVO2, is most commonly defined as the time-constant of exponential recovery. 

Slowed whole body VO2 recovery kinetics, as compared to healthy subjects, is a well-established 

feature of heart failure patients (65,66). However, the muscle-specific contributions to delayed 

recovery is not well characterized, the study of which would be enabled by muscle-specific VO2 

tests. VO2 recovery kinetics also have the advantage of being insensitive to exercise intensity (65). 

This has the advantage of improved test reproducibility by removing the direct dependence on 

participant effort. Measurements of the VO2 and VO2 recovery kinetics in an isolated muscle 

remove the potential limitations of heart function for oxygen delivery and provide information 

about the skeletal muscle function to the mechanisms reducing exercise capacity (67,68), which 

ultimately will enable a better understanding of the mechanisms of reduced exercise capacity.  

1.7 Confounders to Susceptometry – Effects of Fat 

1.7.1 Limits of Reference Tissue Region  

 In MR susceptometry-based oximetry, the relative susceptibility of blood in the vein with 

respect to surrounding reference tissue is used to quantify venous oxygen saturation. The magnetic 

susceptibility of venous blood depends linearly on the volume fraction of the paramagnetic 

deoxyhemoglobin in red blood cells (53). However, we do not directly measure magnetic 
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susceptibility, rather, we measure the magnetic field perturbation caused by the differences in 

magnetic susceptibility between deoxygenated blood and reference tissues surrounding the vein.  

Most body tissues have magnetic susceptibilities close to that of water (52), therefore the 

surrounding muscle tissues can be used as a reference with known susceptibility. Unfortunately, 

the conduit veins in the periphery that return blood from the calf and quadriceps muscles are often 

surrounded by fat. Fat surrounding the conduit veins limits the region of the reference (muscle) 

tissue as indicated in Figure 1.6. The fat also may directly affect the local magnetic field 

distribution as a consequence of its distinct magnetic susceptibility, further exacerbating the 

process of estimation of the field shift by deoxyhemoglobin alone. The magnetic field environment 

of fat is reviewed in the following section. 

 

Figure 1.6 - Fat surrounding the popliteal vein and regions of muscle tissues. All the dark regions 

within the fat are muscle except the vein and artery.  

1.7.2 Magnetic Susceptibility and Chemical Shift of Fat 

  The chemical environment of a proton in water (H2O) is different than a proton in fat 

(CH2). The electron clouds surrounding the proton (i.e. 1H) shields it from the applied external 

field, where the electronic shielding of the protons in the fat molecules is greater than protons in 

Bone 

Popliteal 
Artery 
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water molecules. More shielded protons in fat experience a smaller effective magnetic field, and 

thus resonate slightly slower than water protons, with a shift that is proportion to the applied static 

magnetic field, B0.  

For example, at 3T, the resonance frequency of 1H is approximately 128 MHz according 

to Larmor equation: 

                                                         ω = γ * B0                                                          Eq. 2.1 

where ω is the frequency of precession, γ is the gyromagnetic ratio (42.58 MHz/T for the 1H 

nucleus), and B0 is the strength of the applied external field. The chemical shift between fat and 

water is approximately 3.5 ppm when water is taken as reference. Thus, fat-water frequency 

difference, ∆f would be: 

                                                ∆f = (128*106 Hz)*(3.5*10-6) = 440 Hz.                                Eq. 2.2 

Because fat contains several protons in distinct chemical environments, it has a characteristic 

spectrum of chemical shifts, typically [-3.73, -3.33, -2.53, -1.87, -0.32, 0.67] ppm relative to water 

with normalized amplitudes [0.087, 0.693, 0.128, 0.004, 0.039, 0.048] (69). 

While chemical shift refers to the effects of the charge structure on the protons contained 

within them in response to an external magnetic field, the magnetic susceptibly refers to the effects 

of the charge structure on the environment outside of the electron clouds. Fat has a distinct 

magnetic susceptibility from the surrounding muscle tissue and the blood in the vein (Fat = 0.65 

ppm as compared to water) (70), which may confound estimation of our targeted venous oxygen 

saturation, which is based on the local perturbation of the magnetic field arising from its distinct  

magnetic susceptibility.  
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1.8 Motivation of the Study 

Whole body oxygen consumption, which is commonly measured using expired gas 

analysis (metabolic cart), reflects the aerobic physical fitness of an individual, but cannot 

distinguish the contributions of cardiac function, blood flow and oxygen extraction by the muscles 

in the study of reduced exercise capacity. Measurement of oxygen extraction and blood flow at the 

level of the skeletal muscle is very important for describing the physiological and pathological 

state of the skeletal muscle (53).  

Magnetic susceptometry has been used for the non-invasive estimation of local venous 

oxygen saturation based on the magnetic susceptibility differences between the blood in the vein 

and its surrounding tissues (35,53,71,72). In order to quantify venous oxygen saturation accurately 

with this method, it is important to know the orientation of the vessel with respect to the main 

magnetic field and to have sufficient and suitable surrounding reference tissue. However, the 

conduit veins in the periphery are often surrounded by fat which itself has a different magnetic 

susceptibility than the surrounding reference water and the targeted venous blood pool (χFat=0.65 

ppm) (70,73). This magnetic susceptibility of fat might cause potentially complex variations in the 

static magnetic field in skeletal muscle. The resulting perturbation of the magnetic field by the fat, 

both within the vein and in surrounding reference muscle tissue is unknown and may confound 

measurement of the targeted shift in the local field by deoxyhemoglobin alone, and thus 

contaminate estimation of venous oxygen saturation.  

In this thesis, we propose a novel method to measure and characterize the magnetic 

susceptibility effects of fat on venous oxygen saturation imaging and to correct for the confounding 

effects of the fat. We measure the angle between the vessel and the main magnetic field and correct 

for the effects of vessel orientation on SvO2 measurement. The feasibility of this approach in the 
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popliteal vein (venous return from the lower leg) in conjunction with plantar flexion (calf muscle) 

exercise was also evaluated.  
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Chapter 2: Measurement and Correction of the Bulk Magnetic Susceptibly 

Effects of Fat in MR Susceptometry of the Venous Blood Pool 

2.1 Introduction 

Venous oxygen saturation (SvO2) reveals oxygen extraction and consumption from 

upstream organs, with applications for the study of metabolism in several tissues including the 

brain (33-35,74), skeletal muscle (60,75) and others (71,76,77).  Magnetic susceptometry has been 

used for the non-invasive estimation of SvO2, taking advantage of the linear relationship between 

the concentration of deoxyhemoglobin and magnetic susceptibility of blood, χBlood (71,76). For the 

case of cylindrical blood vessels, χBlood has an analytic relationship to the shift in the magnetic field 

within the vessel, which can be readily measured with MRI (53,72). However, it is common for 

conduit veins of interest, particularly in the periphery, to be surrounded by fat, which has a 

different magnetic susceptibility from the targeted venous blood pool and the surrounding 

reference water in nearby muscle tissue (70,73). The resulting perturbation of the magnetic field 

by the fat, both within the vein and in the surrounding reference tissue, may confound measurement 

of the targeted shift in the local field by deoxyhemoglobin alone, and thus contaminate estimation 

of SvO2. Additionally, the large magnetic field shift within the fat pool precludes the use of the fat 

region itself as a reference tissue, for calculation of the relative shift within the vein.  

The goals of the current study were to measure and characterize the magnetic susceptibility 

effects of fat on SvO2 imaging and to develop a new method to correct for the confounding effects 

of the fat. The feasibility and reproducibility of this approach in the popliteal vein (venous return 

from the lower leg) at rest and with plantar flexion exercise was evaluated.   

2.2 Methods 

2.2.1 Imaging of Venous Oxygen Saturation (SvO2): Current Methods 
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MRI susceptometry is used to estimate SvO2 based on the well-characterized relationship 

between the magnetic susceptibility of blood (Blood) and SvO2, Blood=do*Hct*(1-SvO2), where 

do=4π*0.27ppm is for fully deoxygenated blood and Hct is hematocrit (33). For the case 

cylindrical vessels at an angle of  to the main magnetic field (B0), the venous oxygen saturation 

can be estimated from the shift in magnetic field within the vein (∆BO2) according to: 

 SvO2(%) = 100*[1-2*∆BO2/(*do*Hct*B0*(cos2-1/3))]                       Eq 2.1  

where  is the 1H gyromagnetic ratio ( = 42.576MHz/T) (33,34). This approach has been used to 

image SvO2 in the brain (33,34) and in skeletal muscle at rest (27,75), with arterial occlusion (27), 

and with exercise (60).     

In order to measure the magnetic field shift arising from the concentration of 

deoxyhemaglobin alone, the effects of static magnetic field inhomogeneity need to be accounted 

for by estimation and subtraction of the background field, ∆BBackground, which can be measured in 

reference tissue surrounding the vein of interest.  In the periphery, skeletal muscle surrounding the 

vein of interest is used as a reference tissue that is assumed to have a uniform magnetic 

susceptibility that is approximately equal to fully oxygenated blood (27,72). Typically, a best-fit 

low spatial frequency evaluation of ∆BBackground in the muscle is used to estimate this field at the 

location of the vein, to enable subtraction of the unwanted ∆BBackground component (72). This 

standard approach is illustrated in Figure 2.1, showing subtraction of a best-fit field from the 

measured field for calculation of ∆BO2 in the popliteal vein of a volunteer, where ∆BO2 = ∆BMeasured 

- ∆BBackground within the vein. Note that the fat surrounding the vein in this example was excluded 

for the estimation of ∆BBackground due to large field shift from chemical shift and magnetic 

susceptibility effects of the fat, within the fat pool. 



23 

 

 

Figure 2.1 - Conventional background correction method. The background off-resonance field, 

∆BBackground, is measured in segmented muscle tissue regions, and interpolated to the full image 

prior to subtraction from the measured field, ∆BMeasured. The resulting field map reflects on the 

field shift from deoxyhemoglobin in the vein, ∆BO2, but with large residual off-resonance 

frequencies in the fat pool.   
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2.2.2 Measuring and Correcting the Effects of the Magnetic Susceptibility of Fat 

The conduit veins of interest in the periphery, returning blood from the quadriceps muscle 

(femoral vein) or calf muscle (popliteal vein), for example, are commonly surrounded by fat, 

particularly where smaller veins converge to the larger targeted veins. The potentially complex 

magnetic field perturbations from the fat (∆BFat), which are a consequence of its distinct magnetic 

susceptibility (Fat = 0.65 ppm as compared to water (70)) and complex geometry, will extend 

outside of the fat into the vein and the surrounding muscle reference tissue, which may confound 

estimation of the targeted ∆BO2 in the vein. Additionally, the fat region cannot be used to define 

the background field (Figure 2.1), which may limit the accuracy of the field estimation at the 

location of the vein, as a function of the thickness of the fat region surrounding the vein. 

In the presence of fat, the resulting magnetic field within and surrounding the vein can be 

expressed as a sum of three components, ∆BMeasured = ∆BO2 + ∆BBackground + ∆BFat. ∆BFat has 

contributions from both magnetic susceptibility, ∆BFat(), and from chemical shift (CS) effects, 

∆BFat = ∆BFat(CS) + ∆BFat().  

The conventional approach to measure the static magnetic field distribution, ∆BMeasured, 

utilizes the phase difference between images acquired at incremented echo times, ∆BMeasured = 

((TE2) - (TE1))/(TE2 - TE1), as shown in Figure 2.1 (78). In the current study, we propose to use a 

multi-echo gradient-echo Dixon fat-water separation method (69) to measure both the total static 

magnetic field, ∆BMeasured, as well as the distribution of fat around the targeted vein, using the 

calculated fat and water separated images. This approach has the advantage of calculation and 

removal of chemical shift contribution of the fat, ∆BFat(CS), from the measured magnetic field as an 

intrinsic component of the least squares solution to fat and water separation and calculation of 
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∆BMeasured (69,79). Additionally, the measured distribution of fat can subsequently be used to 

calculate the magnetic field perturbation, ∆BFat(), based on the known magnetic susceptibility of 

fat (80,81). Finally, it is proposed that with correction for the chemical shift and magnetic 

susceptibility of fat, ∆BFat(CS) + ∆BFat(), that the background field calculation can include the 

normally excluded fat region.  

Figure 2.2 outlines the proposed procedure for measurement and removal of ∆BFat and 

calculation of the targeted venous ∆BO2 field. The Dixon method provides fat and water separated 

images, and thus a direct calculation of fat-fraction images, which are used to generate the 

corresponding magnetic susceptibility images, (x,y,z)  = 0.65*FF(x,y,z) , from which ∆BFat() can be 

directly calculated (Figure 2.2, top row). The calculation of ∆BFat() will be described in 2.2.3.  The 

Dixon method also provides a direct measure B0 field map (∆BMeasured), which can be corrected 

using ∆BFat() prior to fitting the background field (Figure 2.2, middle row), ∆BCorr = ∆BMeasured - 

∆BFat(). Finally, the background field can be measured using the fat-corrected images, similar to 

the conventional approach shown in Figure 2.1, however, with a larger reference region, including 

all fat and muscle tissue outside the artery and vein (Figure 2.2, bottom row).   
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Figure 2.2 - Dixon fat-water separated imaging yields off-resonance, fat and water images. Fat 

fraction images (FF) are used to generate a susceptibly map based on fat content, (x,y,z), which can 

be used to calculated the expected susceptibility-related off-resonance effects, ∆BFat() (Top). A 

corrected off-resonance image, ∆BCorr, can be generated by subtraction of ∆BFat() (Middle). The 

background magnetic field, ∆BBackground, can be measured from the corrected field, and subtracted 

to yield an off-resonance image in the targeted vein that is dependent only the magnetic 

susceptibility (oxygen saturation) of the vein, ∆BO2 (Bottom). One of 49 slices is shown. 

Using this approach, our specific goals are: 1) to determine if ∆BFat has a significant effect 

on the measured magnetic field outside the fat region, within the popliteal vein and in the 

surrounding muscle tissue, 2) to evaluate the efficacy of the proposed method for removal of ∆BFat, 
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3) compare the resulting ∆BO2 (SvO2) values in a targeted slice with and without removal of ∆BFat, 

(i.e. comparison to the current standard approach) and 4) illustrate the compatibility of this 

approach with plantar-flexion exercise, to measure peak exercise values and recovery dynamics 

for SvO2. 

2.2.3 Evaluation of ∆BFat  

The magnetic field shift associated with the magnetic susceptibility of fat, fat, can be 

directly calculated using ∆BFat = F-1[(1/3 – kz
2/k2)Ffat]B0 where F and F-1 are the forward and 

inverse Fourier transforms; k2 = kx
2+ky

2+kz
2 and kx, ky, kz are the k-space coordinates with kx and 

ky in plane and kz along the B0 direction (81). This approach requires the three-dimensional 

distribution of magnetic susceptibility as in input, (x,y,z), even for the calculation of ∆BFat() in a 

single targeted slice. The sample data in Figure 2.2 is one slice from 49 slices used for the 

calculation of ∆BFat. The influence of the extent of spatial coverage (the number of slices) on the 

calculated field, ∆BFat(), in a targeted central slice location (i.e. location for assessment of SvO2) 

was evaluated as a function of the number slices in the input magnetic susceptibility data, (x,y,z) 

(82).   

2.2.4 Compatibility of SvO2 Imaging with Dynamic Exercise Studies 

Evaluation of SvO2 in combination with exercise (60) or other interventions (27,34) 

requires sufficient temporal resolution, typically on the order of several seconds or less, to 

characterize peak values and changes over time (e.g. rate of recovery following exercise or venous 

occlusion). However, estimation of ∆BFat from susceptibility maps, (x,y,z), will require three-

dimensional acquisitions, demanding longer imaging times that are not compatible with dynamic 

time-resolved experiments. In the current study, we propose to use a separate multi-slice 
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acquisition to calculate ∆BFat(x,y,z), which is used to correct dynamic single-slice acquisitions with 

sufficient temporal resolution to resolve dynamic events, to calculate the targeted ∆BO2(t) = 

∆BMeasured(t) - ∆BBackground(t) - ∆BFat. Registration (83) of the dynamic single slice images with static 

images used to calculate ∆BFat was used to ensure image alignment prior to correction. 

2.2.5 Subjects 

Ten healthy subjects (5 male and 5 female; 27 ± 3 yrs) provided written informed consent 

following an institutional review board-approved protocol.  

2.2.6 Pulse sequence 

All experiments were performed on a 3T MRI scanner (3T PRISMA; Siemens Healthcare; 

Erlangen, Germany). A slice interleaved multi-echo gradient-echo pulse sequence, with monopolar 

readout gradients, was used for three-dimensional Dixon imaging. Acquisition parameters were 

49 slices with 4 mm slice thickness (no gap) with flow-compensation, 192 x 102 acquisition 

matrix, 280 x 149 mm field of view, 1445.00 Hz/pixel receiver bandwidth, TE= [2.44, 4.26, 6.08, 

8.90, 9.72, 11.54] ms, TR = 14.29 ms (TReffective = 700 ms), flip angle = 30° and a 75 seconds total 

acquisition time. A flexible four-element surface coil was used for signal reception and the body 

coil was used for excitation.  Magnitude and phase images were reconstructed. 

A similar pulse sequence was used for post-exercise dynamic imaging, with identical TE 

values and receiver bandwidth. The slice prescription matched the central of 49 slices from the 

three-dimensional acquisition above. The flip angle was reduced to 20° and TR was increased to 

18.9 ms due to inclusion of slice-selective saturation pulse every TR, applied parallel and superior 

to the imaging slice, to eliminate the pulsatile arterial blood pool signal (60). Sequential single-
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shot images were acquired in 102 k-space lines/image*18.9 ms/line = 1.93 seconds/image, with 

50 repetitions. 

Slice prescriptions targeted long straight sections of the popliteal vein that were 

approximately parallel to the B0 field and superior to the knee, in order to capture venous return 

from the lower leg. To visualize the venous anatomy for slice prescription on the popliteal vein, 

an arterial saturation venogram was acquired with coverage from the knee to lower thigh: 30 slices, 

2.5 mm slice thickness, 256 x 192 acquisition matrix, 280 x 210 mm, 150 Hz/pixel receiver 

bandwidth, TR/TE = 50 ms/5 ms, flip angle = 60°, with a gradient echo readout and a total scan 

time of 90 seconds. 

2.2.7 Bloch Equation Simulations 

Bloch equation simulations of the multi-slice multi-echo gradient-echo acquisition were 

used to calculate the signal yield as a function of T1, to determine the relative water and fat signal 

yield, for potential T1 correction of the fat fraction maps. Identical pulse sequence parameters 

including the distribution of flip angles from excitation slice profile were included in simulations.  

T1 values of water and fat of 1400 ms and 370 ms (3T MRI scanner), respectively, were assumed 

(84).  

2.2.8 Exercise Device and Protocol 

An air pressure based ergometer (Trispect; Ergospect; Innsbruck, Austria) was used for 

plantar-flexion exercise, targeting the gastrocnemius muscle group in the calf. All subjects 

performed incremental exercise (4-9 Watts, increasing 1 Watt/minute) for 3-6 minutes with a goal 

of 75% of peak intensity. Post-exercise imaging started within 1 second of the completion of 
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exercise, with acquisition repetition every 3.86 seconds, to capture end-exercise values and 

recovery dynamics.  

2.2.9 Vessel Angle Measurement and Correction 

The multi-slice multi-echo Dixon acquisition was used for identification of the popliteal 

vein in all 49 slices, for calculation of the orientation of the popliteal vein relative to the main 

magnetic field as a function of location. The center of the vein along its length was selected and 

used to define the angle of the vessel with respect to the main magnetic field.  

2.3 Results 

Bloch equation simulations of the multi-slice multi-echo acquisition yielded fat and water 

signal yield of 20.2% and 19.0%. To correct with small difference in signal yield, fat images were 

scale by 0.9406 prior to calculation of fat fraction map used to calculate fat susceptibility maps, 

for calculation of ∆BFat. 

2.3.1 Multi-Slice Acquisitions  

Figure 2.3 shows the spatial coverage provided by the multi-slice multi-echo acquisition, 

with three sample slices (from 49 slices) displaying fat and water separated images and the 

corresponding calculated off-resonance maps, ∆BMeasured. The typical orientation of the popliteal 

vein over this region, as measured with the arterial saturation venogram, is shown on the left.  
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Figure 2.3 - Typical multi-slice multi-echo Dixon acquisition showing the extent of the spatial 

coverage on the lower thigh (49 slices, 4mm slice thickness, no gap). The orientation of the 

targeted popliteal vein in the lower thigh is shown on the left.  The output of the Dixon processing 

for three sample slices, off-resonance, water and fat images, is shown on the right for three slices.  

 Calculation of the targeted magnetic field shift within the popliteal vein, with correction 

for the effects of fat and the background magnetic field, ∆BO2 = ∆BMeasured - ∆BBackground - ∆BFat, is 

illustrated in four sample slices in a different volunteer (Figure 2.4). The bottom panels compare 

the background field correction in slice 1 using only the muscle as a reference region (i.e. the 

conventional method) versus the full region surrounding the vein, following removal of the ∆BFat 

component, highlighting the differences in the calculated ∆BBackground fields. The effects of the 

background correction on the targeted magnetic field in the vein is illustrated in Figure 2.5. The 

conventional method (Figure 2.5C), while yielding a well corrected background in the muscle 

reference tissues, has significant errors in the artery and vein regions. Specifically, there is a large 

negative field shift in the artery and reduced shift in the vein as compared to the fat removal method 

(Figure 2.5B).   
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Figure 2.4 - (Top) Four sample slices from a multi-slice multi-echo Dixon acquisition (49 slices, 

4mm slice thickness, no gap). The measured off-resonance field (∆BMeasured), the calculated off-
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resonance field from the susceptibility of fat (∆BFat()), and the corrected fields, with removal of 

fat effects and the background field effects (∆BBackground), is shown for the four slices (Middle). 

Two methods for estimation of the background field are compared, highlighting the tissue regions 

used for fitting the background (Bottom). The conventional method uses only the muscle regions 

while the proposed fat-corrected method uses all tissue regions outside of the targeted vein region. 

 

Figure 2.5 - (A) Fat and water separated images from a multi-slice multi-echo Dixon acquisition 

(same subject in Fig. 2.4). (B) A profile of the final calculated off-resonance field in the popliteal 

vein, ∆BO2, using the proposed fat-correction method. (C) A profile of the final calculated off-

resonance field in the popliteal vein, ∆BO2, using the conventional method highlights the 

significant offset (reduced values in the vein and artery) as compared to the fat-corrected data. 
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2.3.2 Correction for Vein Angle Effects 

The estimation of venous oxygen saturation (SvO2) using the magnetic field shift within 

the vein, ∆BO2, requires knowledge of the vein angle with respect to the main magnetic field; 

SvO2(%)=100*[1-2*∆BO2/(*do*Hct*B0*(cos2-1/3))]. Figure 2.6 summarizes the measured vein 

angle over a 50 mm length of the popliteal vein in all 10 subjects, and the corresponding effect on 

calculated SvO2 over this length, from the measured ∆BO2 values, illustrating more uniform oxygen 

saturation values after correction for angle effects. Average values for the 10 subjects are shown.  
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Figure 2.6 - (Top) A representative venogram shows the orientation of the popliteal vein in the 

targeted region superior to the knee in the lower thigh. The lower left plot shows the average vein 

angle to B0 over a 50 mm length, beginning at the end of the gastrocnemius muscle group, just 

above the knee, and extending 50 mm superior (dashed lines show one standard deviation). The 

corresponding average SvO2 values with and without correction for the vein angle are shown on 

the lower right. 

2.3.3 Effects of Spatial Coverage on Calculation of ∆BFat 

 Figure 2.7 shows the change in the measured fat susceptibility field values in a targeted 

slice location as a function of spatial extent of the susceptibility values, Fat(x,y,z), used to calculate 

∆BFat. The sufficient spatial coverage will depend on the threshold for definition of negligible 

effects of additional slices. For this subject, a total z-oriented coverage of >12 cm will yield <1Hz 

change in the field location at any point. Similar results were observed for all subjects. 
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Figure 2.7 - The effects of spatial coverage of Fat(x,y,z) in the z-direction, Δz, on the calculated 

∆BFat in the central slice location, as shown in A) and B). The values plotted in C) show the change 

in the calculated field shift with inclusion of one addition slice on each end of the slab, in units of 

Hz/cm. Each plot in C) corresponds to a location in the central slice, as shown in B). 

2.3.4 Exercise Studies 

 All 10 subjects completed plantar flexion exercise studies with assessment of resting 

(baseline) and post-exercise SvO2 values, with results summarized in Table 2.1 and Figure 2.8 

below. Results are shown for the dynamic single experiments, with correction for the fat-

susceptibility effects measured from the corresponding multi-slice multi-echo acquisitions. The 

central slice from the multi-slice acquisitions match the location of the dynamic acquisitions.  

There was a significant difference in SvO2 values between the conventional and fat-correction 

methods (p<0.05), with lower values for the conventional method (Table 2.1). 

 

 

 

 

 

 

 

 

 



37 

 

Table 2.1 Summary of SvO2  

Subject Gender 

Vein 

angle 

(°) 

SvO2 (%) 

Fat-Correction Method 

SvO2 (%) 

Conventional Method 

 

Difference between 

methods (%) 

Maximum 

workload 

(Watts) 

   Baseline 
Post-

Exercise 
Baseline 

Post-

Exercise 
Baseline 

Post-

Exercise 
 

1 M 13.9 74.9 41.1 80.3 31.5 5.4 9.6 7.5 

2 F 15.6 83.4 54.2 76.8 48.5 6.6 5.7 7.0 

3 M 20.9 62.1 37.1 56.1 32.4 6 4.7 12.2 

4 F 15.1 85.4 45.1 76.8 40.1 8.6 5.0 8.7 

5 F 18.7 67.9 44.9 47.8 37.2 20.1 7.7 9.1 

6 M 20.1 72.3 18.4 66.8 17.7 5.5 0.7 10.0 

7 M 15.8 55 38.8 50.7 35.4 4.3 3.4 11.6 

8 F 19.4 87.6 52.7 77.9 49.8 9.7 2.9 6.9 

9 F 8.4 75.6 48.7 63.6 41.5 12 7.2 5.2 

10 M 18.6 61.4 34.4 55.3 30.5 6.1 3.9 12.4 

Average  16.73.7 72.611.0* 41.510.4* 65.212.2 36.59.4 7.46.4 5.1 2.6 9.12.5 

*p<0.05 between fat-correction and conventional methods. 
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Figure 2.8 - SvO2 baseline (rest values, red) and post-exercise recovery values (black) for all 10 

study subjects. Peak and baseline values and workload data is summarized in Table 2.1 above.   
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Figure 2.9 - (A) A water image from a fat-water separated Dixon acquisition. Post exercise time-

resolved off-resonance frequency, ∆BO2, in the popliteal vein with 10 sample time frames are 

shown in (C), from 50 measured times (B). 
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2.4 Discussion and Conclusions 

The current study illustrated the effects of the magnetic susceptibility of fat on the static 

magnetic field within and surround the fat pool, showing relatively large fat-induced frequency 

offsets that can extend outside of the fat pool with relatively complex spatial patterns. These 

frequency offsets, ∆BFat(), were shown to confound venous oxygen saturation (SvO2) imaging 

methods that use the known offset in the venous susceptibility, and thus magnetic field shifts, as a 

function of deoxyhemoglobin concentration. Specifically, targeted measurement of the 

susceptibly-induced field shift within the vein, ∆BO2, was confounded both by the local field 

inhomogeneities created by the fat as well as by the limited access to reference tissue near the vein, 

as a function of the thickness of the fat. Together, these factors made the necessary measurement 

and correction of the background magnetic field, ∆BBackground, challenging and prone to error.  

Critically, the magnetic field shift in the vein must be calculated relative to the value of the 

background field at the location of the vein, which requires access to reference tissue as near as 

possible to the vein. Individuals with larger fat distributions, predominantly female subjects, had 

larger errors in calculated SvO2, with an average shift of 11.4% in female subjects and 5.5% in 

male subjects (p<0.05 for gender comparison). It is well established that women generally have a 

higher proportion of body fat than men in both health and disease (85). The subject shown in Figure 

2.9, with a small fat distribution, had a correspondingly small correction using the fat-correction 

method of 0.61 Hz. However, in general, the patient populations of interest, with unknown 

mechanisms of impaired exercise capacity, will be older and with risk factors such as obesity, so 

it is likely that large fat distributions will be the norm. 
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To address these challenges, a Dixon fat-water separation imaging approach was used to 

measure the distribution of fat, which enabled calculation and removal of the unwanted magnetic 

susceptibly effects of fat (∆BFat()), using the known susceptibility of fat.  Additionally, the Dixon 

images provided the measured static magnetic field distribution with an intrinsic removal of the 

chemical shift effects of the fat (∆BFat(CS)), which enabled background magnetic field evaluation 

in fat as well as muscle regions surrounding the targeted vein.  As was exemplified in Figures 2.4 

and 2.5, the use of the predicted frequency shifts from fat, including both chemical shift and 

magnetic susceptibly effects, enabled their successful removal.  

The differences between resting and post-exercise SvO2 values for fat-correction 

(31.1±0.6%) and conventional method (28.7±2.8%) are similar which is expected because the 

same correction has been applied at rest and post-exercise, for each method.  However, the absolute 

SvO2 values are significantly higher (p<0.05) with the fat-correction method in a targeted central 

slice, both at rest and post exercise (Table 2.1).  For the individual in Figure 2.5, the final calculated 

off-resonance field within the vein is approximately 14.5 Hz using the fat-correction method, while 

the conventional method yielded a lower off-resonance shift of 7 Hz. The corresponding SvO2 

values are 75.0% and 87.9%, for an absolute differences in SvO2 of approximately 12.9%.   

The average resting SvO2 values in the 10 healthy volunteers were 72.6% using the 

proposed fat-correction method, which is similar to values reported in the popliteal vein (60%-

80%) (86) and femoral vein (69.4%) (60). Similarly, the drop in SvO2 immediately post-exercise 

in the current study to 41.5% is similar to that previous reported SvO2 value in the femoral vein 

(42.1%) (60) and invasive catheter-derived SvO2 value (42.3% at 10W) (17). During recovery from 

exercise, there is rapid recovery of SvO2 values above resting values, as less oxygen is extracted 

(Figure 2.8). Post exercise SvO2 overshoot, and thus further decreased oxygen extraction during 
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recovery is likely the result of increased venous blood flow above resting values during this 

recovery period. Rapid recovery of SvO2, and thus the field shift within the vein, following 

exercise, as shown in Figure 2.9, illustrates the requirement for good temporal resolution to resolve 

the peak values and rate of decay. Slowed recovery rates, in particular, are associated with impaired 

muscle function (68,87).  

The SvO2 imaging methods in the current study can be readily combined with venous blood 

flow imaging, as has previously been shown (27,60). Together, blood flow and oxygen extraction 

can be combined to derived muscle oxygen consumption, VO2Muscle (60,87). Importantly, the 

proposed methods are compatible with the dynamic exercise applications, which are essential for 

the study of the mechanisms of reduced exercise capacity (e.g. reduced oxygen extraction) in 

common conditions including diabetes, cancer, and heart failure.  

In conclusion, it is necessary to correct for the magnetic susceptibility effects of fat in 

venous oxygen saturation imaging with increasing correction magnitude with increased fat 

thickness surrounding the targeted vein.  
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Chapter 3: Quantification of Skeletal Muscle Oxygen Consumption (VO2) with 

Dynamic Exercise 

 

3.1 Introduction  

 The volume of oxygen consumption (VO2) is a quantitative measure of oxygen transport 

and extraction at the level of the tissues of the body. The maximum VO2 during exercise (VO2max) 

is the gold standard measure of exercise capacity, and is related directly to the cardiac output, the 

oxygen carrying capacity of the blood and the ability of muscle to extract the delivered oxygen. 

For example, patients with heart failure have significantly reduced VO2max, which is the primary 

manifestation of their disease (e.g. inability to walk up a flight of stairs), due to the combined 

limitations of their heart, blood vessels and muscles (88,89). Whole body VO2max is measured at 

the mouth, using the directly measured volume of oxygen consumed during exercise, typically in 

units of ml/kg/min (where kg refers to the whole body weight). However, this approach is limited 

in that it does not provide insight into the muscle-specific mechanisms of reduced exercise 

capacity. Furthermore, the peak values are most commonly used and not the rates of recovery back 

to resting values, which can provide additional information regarding muscle metabolism, where 

slowed rates of recovery are undesirable (68). Our goals are to measure isolated skeletal muscle 

oxygen consumption, VO2muscle with exercise, and the rates of recovery following exercise to 

enable the study of the muscle-specific limitations to reduced exercise capacity. 

3.2 Methods  

3.2.1 Measurement of Skeletal Muscle Oxygen Consumption 

 Skeletal muscle oxygen consumption was estimated from the Fick equation, as: 

                                     VO2Muscle = VBF * Ca * Hgb * (SaO2-SvO2)                                    Eq. 3.1 
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where ca = 1.34 mL O2/g of Hb (the oxygen carrying capacity of hemoglobin), and hemoglobin 

concentration in the blood was assumed to be 14.6 g/dL (with Hct = 0.43). Venous blood flow 

(VBF) was measured with a phase contrast MRI method targeting the popliteal vein (returning 

blood from the exercising calf muscles), at the same location used to estimate venous oxygen 

saturation (e.g. Figure 2.3). Arterial blood oxygen (SaO2) was measured with a pulse oximeter 

placed on a finger and SvO2 was estimated from MR susceptometry experiments as described in 

Chapter 2, for the estimation of oxygen extraction (SaO2-SvO2). 

3.2.2 Pulse Sequence  

All experiments were performed on a 3T MRI scanner (3T PRISMA; Siemens Healthcare; 

Erlangen, Germany). Acquisition parameters for the susceptometry acquisitions are given in 

section 2.2.6. Susceptometry acquisitions incorporate flow-compensation to ensure there is no 

motion-relation phase in the vein. To measure blood flow in the vein, each susceptomtery 

acquisition is repeated with identical parameters but with the addition of flow-encoding gradients, 

using a VENC of 50 cm/s. Each image is acquired in 1.93 seconds (102 k-space lines x 18.89 

ms/line), for an effective temporal resolution of 1.93*2 = 3.86 seconds for both flow-encoding 

steps. The 18.89 ms TR includes an arterial saturation band, applied superior to the imaging plane 

to null the signal for the pulsatile arterial blood flow. The multi-gradient-echo pulse sequence is 

shown in Figure 3.1.  
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Figure 3.1 – The multi-gradient-echo pulse sequence used for evaluation of venous oxygen 

saturation and venous blood flow. 

3.2.3 Exercise and Imaging Protocols  

An MR-compatible exercise device (Trispect; Ergospect; Innsbruck, Austria) was used for 

plantar-flexion exercise, targeting the gastrocnemius muscle group in the calf. Plantar flexion 

exercise was performed against the resistance of the ergometer which is generated by 

programmable air pressure, to generate a targeted power (Watts). All subjects were placed in a 

supine position and their foot and ankle were fixed with the straps to the pedal of the ergometer 

(Figure 3.2). An audio exercise pacing signal sent to the subject’s headphones was used to maintain 

the exercise rate during exercise (30 repetitions/minute). All subjects performed incremental 

exercise (4-9 Watts, increasing 1 Watt/minute) for 3-6 minutes, to a perceived level of 75% of 

maximum. 
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Figure 3.2 - MR compatible plantar-flexion exercise device. 

Susceptometry acquisitions were interleaved with phase-contrast flow acquisitions with 

imaging duration of 1.93 s for each acquisition, or a repetition interval of 3.86 seconds. These 

images were repeated 20 times over 77.6 s for baseline (rest) and 50 times over 194 s after exercise. 

Exercise imaging started within one second of the completion of exercise to capture end-exercise 

peak values and recovery kinetics. In order to estimate VO2 recovery time constant, τVO2, the VO2 

time course data was fit with a mono-exponential decay function (90).  

3.2.4 Subjects   

Ten healthy subjects (5 male and 5 female; 27 ± 3 yrs; Body Mass Index, BMI, 21.2 ± 1.9 

kg/m2) provided written informed consent following an institutional review board-approved 

protocol.  All subjects completed the exercise protocol. 

3.2.5 Image Analysis 

Figure 3.3 below shows a cross-section of popliteal vein in the first image immediately 

post exercise in a representative subject (gray colormap on top and jet colormap on bottom). From 

the time-resolved phase-contrast (left) and ΔBO2 (right) which were repeated 20 times at baseline 
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and 50 times post exercise, the flow and susceptibility-induced magnetic field shifts were 

measured in a region of interest (ROI) placed at the center of the vessel.  ΔBO2 values were 

converted to SvO2 values using Eq. 2.1, incorporating the vein angle and hematocrit values.   

Hematocrit was assumed to be 0.43 for all subjects (91). The ROI was carefully placed to include 

all flow pixels, to capture the total flow through the vein, while the edge pixels were avoided on 

ΔBO2 images to mitigate partial volume errors (a single uniform value is expected). 

 

Figure 3.3 - Sample phase-contrast (left) and ΔBO2 images (right) immediately post exercise. 

Grayscale images (top) and color images (bottom).   

3.2.6 Muscle Mass Quantification  

The boundaries of gastrocnemius muscle were manually traced in each water images as 

defined in an IMAIOS e-Anatomy Atlas. The volume contained within this 3D region was 

multiplied by muscle density (1.06 g/mL) to provide an estimate of the muscle mass (kg). This 

muscle mass was used to normalize venous blood flow and skeletal muscle VO2 to the mass of 

exercising gastrocnemius muscle group, which is the predominant muscle group activate for 

plantar flexion exercise. Acquisitions for muscle mass calculations used a multi-slice multi echo 

acquisition with 36 slices and 8 mm slice thickness, 192 x 102 acquisition matrix, 280 x 149 mm 
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field of view, 1445 Hz/pixel receiver bandwidth, TR/TE = 702 ms/1.89 ms for a total scan time of 

71.6s.  

3.3 Results  

Figure 3.4 shows a sample image, from 36 slices covering the entire calf muscle, with the 

manually traced gastrocnemius muscle. The average gastrocnemius muscle mass was 288  90g. 

Figure 3.5 shows SvO2, popliteal vein blood flow and calculated VO2 time-curves following 

exercise in all subjects, with a summary of the average rest and peak values in Table 3.1. All data 

are reported as mean ± standard deviation. Table 3.2 summarizes all other measured parameters in 

all subjects. On average, peak exercise blood flow increased about 6 times over the baseline and 

venous oxygen saturation decreased from 73% to 42% with exercise. The mean baseline and peak 

exercise oxygen consumption were 12.5 mL/min/kg and 207.4 mL/min/kg, respectively. The 

average oxygen consumption recovery time constant following exercise was 29.9 seconds.  

 

 

Figure 3.4 - A sample image (from 36 slices) used 

define the gastrocnemius muscle group for 

quantification of muscle mass. 
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Figure 3.5- Dynamic data from all volunteers showing venous oxygen saturation (SvO2), venous 

blood flow (VBF), and oxygen consumption (VO2) following plantar flexion exercise. VBF and 

VO2 are normalized to the gastrocnemius muscle mass. 
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Table 3.1 Summary of average data from exercise studies (mean ± std) 

Subjects (N=10) Baseline Post Exercise (Peak) 

Muscle Mass (kg) 0.2879 ± 0.09 

VBF (mL/min/kg) 317.1 ± 179.4 1917.8 ± 489.5 

SvO2 (%) 72.6 ± 11.0 41.5 ± 10.4 

VO2 (mL/min/kg) 12.5 ± 3.0 207.4 ± 50.7 

τVO2 (s) 29.9 ± 7.1 

 

Muscle mass is for gastrocnemius muscle group. VBF: venous blood flow; SvO2: venous oxygen 

saturation; VO2: oxygen consumption; τVO2: oxygen consumption recovery time constant 

following exercise.  
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Table 3.2 - Summary of exercise data for each subject 

 

Muscle mass is for gastrocnemius muscle group. VBF: venous blood flow; SvO2: venous oxygen 

saturation; VO2: muscle oxygen consumption. τVO2: oxygen consumption recovery time constant 

following exercise.   

 

 

 

 

Subject 

 

Gender 

Muscle 

Mass 

(Kg) 

Vein 

angle 

(°) 

 

VBF 

(mL/min/kg) 

 

SvO2 (%) 

 

VO2 (mL/min/kg) 

 

τVO2 

(s) 

 

 

Maximum 

workload 

(W) 

 

  
  Rest Post Ex Rest Post Ex Rest  Post Ex   

1 M 
0.24 13.9 379.0 1401.9 74.9 41.1 17.1 156.0 42.2 7.5 

2 F 
0.16 15.6 504.9 2843.4 83.4 54.2 14.4 243.8 33.6 7.0 

3 M 
0.46 20.9 192.7 1567.4 62.1 37.1 13.6 186.5 20.7 12.2 

4 F 
0.27 15.1 532.5 2348.0 85.4 45.1 13.1 243.0 26.5 8.7 

5 F 
0.26 18.7 117.9 1318.9 67.9 44.9 6.9 136.9 25.5 9.1 

6 M 
0.33 20.1 243.1 2113.0 72.3 18.4 12.2 314.4 27.2 10.0 

7 M 
0.31 15.8 140.4 1783.3 55.0 38.8 11.8 207.1 20.9 11.6 

8 F 
0.21 19.4 586.4 2371.2 87.6 52.7 11.9 210.1 31.3 6.9 

9 F 
0.21 8.4 353.7 1823.6 75.6 48.7 15.5 176.2 31.1 5.2 

10 M 
0.41 18.6 120.8 1607.5 61.4 34.4 8.7 200.1 39.3 12.4 

Ave.  0.2879 

± 0.09 

16.7 

± 3.7 

317.1 

± 179.4 

1917.8 

± 489.5 

72.6 

 11.0 

41.5 

 10.4 

12.5 

± 3.0 

207.4 

± 50.7 

29.9 

± 7.1 

9.1 

 2.5 
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The venous oxygen content at rest and post exercise are plotted versus the gastrocnemius 

muscle mass in Figure 3.6. A significant (p<0.05) linear relationship between venous oxygen 

saturation and muscle was observed both at rest and post-exercise. 

 

 

Figure 3.6 - Relationship between venous oxygen saturation (SvO2, %) in the popliteal vein and 

gastrocnemius muscle mass in 10 healthy controls. A significant linear relationship (p<0.05) is 

observed for resting and post-exercise data.  
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3.4 Discussion and Conclusions  

We have shown that simultaneous measurement of venous blood flow and oxygen 

saturation (SvO2) with MRI is feasible in combination with isolated muscle (plantar flexion) 

exercise. Together, these two parameters enable estimation of oxygen consumption (VO2) based 

on the Fick equation. Measurement of oxygen consumption in an isolated muscle, as opposed to 

the widely available whole body VO2 test, is important to provide information about the muscle-

specific mechanisms of reduced exercise capacity, removing the heart and great vessels (e.g. aorta) 

as potential contributing factors to reduced whole body VO2. The presented methods are 

compatible with imaging during rapid recovery blood flow, SvO2 and VO2, with a temporal 

resolution of <4 seconds, which is sufficient to characterize the dynamics of all of these parameters 

over the recovery phase of the exercise challenge (67,92). The end-exercise values, at the onset of 

recovery, are acquired within 1 second of exercise completion, which are used a surrogate for peak 

exercise values.  

 At rest, the normal range of SvO2 is fairly large, spanning 50-75% (17,27,62), with even 

larger resting SvO2 values in the current study. Figure 3.6, which compares muscle mass and SvO2, 

shows that the range of SvO2 values observed in health is significantly related to the muscle mass, 

both at rest and with exercise. These results suggest that muscle mass is a major contributor to 

oxygen extraction, where increased absolute mass is associated with more extraction (lower SvO2 

values). It is possible that the larger capillary surface area in a larger muscle mass could be 

responsible for the larger oxygen extraction, and thus lower SvO2, although we have no direct 

evidence to support this. After exercise, muscle oxygen consumption decreases rapidly back to 

normal levels, with time constant of ~30 seconds (Table 3.2), but blood flow remains above resting 

levels for several minutes (Figure 3.5). Oxygen extraction decreases rapidly to values below the 
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resting levels (i.e. higher SvO2 values than at rest). This shows that the blood flow is not directly 

regulated by the oxygen delivery to the contracting skeletal muscle (93). It is likely that increased 

blood flow reflects reduced vascular resistance, which is maintained following exercise, and the 

reduction in muscle oxygen extraction during recovery is the consequence of near resting VO2 

values. In other words, because the requirement for oxygen consumption recovers more rapidly 

than blood flow, the result is reduced oxygen extraction (higher SvO2 values).   

The VO2 recovery time constant after exercise is not strongly related to workload intensity 

(90). It also provides important clinical information as the prolonged τVO2 is directly related to 

disease severity in heart failure patients (65,94,95). The τVO2 is significantly delayed in heart 

failure patients, with values as long as 95 seconds (87). The muscle τVO2 in the current study of 

~30 seconds in young heathy subjects is similar to the previous reported value, 26 seconds (60) 

and 33 seconds (90) during dynamic isolated muscle exercise. This metric has the advantage over 

the peak value at a single time point of being less sensitive to the peak work load achieved. For 

example, in Table 3.2, subject 4 and 5 have similar muscle mass (0.27 and 0.26 kg) and performed 

almost the same exercise workloads (8.7 and 9.1W). However, their exercise workloads are 

potentially not the same fraction of their peak workload intensity, which was not determined. Thus, 

their differences in peak blood flow and oxygen consumption values could be related to differences 

in relative workload. 

In conclusion, we demonstrate that it is feasible to measure blood flow and oxygen 

saturation simultaneously at rest and immediately post-exercise in the popliteal vein to assess total 

skeletal muscle oxygen consumption. The establishment of this set of tools will enable to the study 

of the skeletal muscle mechanisms of reduced exercise capacity in numerous conditions, including 
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heart failure, liver disease, diabetes, and obesity and with cancer therapies (chemotherapy and 

radiation), among many others.    
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Chapter 4: Conclusions and Future Directions  

 
4.1 Summary of the Findings 

The primary goal of this thesis was to measure and correct for the unwanted magnetic 

susceptibility effects of fat in venous oxygen saturation imaging and to illustrate the application 

for lower leg muscle oxygen consumption (VO2) with plantar flexion exercise with MRI.  

We showed that the susceptibility effects of fat extend outside of the fat pool and have the 

potential to confound the assessment of venous oxygen saturation based on magnetic susceptibility 

of deoxyhemoglobin. 

We have developed and evaluated a new MRI method for the quantification and correction 

of the magnetic susceptibility effects of fat on the blood vessels contained within fat. A rapid fat-

water separation imaging method is used to generate patient-specific magnetic susceptibility 

models to allow for separation of the underlying venous susceptibility that is used to quantify 

oxygen saturation in the vein from the unwanted contamination fields including main field 

inhomogeneity and susceptibility effects from fat.  Measurement and removal of both the chemical 

shift and magnetic susceptibility field shift effects of fat allow the fat pool to be included with the 

muscle as a reference tissue, for measurement and removal of the static field inhomogeneity 

(background field), which is necessary to define the field arising from deoxyhemoglobin alone.    

These imaging methods also allow for simultaneous quantification of venous blood flow 

which is used in conjunction with venous oxygen saturation to estimate total oxygen consumption. 

We have applied this new method to directly measure blood oxygenation and blood flow in vivo 

in the popliteal vein with plantar flexion exercise to estimate the whole lower leg muscle oxygen 

consumption. The effective temporal resolution of 3.86 s was sufficient to measure the dynamics 
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of all parameters. Resting and post-exercise SvO2 values in the 10 healthy subjects were 72.6% 

and 41.5%, respectively, which are similar to values previous reported in the femoral vein, 42.1% 

(60,86). 

4.2 Study Limitations and Future Directions  

The susceptometry methods used here rely on the shape of the vessel and its orientation 

relative to the external magnetic field. If the long cylinder is oriented parallel to the external field, 

the magnetic field in the surrounding material will be equal to its external magnetic field. 

Noncircular cross-section, curvature and complex branching of the vein produce deviations from 

cylindrical geometry, causing errors in venous oxygen saturation estimation (53,96). The popliteal 

vein has circular cross-section (Figure 2.4), but it shows curvature along its path (Figure 2.6) and 

tapering with several bifurcations (both in superior and inferior). Therefore, the location of the 

imaging slice along the popliteal vein (the location at which venous oxygen saturation is estimated) 

is important.  

The whole lower leg muscle oxygen consumption is estimated based on the flow and 

oxygen content in the popliteal vein which returns blood from calf muscle. However, not all muscle 

groups perform exercise with plantar flexion exercise, which more specifically targets the 

gastrocnemius muscle groups. Thus, the oxygen content and blood flow in sampled venous blood 

pool is a weighted average from all muscle groups below the knee. However, the muscle groups 

that perform more intense exercise will dominate the flow and thus the oxygen content of the 

popliteal vein. In addition, imaging during exercise is currently not possible due to motion artifacts 

and thus, the on-transient kinetics of oxygen uptake cannot be measured.  
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Not all 10 subjects included in the current studies performed the same absolute exercise 

work intensity. All subjects performed incremental plantar flexion exercise with a goal of 75% of 

maximal effort. More accurate methods are needed to determine each subject’s peak work load. In 

future studies, phosphocretine (PCr) and pH changes during and after exercise can be used as 

indicators. 

We also assume a hematocrit of 0.43 for all subjects. However, the average hematocrit for 

women is 0.39 (0.36-0.48) and 0.44 (0.40-0.54) for men (97). Blood samples should be used in 

future study to calculate venous oxygen saturation accurately.  

Bone can cause additional errors by producing an inhomogeneous field due to a different 

susceptibility than water by -2.39 ppm (98). Background field variations are usually low spatial 

frequency. Several methods including shimming and polynomial fitting can be used to remove 

these background variations (86,99). The inverse problem can also be used to remove the 

background field and to quantify the magnetic susceptibility from MR phase images 

(37,70,72,100,101). However, the inverse problem is more complicated and has limitations when 

applying to exercise studying. The measurements of blood flow and venous oxygen saturation in 

resting and post-exercise were performed using the interleaved 2D gradient echo sequence. 

However, the input image for reconstructing the susceptibility map needs to be 3D gradient echo 

sequence, demanding longer imaging times that are not compatible with dynamic time-resolved 

experiments (72).  

The relationship between the oxygen consumption recovery kinetics and ATP re-synthesis 

(ADP + Inorganic phosphate, Pi) is unknown. In future studies, phosphorus-31 nuclear magnetic 
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resonance spectroscopy can be combined with our proposed methods to study skeletal muscle 

metabolism at the cellular level.  

4.3 Conclusions 

 The magnetic susceptibility of fat gives rise to potentially complex variations in the static 

magnetic field in skeletal muscle, which was shown to give rise to errors in the estimated venous 

oxygen saturation. On a subject-by-subject basis, Dixon fat-water separated imaging can be used 

to measure the distribution of fat and to correct the susceptibility effects of fat, while also 

measuring the targeted magnetic field which is used to estimate venous oxygen saturation. These 

methods are compatible with the targeted dynamic exercise applications, which are essential for 

the study of the mechanisms of reduced exercise capacity, independent of heart function, including 

reduced oxygen extraction, blood flow or delayed recovery following exercise (68).  
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