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ABSTRACT

Towards a Quantitative and Objective Assessment of Renal Oxygenation Through

Magnetic Resonance Imaging

Jon Thacker

Even though renal blood flow accounts for nearly a quarter of cardiac output, the

renal medulla operates in an environment with a scant supply of oxygen. The reason for

this apparent discrepancy is thought to be threefold. Blood flow to the outer medulla is

less than 50% of that received by the cortex. Secondly, countercurrent shunting of oxygen

occurs between the arterial and venous system in the vasa recta, significantly reducing

the amount of delivered oxygen. Lastly, oxygen consumption is quite high in this region,

primarily due to sodium reabsorption in the medullary thick ascending limbs. Active

tubular transport processes account for around 80% of renal oxygen consumption and are

highly sodium load-dependent. Operating in this environment subjects the renal medulla

to an increased risk of hypoxic damage, making it particularly sensitive to intermittent

periods of hypoperfusion or hemodilution.

Renal hypoxia has been implicated in acute kidney injury and in the initiation and

progression of chronic kidney disease. Starting targeted treatment early can slow disease
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progression, reduce complications and improve quality of life. Understanding renal oxy-

genation may be critical in understanding the progression of chronic kidney disease as

well.

Magnetic Resonance Imaging (MRI) sequences based on the blood oxygen level-

dependent (BOLD) contrast mechanism have previously been used for following changes

in renal oxygenation. However, these measurements are sensitive to other confounding

factors in addition to oxygenation. Additionally, renal BOLD MRI studies are prone to

bias due to inherent difficulties in segmenting renal tissue. There is a need for an objective,

quantitative, and non-invasive measure of renal oxygenation.

In this work, methods to increase the clinical utility of BOLD MRI in assessing renal

oxygenation are investigated. We explore the use of BOLD MRI data from the entire

parenchyma to reduce the subjectivity in analyzing renal BOLD MR images. To remove

the extra confounding factors influencing BOLD MRI changes, a statistical model is pre-

sented that provides an estimate of PO2 derived from BOLD MRI data. An invasive

method for refining and calibrating the model is investigated that has the ability to inde-

pendently measure blood and tissue PO2. Finally an alternative technique for acquiring

BOLD MRI data that is not influenced by a subject’s hydration level is presented.

These findings provide methods that can estimate renal oxygenation, while controlling

confounding factors, along with an objective analysis of the parametric maps, and may

provide for widespread utility in pre-clinical and clinical settings.
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CHAPTER 1

Introduction

Even though renal blood flow accounts for nearly a quarter of cardiac output, the renal

medulla operates on the verge of hypoxia. The reason for this apparent discrepancy is

thought to be threefold. Blood flow to the outer medulla is less than 50% of that received

by the cortex. Secondly, countercurrent shunting of oxygen occurs between the arterial

and venous system in the vasa recta, significantly reducing the amount of delivered oxygen.

Lastly, oxygen consumption (V 02) is quite high in this region, primarily due to sodium

reabsorption in the medullary thick ascending limbs. Active tubular transport processes

account for around 80% of renal V 02 and are highly sodium load dependent. It has been

shown that the renal extraction of oxygen actually remains stable over a wide range of

blood flow rates due to the blood flow dependence of renal V 02. Thus, unlike other

organs, where increased blood flow improves oxygenation, an increase in renal blood flow

may result in an increased renal V 02 and no change in renal oxygenation. Operating in this

environment subjects the renal medulla to an increased risk of hypoxic damage, making

it particularly sensitive to intermittent periods of hypoperfusion or hemodilution [85].

Medullary hypoxia is known to be associated with the development of acute kidney

injury (AKI) [85] and the pathophysiology of chronic kidney disease (CKD) [27, 39].

Hypertension, diabetic nephropathy, and contrast-induced AKI have also been associated

with renal hypoxia [15,23,36,38]. Assessing a patient’s renal health early and having the

opportunity to start targeted treatment can slow disease progression, reduce complications
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from decreased GFR, and improve quality of life [39,51]. With eleven percent of adults in

the United States aged 20 years or older stricken by CKD [52]. Mortality rates from AKI

upwards of 50% for critically ill patients [6]. Understanding these disease states should

be a public health priority. Our long-term goals are to establish techniques for assessing

renal parenchymal oxygenation, and utilize these techniques for guiding treatment and

monitoring disease progression.

Regional differences in oxygen consumption and supply within the kidney make an

imaging technique very useful for assessing parenchyma tissue oxygenation. Blood oxygen

level-dependent (BOLD) MRI is currently the only non-invasive method for assessing

renal oxygenation; both in humans and preclinical models [112]. Generally, this has been

achieved through the established method of R2* relaxation measured with a gradient

echo (GRE) sequence [79,81]. BOLD MRI has been used successfully as a non-invasive

technique for assessing changes in renal oxygenation in preclinical models, healthy human

subjects, and patient populations. Blood oxygenation has been shown to be a useful

surrogate to assess renal tissue oxygenation. The technique has been validated across

several vendor platforms and in laboratories throughout the world [19, 21, 35, 40, 45].

While efficacious, R2* measurements cannot be directly translated into PO2 because

of several confounding factors [110]. While this method has been demonstrated to be

effective for monitoring changes in intrarenal oxygenation, a method for direct quantitative

estimation of renal oxygenation remains as an unmet need.

R2* can be considered to be made of two components: R2 and R2’. R2’ is the compo-

nent that is specific to changes in magnetic susceptibility associated with deoxygenated
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hemoglobin. A brute force method of measuring R2’ is to acquire a gradient echo se-

quence with multiple echo times to calculate R2* and similarly a spin echo sequence with

multiple echo times to calculate R2. Alternatively, R2’ can be determined directly with

an asymmetric spin echo (ASE) sequence. There are several alternative BOLD based

contrast techniques; models have shown R2’ to be one of the most promising methods for

estimating blood PO2.

In addition to R2’, an ASE acquisition can be used to provide an estimate of the oxygen

saturation of hemoglobin (SHb) and venous blood volume. While BOLD measurements

are several steps removed from actual tissue PO2, moving from R2’ to SHb is one step

closer to the physiological parameters we are trying to assess in patients.

While R2’ can provide an estimate of the blood PO2, it does not provide enough

information to determine the tissue PO2. One of the key parameters to measure is regional

perfusion. The medulla is known to be sensitive to hypoperfusion events. It is possible to

use perfusion in a model of tissue PO2; but it still provides key insights into the organ’s

oxygenation status as an independent measure.

Renal BOLD MR images are currently assessed with a manual segmentation of the

cortical and medullary regions. This method is difficult if the contrast between the regions

has been significantly reduced following drug administration or in certain disease states.

Assessment of BOLD images needs to be less prone to user bias, which will increase its

acceptance and translation to the clinic.

We hypothesize that a set of alternative BOLD parameters that are more directly

related to blood PO2, combined with these analysis techniques, are necessary for improved

acceptance of a quantitative and non-invasive measure of renal blood PO2. With the
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recent availability of phosphorimetry based measurements that can independently probe

blood and tissue PO2, a unique opportunity exists to validate the agreement between

these measures and BOLD MRI derived parameters.

1.1. Organziation

Following the Introduction, Chapter 2 describes the background of renal physiology

and MRI analysis. Chapter 3 presents a technique for analyzing renal MRI data, using the

entire renal parenchyma, resulting in increased objectivity in measurements. Chapter 4

looks at using a statistical model for converting BOLD MRI parameters to PO2. In

Chapter 5 a preliminary study looks at the feasibility of using phosphorimetry to validate

the statistical model from Chapter 4. The model used in Chapter 4 derives the MRI

parameter from two separate scans. In Chapter 6, a method for measuring the MRI

parameter of interest in a single scan is examined. This technique also provides an estimate

of the blood volume, another key parameter in the statistical model. Chapter 7 examines

the feasibility of estimating perfusion from ASL parameters which could play a key role

in estimating tissue PO2 from blood PO2.
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CHAPTER 2

Background

Despite being known as the “Father of Modern Medicine”, Hippocrates (460-355 BCE)

began his work by systematizing the practice of humorism, an ancient and demonstrably

false view of disease. However, his approach was remarkable for the time and he is credited

with being the first person to believe that disease was caused by natural causes and not

from metaphysical forces. Humorism gave a physical explanation for the primary causes

of disease, and held as the predominant theory in western medicine until the 16th century.

Humorism maintains that an excess or deficiency of any of the four primary bodily fluids

(blood, phlegm, yellow bile and black bile) will affect a person’s temperament and health.

The role of the physician is thus to rebalance the humors after a disruption, restoring

health and curing disease. Hippocrates believed urine to be a filtrate of the four humors,

and he placed much emphasis on its role in diagnosing diseases. While the theory has

been proven false, some of his conclusions were quite prescient, despite the underlying

theory.

In Hippocrates’ text, Aphorisms, he declared that bubbles found on the surface of

fresh urine were an indicator of kidney disease. In fact, these bubbles are often due to

proteinuria and can certainly indicate kidney disease or at least a urinary tract infection

[3]. He also described blood in the urine as an indicator of ulceration in the kidney

or bladder, which indeed is one possible etiology. Hippocrates described many other

associations between the quality of urine, diseases, and their prognosis.
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Galen of Pergamon began his study of medicine (129-200 CE) in an era when the

system of humorism had already become well established. Galen created the first notion

of systematic human physiology, which essentially held as dogma for one and one-half

thousand years [25]. Primarily through vivisection and ligating various segments of the

renal anatomy, Galen discovered that the primary function of the kidneys was to filter

blood. Although his description was limited to the separation of the “thin” from the

“thick” components of blood [26], it was still a significant departure from the humorist

belief. Galen also observed that the amount of urine excreted should be equal to the

amount of liquid ingested in a healthy person. We now know that a decrease in urine

output can indeed be an indication of dehydration or kidney failure. Galen hypothesized

and demonstrated that urine was not a filtrate of the four humors, but just that of the

blood.

Galen and Hippocrates both practiced uroscopy, or the process of examining urine

for symptoms of disease. Urine had long provided a glimpse into the health of a pa-

tient. Ancient doctors observed that ants were attracted to the urine of diabetics and

noted its sweet taste. In the second century, Areteus, who coined the term diabetes, or

“siphon”, described the disease as “a melting down of flesh and limb into the urine” [3].

The characteristic sweetness would be incorporated by Thomas Willis when he appended

mellitus, meaning “of honey”, to the disease name. Uroscopy established itself as the

leading diagnostic tool throughout the Middle Ages. Special holding flasks were designed

for examining urine, known as matulas. Particular emphasis was placed on their shape

which conformed to the geometry of the body’s own holding vessel, the bladder. The

complexity of the uroscopic exam increased and simplified charts were designed to aid in
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Figure 2.1. Urine wheel describing the possible colors, smells and tastes
of urine and their corresponding disease diagnosis. Reproduced from
Epiphanie Medicorum by Ullrich Pinder in 1506.

diagnosis (fig. 2.1). In uroscopy, physicians had established the first laboratory test and

could accurately diagnose a subset of diseases. The matula was no longer just a tool,

but also a distinguishing symbol of physicians, similar to the way stethoscopes are seen

today [3].

As the emphasis on the diagnostic power of uroscopy grew, the importance on phys-

ically examining the patient began to wane—physicians started diagnosing solely based
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on urine. Texts previously only available in Latin were translated and circulated outside

of the University, opening the uroscopy market to amateurs. By the 17th century, the

ascribed power of uroscopy had reached an absurd level. Fortune tellers and prophets

claimed to be able to glimpse into the patient’s future by gazing into the matula, a prac-

tice known as “uromancy”. Uroscopy had swung far afield from the original diagnoses

discovered by Hippocrates. Soon it received a strong backlash from the scientifically

grounded side of the medical community. Following the publication of the satirical take

on uroscopy by Thomas Brian in 1637, The Pisse Prophet, the practice began to fall out of

favor. Physicians still using matulas were ridiculed, they were dubbed “Pisse Prophets”.

Beyond the essential functionality described by Galen, insight into the inner workings

of kidneys remained mostly stagnant for a millennium. As uroscopy was imploding,

new studies were beginning to look into renal anatomy and physiology. The two major

regions of the kidney, the cortex and the medulla, were identified by Nathaniel Highmore

(1613-1684). The medulla was described as containing fibers directed toward the pelvis,

while the cortex was free of fibers. Marcello Malpighi (1628-1694) used the recently

invented microscope to describe the renal corpuscles, discovering the interface between the

vascular system and urinary output. However, it was not until William Bowman’s (1812-

1891) publications that a complete picture of the vascular-renal interface was established.

Bowman showed the inner workings of these corpuscles were the vascular glomeruli. He

also described the origin of efferent arterioles and the tubular loop, literally providing the

first clear and comprehensive picture of a complete nephron (see fig. 2.2). Further research

was necessary to establish the physiology on a cellular level but the key groundwork had

been laid.



25

Figure 2.2. Bowman’s depiction of human nephron and supporting vascu-
lature. Reproduced from [10].

2.1. Renal Anatomy and Physiology

Kidneys are responsible for maintaining fluid and solute homeostasis through a wide

range of environmental conditions. They must balance blood pH, water, sodium, and

nitrogen while removing the waste products of metabolism. This process plays a key role

in establishing arterial blood pressure and provides a physiological basis for the correlation

between properly functioning kidneys and cardiovascular health.
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Cortex

Outer

Medulla

Inner
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Figure 2.3. Diagram of a human kidney showing the main anatomic regions.
This is a multilobar kidney. Rats and other mammals have unilobar kidneys,
which are essentially a single pyramid from a multilobar kidney.

The mammalian kidney can be viewed as a series of concentric layers, with blood

flowing into the outer layers and the waste products (urine) funneling towards the cen-

ter before finally exiting at the renal pelvis. Figure 2.3 shows the primary anatomical



27

structures with three distinct regions: the cortex, the outer medulla (OM), and the inner

medulla (IM). The major functional unit of the kidney is the nephron, shown previ-

ously in fig. 2.2 and schematically in fig. 2.4. Nephrons are extremely small with radii

of approximately 10 µm, but they are very numerous; human kidneys contain approxi-

mately 1 million nephrons. Arterial blood enters Bowman’s capsule as a glomerulus in

the cortical region of the kidney. Small molecules in the blood—water, glucose, sodium

chloride, amino acids and urea—pass freely into Bowman’s space. The rate at which

water filters into the nephron is expressed as the glomerular filtration rate, or GFR. GFR

is determined by the difference in hydrostatic and oncotic pressure gradients between

the glomerular capillaries and Bowman’s capsule. This pressure difference is calculated

through the Starling equation. Oncotic pressure resists hydrostatic pressure because large

proteins, such as albumin, cannot pass through the endothelial walls of the glomerulus,

drawing water back into the capillaries. Net GFR in a healthy human, across all nephrons,

is about 125 ml/min or 180 L/day. Since the body contains only about 42 L of body fluid,

the kidney must perform further processing of the filtrate to prevent loss of all fluids in

less than a day.

Following filtration, nephrons begin to refine the filtrate through two means: secretion

and reabsorption. The final output of the filtrate is excreted into the ureters which drain

into the bladder. Urinary excretion amounts to around 1 ml/min or 1.5 L/day. This is

considerably less than the 180 L/day of filtrate input to the nephron. Filtration is a passive

process. To reclaim the essential sodium and glucose molecules lost during filtration, the

proximal tubule of a nephron will actively reabsorb them. Reabsorption can expend a

significant amount of energy. An active process is required because the ions are being
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Figure 2.4. Diagram of a nephron and supporting vasculature.

pumped against their concentration gradients. Water must be reabsorbed as well, but no

extra energy is required as the water molecules follow the solute concentration gradient.

The convoluted proximal tubule is the main site of sodium reabsorption; however the

medullary thick ascending limb (mTAL) plays a key role as well fig. 2.4. This process is

targeted by pharmacological agents known as loop diuretics.
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Furosemide is a highly potent loop diuretic which binds to the sodium-potassium-

chloride cotransporter, present in the mTAL. This results in excretion of sodium chloride,

potassium, hydrogen, calcium, magnesium, ammonium, and bicarbonate [78]. This leads

to a loss of the high osmolarity present in the medulla, and prevents the kidney from

reabsorbing water. The primary clinical use of furosemide is for treating hypertension as

the increased excretion of fluid reduces blood pressure and edema. The decrease in active

transport in the medulla increases medullary PO2 since a major determinant of intrarenal

oxygenation is from tubular metabolism [11].

These solute gradients, normally maintained in the medulla, are key to the functioning

of the kidney. Ascending and descending vasa recta (AVR and DVR respectively) are in

a countercurrent arrangement. This arrangement is critical for maintaining the osmotic

gradient between the cortex and medulla regions, and thus the urine concentrating ability

of the kidney. This arrangement also results in O2 diffusing from the DVR to the AVR,

shunting the O2 between them before it reaches the medulla [74]. This decreases the

amount of O2 actually reaching the medulla.

Unlike other organs, O2 use varies with blood flow in the kidney. The primary meta-

bolic demand in the kidney is due to solute reabsorption, which can increase with blood

flow. While the juxta-glomerular apparatus provides a critical feedback mechanism to

control GFR, it only operates over a limited range. Blood flow to the cortex normally

provides oxygen far in excess of its demand. However, in the medulla the countercurrent

blood flow arrangement and active solute reabsorption reduces the PO2 to around 10-25

mmHg [74], compared to 40-60 mmHg in the renal cortex [72]. This unusual arrangement
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can place the medulla at risk of hypoxic injury despite the fact that the kidney receives

30% of total cardiac output.

In chronic kidney disease (CKD), this meager O2 environment may be disrupted. CKD

is due to several etiologies but the common factor is reduced GFR. As GFR declines, risk

of cardiovascular disease, cognitive, and physical impairment increases. Renal fibrosis is a

key component of CKD, impairing oxygen diffusion and supply to tubular and interstitial

cells. Hypoxia of tubular cells leads to apoptosis, which exacerbates the fibrosis leading to

chronic hypoxia [70]. The final stage of this cycle is end stage renal disease (ESRD). The

key to success in treating CKD is early detection [51]. Targeting inefficiencies in renal

PO2 may be a key factor in determining which CKD patients will progress to ESRD.

2.2. Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is an extremely powerful technique that can non-

invasively visualize anatomic structures and probe physiological processes of the body.

MRI is remarkably good at providing high contrast between different types of tissue, both

healthy and diseased. MRI reasearchers have also shown the sensitivity of the imaging

modality to phsyiological processes such as brain activity, ischemia, hypoxia, and fibrosis.

MRI scanners use powerful magnetic fields to excite the most abundant (by count) element

found in the human body, hydrogen (specifically, bound hydrogen in water molecules).

While other forms of MRI can work with other elements, the mainstay is water-bound

hydrogen. The signal given off by the water-bound hydrogen atoms is sensitive to its

local environment and can be used to differentiate tissue types and physiologies. This

technique is known as nuclear magnetic resonance.
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2.2.1. Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) is a method for probing molecular structure and

is fundamentally a quantum process. Every elementary particle has a set of intrinsic

properties such as mass and charge. Early quantum physicists discovered that subatomic

particles have intrinsic angular momentum. Originally, this was thought to originate from

a charged spherical particle spinning rapidly on its axis, creating a magnetic moment.

When placed in a magnetic field, this magnetic moment will experience a torque. The

spin will tend to align with the field to minimize the energy in the system. Much like a

spinning top, if the axis of rotation is perturbed away from this minimal energy state,

it will begin to precess around it. This precession is known as Larmor precession and is

dependent on the particle type and proportional to the magnetic field strength:

ω = γB

where γ is the gyromagnetic ratio (MHz/Tesla) of the atomic structure and B is the

magnetic field strength. This precession is detectable by a nearby coil of wire and is the

basis of the NMR signal (fig. 2.5). While this classical analogy is illuminating, it does not

provide the complete picture and is physically impossible (i.e. the particle would need to

rotate faster than the speed of light to produce the observed effects).

Quantum physics gets its name from the quantized nature of the laws of physics. The

spinning sphere discussed in the previous paragraph has a continuous range of angular

momentum. In reality, the subatomic particle’s intrinsic angular momentum is quantized,

thus it can only take on a discrete set of values. This is very different from the classical
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Figure 2.5. Spin vector precession around the magnetic field axis. ω is the
Larmor frequency

view of angular momentum, but due to the similarities, this quantized intrinsic angular

momentum was named spin. The particle is not actually spinning. The Heisenberg uncer-

tainty principle of quantum physics explains that there are limitations on what properties

can be simultaneously observed. The classical spinning top violates this principle. An-

gular momentum and position cannot be precisely known at the same time. When a

subatomic particle is placed in a magnet it will not completely align with it. Instead, it

will be slightly offset and Larmor precession will kick in, keeping the uncertainty principle

satisfied.

When subatomic particles are combined together their net spin is what determines the

strength of the NMR signal. When protons and neutrons are combined to form a nucleus,

they are arranged in such a way to minimize the energy of the combined state. When

filling energy states, opposite spin states will be paired together to cancel each other out.

Atoms with even numbers of both protons and neutrons will have no net spin. On the

other hand, atoms with an odd count of either will have a net spin. If both the amount

neutrons and protons are odd, then a net integer spin is produced. If only one of them
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is odd, and the other even, then a half integer spin is produced. The net spin is used to

determine the number of energy states that the atom can occupy. As long as there is a

non-zero spin, an NMR signal can be produced.

2.2.2. Free induction decay

The most basic NMR experiment is the free induction decay (FID). A sample of pure

hydrogen atoms is placed in a strong, static, and uniform magnetic field. Hydrogen

contains a single proton, so the net spin of each atom is 1/2. The Zeeman effect says

that when placed into a magnetic field, the hydrogen atoms, which are just protons,

will occupy one of two energy states. The minimum energy state is to tend to align in

parallel with the field (angle allowed by the uncertainty principle). The other state is

anti-parallel to the applied magnetic field. Thermodynamic energy in the system will

cause transitions between these two states, preventing all spins from being in the lower

energy state. However, there will be a majority of spins in this lower state creating a

net magnetization that is initially located along the field axis. A secondary oscillating

magnetic field is applied at the Larmor precession frequency. This causes transitions

from the lower energy state to the higher one. After excitation, these spins are initially

coherent, creating a net magnetization in the plane perpendicular to the magnetic field.

The magnetization continues to rotate at the Larmor frequency in this plane. Gradually,

the excited spins lose energy and transition back to the lower energy state.
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Figure 2.6. An example sketch of a free induction decay. Magnetization is
picked up in a nearby coil, oscillating at the Larmor frequency. The signal
gradually decays as spins leave the excited state.

2.2.3. Relaxation

Figure 2.6 shows a sketch of a free induction decay. While it is expected for the signal

to decay due to spins leaving the higher energy state, the observed decay in the signal

occurs much quicker than would be expected. Each spin in the sample will experience

small non-reversible perturbations in its local magnetic field. The ensemble of spins will

lose its initial phase coherence, and the transverse magnetization decays. This is referred

to as T2 or R2 (1/T2) decay. Different tissues will have different T2s. This property

of tissues is one of the main mechanisms for creating contrast in magnetic resonance

imaging. However, this is only accurate if the substance’s secondary magnetic properties

(e.g. paramagnetic effects) are ignored and a completely homogeneous main magnetic field

is applied. Figure 2.7 shows the difference between these two decays. The faster decay
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Figure 2.7. Sketch of free induction decay with T2 and T2* relaxation.

is known as T2* or R2* (1/T2*) relaxation. This is often referred to as the apparent

transverse relaxation time. It is related to R2 as R2* = R2 + R2’. R2’ can be thought

of as the reversible component of R2* and R2 as the non-reversible component.

2.2.4. T2* decay

T2*, or R2* (1/T2*), decay is caused by reversible local magnetic inhomogeneities. The

reason it is referred to as reversible is because specially designed pulses can be used to

reverse the phase accrued due to the magnetic field inhomogeneities. One of the most

useful processes that leads to R2* decay is the change in magnetic susceptibility of blood

when oxygen binds to it.
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2.2.5. Blood Oxygenation-Level Dependent (BOLD) MRI

Red blood cells are critical in the transport of oxygen to metabolic sites throughout the

body. Only a small amount of oxygen can be directly dissolved in blood plasma. Red blood

cells are rich in hemoglobin, which is a molecule that can bind oxygen and significantly

increases the oxygen load that blood can carry. When no oxygen is bound to hemoglobin

(deoxy-hemoglobin), the molecule is paramagnetic. This creates a local inhomogeneity

in the magnetic field that can be detected as a frequency shift in the NMR signal or a

decrease in R2*. As more oxygen binds to hemoglobin molecules the effect is reduced.

Changes in the saturation of hemoglobin can be measured as changes in R2*.

2.2.6. Spin echoes

R2* decay causes the FID signal to decay away quite rapidly. However, the original R2

signal can actually be recovered through the use of echoes. By applying another excitation

pulse, this time inverting the magnetization signal such that it rotates 180◦, the previously

dephased spins will refocus and create an echo. The delay between the previous excitation

and this inverting one is one half of the echo time (TE). By delaying for different TEs,

the characteristic R2 decay curve can be obtained. Using R2 instead of raw values from

an MRI image provides measurements that are more specific and robust to changes in

certain setup parameters. The spin echo (SE) sequence is a simple method of using these

spin echoes to obtain an image and produce spatial R2 maps.
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Figure 2.8. Schematic of the connection between the BOLD signal and tis-
sue PO2. Changes in SHb will lead to changes in the magnetic suscepti-
bility of blood. Blood PO2 will increase as SHb increases by the oxygen-
hemoglobin dissociation curve. Blood PO2 diffuses into tissue. The stan-
dard assumption of BOLD is that tissue PO2 is roughly in equilibrium with
venous capillary PO2.

2.2.7. Imaging

Herman Carr started his work with NMR in the 1940s. In one of his experiments he sought

to understand the molecular structure of ethyl alcohol (ethanol). The FID of ethanol

shows a much more complex pattern than that of the homogeneous hydrogen experiment.

There is not a single Larmor frequency for the substance, as it is a relatively complex

molecule. Protons are bound to carbon and oxygen atoms with different arrangements,

which slightly alters the Larmor frequencies. When the frequencies are added together

they form a “beating” pattern. While Carr was able to tease out the three different
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frequencies from the time domain signal; he designed a simple model to show others how

such a FID could be produced. He arranged three vessels with volumes in the same

proportions as the ethanol peaks and spaced them to maintain the same ratio as the

frequencies in the ethanol spectrum [49]. A linear magnetic gradient was then applied

along the spatial axis of the vessels to create different magnetic fields at each location,

thus creating different Larmor frequencies for each vessel. This arrangement mimicked the

peaks seen in the ethanol NMR spectrum. This was the first instance of a one-dimensional

magnetic resonance image. The key insight was to use a magnetic field that varied through

space to encode spatial locations as different frequencies in the FID time course. Two-

dimensional images are a simple extension of this. Another gradient is applied along an

axis perpendicular to the first to encode spatial locations across a 2D grid.

2.2.8. K-space

Imaging takes place in k-space. This a spatial frequency domain of the final image that is

produced. K-space is characterized by the phase and frequency of each local magnetization

vector in the system. Imagine a 2D grid divided into small cubic regions, or voxels. Each

voxel contains its own magnetization vector that can be individually manipulated by

spatial gradients. The phase accrued in one of these voxels is

φ = γ

∫ t

0

B(τ)dτ

where B(t) is the local magnetic field that can arbitrarily vary with time. If a linear

gradient is used such that the magnetic field at any point in the x-y plane is
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B(x, y, t) = xGx(t) + yGy(t)

then the total phase at any point is

φ(x, y, t) = 2π (xkx + yky)

ki =
γ

2π

∫ t

0

Gi(τ)dτ

i ∈ x, y

Magnetization vectors rotating in the x-y plane can be written as phasors and the net

signal is written as

s(t) =

∫

x

∫

y

Mxy(x, y) exp(−i2π(xkx + yky))dxdy

where Mxy is a function proportional to the density of spins at each location in space.

This turns out to be the Fourier transform of the imaged object and provides a clear

method from converting the acquired signal back into the actual spatial distribution.

K-space must be traversed by the imaging sequence in order to create an image. By

varying Gx(t) and Gy(t) any arbitrary path can be traced out in k-space.

2.2.9. Imaging sequences

MR images are created by exciting ensembles of spins and then traversing k-space. The

magnetization that is induced in the coil is discretely sampled and saved. This signal

is the Fourier transform of the actual image. Reconstruction can thus be as simple as
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applying an inverse Fourier transform. This collection of actions is known as a sequence

and is typically represented in a sequence diagram. Figure 2.10 and fig. 2.11 are two

examples. The diagram shows the events that take place to perform the sequence; the

x-axis represents time.

Radio frequency (RF) pulses are used to excite the spins and alter their relative angle

to the main magnetic field. Among other things, these pulses are used for creating various

forms of contrast in the image. Without RF pulses, there is no signal for the imaging

gradients to readout.

Descending down the sequence diagram, the next three rows show the imaging gradi-

ents. The two example sequences shown in this chapter both perform 2D imaging. The

first step in most 2D imaging sequences is to perform a slice-selective excitation of the

region of the body to be imaged. GSS is the gradient time course that takes place simul-

taneously with the excitation RF pulse. If this gradient is not applied then the entire

sample will be excited. Figure 2.9 shows an overview of the process.

The 2D imaging gradients for phase encoding and frequency encoding (GPE and GFE

respectively) are used to traverse k-space across the previously slice selected region. In

a sequence diagram, the integral of the gradient time course shown is the distance that

is traversed in k-space. In fig. 2.10, GPE and GFE show a rasterized readout of k-space.

The downward blips at the beginning of GPE and GFE move the initial point in k-space

to the lower left corner. Each positive blip of GPE then increments one row up on the

y-axis of the 2D region. At the same time, GFE zigzags back and forth across the x-axis.

This produces the signal seen at the bottom of the sequence diagram.
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Figure 2.9. Layout of a typical 2D imaging experiment. The top figure
shows a rectangular sample placed in a static magnetic field (B0). Next,
the slice selection step is shown; only the region designated by the dashed
line is excited by the RF pulse. The final figure shows the directions of
phase encoding (PE) and frequency encoding (FE) that are used to create
an image.
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Figure 2.10. Example diagram of an Echo Planar Imaging (EPI) pulse se-
quence. The key novelty of the EPI sequence is its speed. By moving in
a zig-zag pattern across k-space, the EPI sequence can read out an entire
image in a single echo. This sequence can be modified to spin echo sequence
by adding a 180◦ pulse.

2.2.10. Echo planar imaging (EPI)

EPI is a very fast method for traversing k-space. An example plus sequence is shown in

fig. 2.10. This pulse sequence reads out an entire 2D field of view with a single excitation

pulse. K-Space is rapidly traversed in a rasterized pattern (i.e. zigzagging across it). This

can be split into multiple acquistions and is known as multi-shot EPI.

2.2.11. Gradient recalled echo (GRE) sequence

The gradient recalled echo pulse sequence (GRE) is an extension of the single FID pulse

experiment but applied to two or three dimensional imaging. GRE is the primary method

for acquiring BOLD images.
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Figure 2.11. Example diagram of a Gradient Recalled Echo (GRE) pulse
sequence. This is the main sequence used for creating R2* images.

2.3. Phosphorescence Lifetime Imaging

Phosphorescence lifetime imaging provides a method for measuring oxygen concen-

trations in biological specimens. The process is an oxygen-dependent quenching of the

phosphorescence of the molecule. Collisions between an excited triplet state phosphor and

a ground state oxygen molecule transfer energy from the former to the latter [62]. The

excited triplet state is returned to the ground state and emits light. The rate of decay of

the triplet state is increased as oxygen concentrations increase.

Pd-porphyrin is an injectable oxygen-quenched phosphorescence lifetime imaging

probe. It is bound to albumin, allowing it to be injected intravascularly and remains

in that space. Response time to light excitation is on the order of milliseconds, allowing
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real time measurements of PO2. Calibration of the molecule is an important step in con-

verting the phosphorescence decay rate to PO2. However, calibration constants can be

determined independently of the probed specimen because the phosphorescence is only

dependent on its local molecular environment.
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CHAPTER 3

Objective Analysis of the Renal Parenchyma BOLD MRI Data

3.1. Introduction

Renal hypoxia is thought to play a key role in the progression of chronic kidney disease

(CKD) [29,70], leading to an interest in non-invasive assessment of renal oxygenation. Re-

nal blood oxygenation level-dependent (BOLD) magnetic resonance imaging is currently

the only known non-invasive method that can be used to evaluate renal oxygenation in

humans (8,9). Extensive research has shown that this technique has the ability to detect

intra-subject changes following various interventions [22,54,56,80]. There is a growing

interest in applying this method to distinguish different groups of subjects, such as those

with CKD, as compared to control subjects [41, 68, 83, 105]. However, experience to-

date has led to conflicting reports on whether renal BOLD can detect differences between

controls and subjects with CKD. Non-uniform hydration status between subjects, varied

oxygenation due to multiple etiologies and a variation in medication among the subjects

may at least in part explain some of the discrepancies [71]. Additionally, the method of

analysis may play a role [83].

Renal BOLD MRI studies have predominantly used the mean value of small, manually

defined ROI within the cortex and medulla. This technique is useful for cases where the

renal cortex and medulla are readily discernible, such as at baseline in healthy subjects.

Originally published as J. M. Thacker, L. Li, W. Li, Y. Zhou, and P. V. Prasad, “Renal Blood Oxygenation
Level-Dependent Magnetic Resonance Imaging: A Sensitive and Objective Analysis,” Invest. Radiol.,
vol. 50, no. 12, pp. 821827, 2015.
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However, the contrast may not be sufficient to distinguish the two regions in patients

with CKD or even healthy subjects following furosemide administration [22]. It is known

that cortico-medullary contrast decreases in advanced CKD, making this technique sub-

optimal for analyzing such cases [50]. Recent studies have indicated the subjectivity of

this regional segmentation technique and a few methods to overcome the limitations have

been proposed [20,77,88]. There is an inherent heterogeneity in the distribution of R2*

values even within each of the two different renal tissues [65]. Researchers have attempted

to reduce this variation by defining several ROIs and taking the average of their means as

a measure of R2* for each region [98]. Alternately, in the cortex, it is possible to define

a large ROI that acts as an average across the entire region.

A method that minimizes the subjectivity of ROI placement in renal BOLD analysis

will be especially important for comparing data from different institutions and establishing

renal BOLD MRI as a clinically viable technique [111]. One method of addressing these

issues is through histogram analysis of the renal parenchyma. Histogram analysis has been

effectively applied to diffusion maps in the cervical cord of multiple-sclerosis patients [99],

diffusion images for intracranial tumor differentiation [63] and renal tumor classification

[30], and more recently to arterial spin labeled images of mild CKD patients [87]. Based

on this general principle, we have tested the hypothesis that a method that analyzes the

R2* distribution of the entire renal parenchyma will be able to detect quantitative changes

in subjects following interventions and between groups of subjects with different levels of

kidney function. Due to the mixed distribution of tissues within the parenchyma when

taken as a whole entity, the renal R2* distribution will not be normally distributed. This

implies that the mean and standard deviations (first two moments) may not be sufficient
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to fully represent the actual distribution. We have explored the use of two additional

moments for characterizing this distribution. While our method is related to histogram

analysis, it does not require a bin size and assumes nothing about the distribution of

values. Furthermore, we utilize a kernel density estimate of the empirical distribution

when displaying the distributions, as it does not require a bin size as well. Hence forth,

our method will be referred to as moment analysis.

To determine a robust (sensitive and objective) method for analyzing renal blood oxy-

genation level-dependent (BOLD) MRI data, we have evaluated the ability of conventional

BOLD analysis and parenchyma moment analysis to detect inter- and intra-subject dif-

ferences in controls and subjects with CKD. Specifically, we have evaluated the inter-rater

agreement, sensitivity to changes following administration of furosemide, and the relative

sensitivity of the methods in differentiating controls from subjects with CKD.

3.2. Materials and Methods

3.2.1. Subjects

All procedures were performed with approval from the institutional review board and

written subject consent. A total of 47 subjects participated: controls (n=17; age: 41.6±

12.9 yrs; estimated glomerular filtration rate (eGFR)=97.1±15.0; 9 male/8 female), CKD

(age: 61.9± 10.4 years; eGFR in the range of 30-90 (n=20) and < 30 (n=10); proteinuria

= 0.83±0.9; systolic BP=130.7±25.6 mmHg; diastolic blood pressure=70.7±15.5 mmHg;

average duration = 7.6± 5.2 years; 15 male/15 female). Subjects with unilateral disease

were excluded. Subjects were instructed to fast starting after midnight on the day of the

study. The scanning was performed in the morning.
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3.2.2. MRI Protocol

All experiments were performed on a 3 Tesla whole-body scanner (MAGNETOM Verio,

Siemens Healthcare, Erlangen, Germany) equipped with high performance gradient coils

(45 mT/m maximum gradient strength, 200 mT/m/ms slew rate). A body array coil

was used for transmission and the spine and body array coils were combined for signal

reception. All subjects were examined in the supine position with their feet entering the

scanner first. BOLD MRI data was acquired using a breath-hold multiple gradient echo

(mGRE) sequence with following parameters: field of view = 360 x 245mm, number of

slices = 5, slice thickness = 5.0mm, matrix size = 256 x 176, repetition time = 62ms, num-

ber of echoes = 8 equally spaced (3.09 to 32.3ms), averages = 1, flip angle = 30◦. BOLD

MRI measurements were made at baseline. The patient table was moved to administer 20

mg of furosemide iv. Post-furosemide data was acquired approximately 15-minutes after

the baseline scans. The action of furosemide is to inhibit reabsorptive transport along the

medullary thick ascending limb which increases medullary PO2 [11].

3.2.3. R2* Maps

The eight images from each mGRE acquisition were used to estimate R2* on a voxel-

by-voxel basis, using an offline linear least squares regression. Magnitude images were

thresholded at 20 (a.u.) to remove values where the R2* is so high that the signal

decays into the noise floor in later echoes. These occur in places with large changes

in susceptibility such as regions neighboring the large intestines or areas of no signal

(background). Typically this resulted in less than a mean loss of 7% (0.2% median) voxels
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within a ROI. R2* maps were created for each subject at baseline, and post-furosemide

administration.

3.2.4. Regions of Interest

Two observers defined ROIs in the cortex, medulla, and the entire renal parenchyma for

both the left and right kidneys on the first mGRE image of the center slice. Care was

taken not to include any voxels from areas near strong susceptibility changes or other

artifacts. Tumors and cysts were excluded from the ROIs as well (2 cases). Additionally,

macroscopic vasculature was removed when it was readily apparent to the observers.

However, they represent a very small number of voxels within the whole parenchyma

and are thus expected to have a minimal effect on the computed values, even when not

completely removed. Cortical ROIs were drawn according to two common methods: 2-

3 small ROIs (< 100 voxels) and one large ROI (> 500 voxels) encompassing the vast

majority of the cortex (fig. 3.1). Separate ROIs were defined for each subject at baseline

and post-furosemide.

After all the ROIs were defined, they were copied to the R2* maps to compute the

mean value for each region. ROIs on baseline images were matched to post-furosemide

images when possible but were drawn separately. The parenchyma ROI was used for

higher moment analysis in a similar fashion.

3.2.5. Moment Analysis

Following manual segmentation of the renal parenchyma, the R2* distributions were an-

alyzed using four sample moments (µ1, µ2, µ3, µ4). The first moment is the sample mean
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GRE R2*
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Figure 3.1. An example of the variation seen in the mean R2* depending
on ROI placement. The left column shows a representative control subject
and the right a CKD subject. The first echo from the mGRE images is
used as an anatomical template for placing ROIs. The image appears a bit
blurry as it is interpolated to this larger size for viewing purposes. The ROI
is then used to find the mean of the corresponding region on the calculated
R2* map. Three different ROIs are placed for each region (large cortical
and parenchyma ROIs are difficult to see due to the overlap of each region).
The mean and standard deviations of each region are shown in the plots.
Variation between the ROIs is quite large in the small regions, while the
larger ones are clearly not as susceptible to differences in exact placement.
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µ1, and the next three are central moments (computed around the mean). Given the

mean µ1, for n > 1, the nth central moment of an image, I, containing V voxels, is defined

as

µn =
1

V

V
∑

i=1

(Ii − µi)
n

In statistics, the first three moments after the sample mean are commonly referred to as

the standard deviation (µ2), skewness (µ3) and kurtosis (µ4). These can be considered to

describe the shape features of the distribution. These names generally refer to standard-

ized moments, which are defined in relation to the normal distribution. The parenchyma

distribution is not expected to be normally distributed due to the inclusion of two dis-

tinct regional distributions. We preferred to use the actual moments as parameters rather

than use the standard statistical nomenclature. These methods reduce the large number

of R2* parenchyma samples to a set of numerical values summarizing the shape of the

distribution. Thus, each subject had four values per stage (baseline and post-furosemide).

Statistical comparisons were performed with this set of data.

3.2.6. Statistical Analysis

Statistically significant changes were assessed between baseline and post-furosemide R2*

measurements, separately in control and CKD groups, for each of the regions. A Wilcoxon

non-parametric test was used for this matched pairs comparison. Control and CKD groups

were compared in each region and at each stage for statistically significant differences with

a Mann-Whitney U test. To help estimate the effect size for each comparison, we report

Cohen’s d. The use of effect size in addition to p values has been recommended for

scientific reporting [94]. Cohen’s d effectively represents the effect size in three levels:
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small, medium and large corresponding to d values greater than or equal to 0.2, 0.5 and

0.8 respectively. We report values as being pragmatically significant when there is both a

substantial effect size, (i.e. |d| ≥ 0.5) and statistical significance (i.e. p < 0.05). Multiple

comparisons were corrected for by applying the Holm-Bonferroni method to limit the

family wise error rate in reporting false rejections of the null hypothesis. This correction

was applied to each set of regional measurements. Values are reported as the mean

standard deviation where applicable. All analysis was performed using Python 2.7.2 and

the SciPy 0.13.3 module [44].

To assess the effects of variability in the definition of ROIs on the computed values,

the intra-class correlation coefficients (ICC) were evaluated. The ICC will be high when

there is little variation between the scores given to each subject by the raters. ICC values

are generally stratified as poor agreement (< 0.75), moderate agreement (> 0.75) and

good agreement (> 0.9). ICCs were determined for the mean value of each region and

between the various measures used in the multiple moment method.

3.3. Results

3.3.1. Comparison of Mean Values

Figure 3.1 shows an example of these ROIs and the potential variation in the mean values

of the individual ROIs. The mean R2* of the small ROIs can vary considerably depending

on their placement while the large cortical and parenchyma ROI show very little change

based on the plots.

The renal parenchyma mean provides the highest inter-rater agreement ( table 3.1 and

fig. 3.2. Small ROIs (cortex and medulla) show the least agreement between raters, and
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Figure 3.2. Mean-difference (Bland-Altman) plots depicting the inter-rater
agreement for each ROI region. The medulla shows the highest variation
while the parenchyma shows the lowest. Additionally, the large cortex shows
a lower level of variation than the small cortex does.

the medulla has the lowest inter-rater agreement of all regions (ICC=0.76). When we

analyzed the control and CKD groups separately, the ICC values were not significantly

different, 0.76 for CKD vs 0.80 for control (other regions not shown). Since the large

cortex has a higher level of agreement than the small cortex does, it is the only region

assessed outside of the comparison of intra-class correlation.

Table 3.1. Intra-class correlation coefficients for mean values of each region
at baseline

Region ICC 95% CI
Small Cortex 0.87 [0.78, 0.92]

Medulla 0.76 [0.61, 0.86]
Large Cortex 0.93 [0.88, 0.96]
Parenchyma 0.99 [0.98, 0.99]

When comparing baseline and post-furosemide mean R2* values, the parenchyma

mean shows a significant difference in control subjects ( table 3.2). Subjects with CKD

also show a change in the medulla and the parenchyma (p < 0.05), but the magnitude of

the change is considerably less than in the control group as indicated by d ( table 3.3).
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Table 3.2. Controls Baseline vs. Post-furosemide R2*. † Wilcoxon signed
rank test statistic. ‡ Cohen’s d measure of effect size

Region Baseline R2* (s−1) Post R2* (s−1) P-value† d‡

Large Cortex 19.6± 3.6 18.7± 4.7 0.22 0.21
Medulla 30.9± 4.1 22.5± 5.0 0.002 1.59

Parenchyma 23.8± 2.7 20.6± 4.1 0.002 0.84

Table 3.3. CKD Baseline vs. Post-furosemide R2*. † Wilcoxon signed rank
test statistic. ‡ Cohen’s d measure of effect size

Region Baseline R2* (s−1) Post R2* (s−1) P-value† d‡

Large Cortex 23.9± 7.3 22.0± 6.9 0.056 0.22
Medulla 29.7± 7.2 26.7± 7.0 0.039 0.35

Parenchyma 26.3± 6.1 24.8± 5.6 0.004 0.21

When comparing controls and subjects with CKD at baseline, the cortical ROI shows a

significant difference between control and CKD subjects while the parenchyma mean does

not (table 3.4). However, after furosemide administration, both regional and parenchyma

ROIs show a significant difference, with the parenchyma showing the largest effect size

(table 3.5). The cortical effect size decreased from baseline and the medulla also shows a

significant difference. No significant difference was found between left and right kidneys

using any of the traditional ROI analysis technique or between any of the moments (data

not shown).

Table 3.4. Control vs. CKD at baseline. § Mann-Whitney U test statistic.
‡ Cohen’s d measure of effect size

Region Baseline R2* (s−1) Post R2* (s−1) P-value§ d‡

Large Cortex 19.6± 3.6 23.9± 7.3 0.015 -0.69
Medulla 30.9± 4.1 29.7± 7.2 0.28 0.18

Parenchyma 23.8± 2.7 26.3± 6.1 0.152 0.39
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Table 3.5. Control vs. CKD post furosemide. § Mann-Whitney U test
statistic. ‡ Cohen’s d measure of effect size

Region Baseline R2* (s−1) Post R2* (s−1) P-value§ d‡

Large Cortex 18.7± 4.7 22.0± 6.9 0.026 -0.51
Medulla 22.5± 5.0 26.3± 7.0 0.019 -0.61

Parenchyma 20.6± 4.1 24.8± 5.6 0.003 -0.75

Figure 3.3. Example kernel density plots of typical cases for each of the
comparisons performed in tables 3.2 to 3.10. A kernel density plot is used
to estimate the empirical distribution and is not sensitive to the bin size
like a histogram would be. A kernel density estimate with Gaussian kernels
and automatic bandwidth calculation was used to estimate the continuous
probability distribution.

3.3.2. Moment Analysis

Figure 3.3 illustrates a representative distribution of renal parenchymal R2* values at

baseline and after administration of furosemide in a control subject. Clearly one can
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visualize differences in these distributions. Consistent with the mean value, the higher

moments of the parenchyma data showed similar trends. Table 3.6 shows that all four

moments are significantly different following furosemide in the control group. While there

was no significant difference observed at baseline between CKD and control subjects (ta-

ble 3.8), post-furosemide show that the first two and the fourth moments are significantly

different (table 3.9). Additionally, ICC assessed inter-rater agreement of these moments

was comparable to large cortical regions (table 3.10).

Table 3.6. Higher parenchyma moments: Controls Baseline vs. Post-
furosemide. † Wilcoxon signed rank test statistic. ‡ Cohen’s d measure
of effect size

Moment Baseline R2* (s−1) Post R2* (s−1) P-value† d‡

µ1 23.8± 2.7 20.6± 4.1 0.008 0.84
µ2 88.7± 39 48.5± 15 0.001 1.04
µ3 1.26± 0.8× 103 0.59± 0.3× 103 0.007 0.83
µ4 53± 43× 103 22± 14× 103 0.007 0.72

Table 3.7. Higher parenchyma moments: CKD Baseline vs. Post-
furosemide. † Wilcoxon signed rank test statistic. ‡ Cohen’s d measure
of effect size

Moment Baseline R2* (s−1) Post R2* (s−1) P-value† d‡

µ1 26.3± 6.1 24.8± 5.6 0.02 0.21
µ2 79.3± 26 73.6± 30 0.28 0.17
µ3 0.87± 0.53× 103 0.89± 0.65× 103 0.56 -0.02
µ4 36.5± 22× 103 36.8± 30× 103 0.88 -0.01

3.4. Discussion

3.4.1. Comparison of Mean Values

Our results demonstrate that the renal parenchyma mean is highly objective in terms of

inter-rater reliability and is able to detect intra-subject changes following administration
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Table 3.8. Higher parenchyma moments: Baseline Controls vs. CKD. §

Mann-Whitney U test statistic. ‡ Cohen’s d measure of effect size

Moment Baseline R2* (s−1) Post R2* (s−1) P-value§ d‡

µ1 23.8± 2.7 26.3± 6.1 0.30 -0.49
µ2 88.7± 39 79.3± 26 0.28 0.23
µ3 1.3± 0.8× 103 0.87± 0.5× 103 0.11 0.45
µ4 53.4± 43× 103 36.5± 22.4× 103 0.24 0.38

Table 3.9. Higher parenchyma moments: Post-Furosemide Controls vs.
CKD. § Mann-Whitney U test statistic. ‡ Cohen’s d measure of effect size

Moment Baseline R2* (s−1) Post R2* (s−1) P-value§ d‡

µ1 20.6± 4.1 24.8± 5.7 0.003 -0.75
µ2 48.5± 15 73.6± 30 0.005 -1.00
µ3 0.59± 0.3× 103 0.89± 0.7× 103 0.11 -0.54
µ4 22.4± 14× 103 36.8± 29× 103 0.01 -0.59

Table 3.10. Intra-class correlation coefficients for each of the parenchyma
moments.

Moment ICC 95% CI
µ1 0.99 [0.98, 0.99]
µ2 0.94 [0.90, 0.97]
µ3 0.92 [0.86, 0.95]
µ4 0.90 [0.83, 0.94]

of furosemide, a widely used pharmacological maneuver for BOLD MRI studies. It is

well known that the observed changes following furosemide are regional, with the medulla

showing a large change in R2* while the cortex shows minimal to no change. Despite not

segmenting the medulla, this regional change is still detectable. Whether the same trend

will be observed with other pharmacological maneuvers will require further work.

The need for including effect size in order to determine a significant result cannot be

understated. Scientific literature has generally placed emphasis on a statistical significance

that is based solely on the p-value, typically at a significance level of 0.05. However, does
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not necessarily mean that the observed difference is of any practical consequence. Even

small differences will reach statistical significance provided the sample size is large enough

[94]. It is considerably more informative to determine an estimate of the magnitude of

the difference and whether it is large enough to differentiate a condition of interest, e.g.

healthy vs. CKD. It has been suggested that the effect size should be reported along with,

or in place of, p-values [34,94]. Previous reports have suggested that an effect size of 0.5

could be considered a medium effect and 0.8 considered as a large effect. In this report,

we have used p < 0.05 and d > 0.5 to imply a pragmatic notion of significance. Further

work may be necessary to reach consensus on what value would be optimal for specific

applications.

Cortical R2* values were significantly higher in subjects with CKD (Table 4). While

the mean parenchyma R2* values at baseline did not show a difference between the groups,

when evaluated post-furosemide, all regions were found to be significantly different. The

parenchyma mean actually showed a larger effect size than the cortex at this stage or at

baseline. Post-furosemide data combines the differences in cortical R2* values and the

responses to furosemide in the medulla between the groups of subjects.

3.4.2. Physiological Interpretation

The mean R2* value (or first moment) of the parenchyma and medulla demonstrated sig-

nificant changes post-furosemide in control subjects. The observed medullary changes in

healthy controls are consistent with several prior reports [22,57,58,83]. The mean R2*

value of the parenchyma would be a weighted mean of the cortical and medullary compart-

ments. This results in a smaller effect size (d=0.84) compared to the medulla (d=1.59).
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However, the ability to detect these changes without regional segmentation indicates that

the contributions (magnitude and voxel count) from the medulla are sufficiently large.

While the response to furosemide in subjects with CKD also reached p values < 0.05, the

effect sizes were all quite small, indicating a considerably smaller change in R2*. This

trend is consistent with a recent report [83]. The ability to detect differences based on the

renal parenchyma without a priori knowledge of regional anatomy greatly simplifies image

analysis and is expected to be beneficial in comparing data from different institutions.

R2* is used as a surrogate for oxygenation due to its sensitivity to the saturation of

hemoglobin (sHb). However, this depends on both oxygen delivered and oxygen consumed.

Furosemide provides a method to reduce the local oxygen consumption in the medulla

in healthy functioning kidneys and results in a higher blood oxygenation, observed as a

decrease in R2*. Prior studies have captured these differences by evaluating R2* following

furosemide with significantly lower changes in subjects with CKD [108]. Our results

with analyzing post-furosemide R2* distributions of renal parenchyma demonstrate an

alternative way of capturing the relative differences in response to furosemide. This is

most probably related to the opportunistic leveraging of both the increased cortical R2*

in CKD and a lower response to furosemide in the medulla.

The chronic hypoxia model suggests that subjects with progressive CKD may exhibit

higher renal hypoxia [28]. Additionally it is estimated that only 1 in 3 patients at stage

3 have progressive CKD [28]. Thus, it is possible that the differences observed between

subjects with CKD and healthy controls are smaller than they would be if the group

assessed in this study was restricted to just progressors. To-date, no study assessing renal

oxygenation has sought to, or identified subjects with progressive CKD.
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3.4.3. Multiple Moment Analysis

By looking at higher moments we were able to capture more changes in the shape of

the R2* distribution than would be possible with only the mean (Table 6 and Table 7).

Figure 3.3 shows a typical case of how the distributions varied between baseline and post-

furosemide in a control subject. The mean or first moment (µ1) provides information

regarding the central tendency of the distribution. The second moment (µ2) indicates the

spread of the distribution and may be related to the separation of R2* values between the

cortical and medullary regions (clearly the spread is lowered post furosemide). The third

moment (µ3) relates to the skewness of the distribution and may indicate the relative

strength of each compartment (also lower post-furosemide). Lastly, the fourth moment

(µ4) provides information about the relative magnitude of the tails, the values far from

the center of the distribution (clearly this is smaller post-furosemide). However, it is not

yet clear how to interpret these additional parameters in practical terms.

3.4.4. Limitations

There are some limitations with our study. It is important to note that our healthy

control group was not age matched to the CKD group. This was primarily due to logistical

challenge of recruiting healthy elderly subjects. Earlier reports have failed to demonstrate

any significant differences in cortical R2* values with age [83]. However, contributions

from age-related differences might not be ruled out in our observations. A previous paper

did show that response to furosemide might be blunted in older subjects [22], possibly

accounting for the difference in post-furosemide R2* values between controls and subjects

with CKD observed here. In this preliminary study, the CKD group had a heterogeneous
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distribution of eGFRs, etiologies and medications. Additionally, potential movement

between baseline and post-furosemide images may shift the region of the kidney being

analyzed.

While the thresholds used for determining significance of our results seem to be ap-

propriate for the context of this work, they will require independent validation to reach

consensus.

Use of the renal parenchyma in place of the cortex and medulla has been used in prior

reports. Ebrahimi et al modeled the distribution as a two compartment model whose

applicability is not strictly feasible when there is limited contrast between cortex and

medulla, e.g. subjects with CKD or in healthy subjects post-furosemide [20]. Piskunowicz

et al did not assume a two compartment model, but their approach involves the use of a

discrete number of layers, each adding several new parameters to the analysis [77]. Saad et

al used a measure of fractional tissue hypoxia from the whole parenchyma as a replacement

for individual regional measures from the cortex and medulla. This method used a fixed

value of 30 s−1 to separate R2* values into high and low levels of hypoxia [88]. Our

approach requires no apriori assumptions. It may be more straightforward to implement,

even though custom software will be necessary. Future consensus from the user community

may be necessary for optimal choice among the methods for more general acceptance.

3.5. Conclusion

In conclusion, our results show that the mean of the renal parenchyma provides a

higher inter-rater agreement when analyzing renal R2* maps than cortical or medullary
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ROIs. In addition, it shows sufficient sensitivity, in terms of the effect size, when evalu-

ating the response to furosemide, a well-established pharmacological maneuver in renal

BOLD MRI. A new finding is that post-furosemide R2* maps may show more significant

differences between controls and subjects with CKD with both a conventional regional

ROI analysis and the proposed analysis using the entire renal parenchyma. In addition,

by using higher moments, the sensitivity to detecting both inter- and intra-subject differ-

ences could be improved. However, the physiologic interpretation requires further studies

and independent validation.

As take home messages, our data support the use of the entire renal parenchyma when

analyzing R2* maps from subjects with minimal cortico-medullary contrast. Alternately,

large cortical ROIs could be used for evaluating baseline differences between different

groups of subjects. Even in healthy subjects, the use of both cortical, and parenchyma

analysis may be preferred for comprehensive and objective evaluation. The limitations of

using only p values for significance have been known, but our data further highlight the

need to use additional information such as the effect size.
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CHAPTER 4

Physiologically Relevant Parameters: BOLD Derived Renal PO2

4.1. Introduction

Blood oxygen level dependent (BOLD) MRI is a non-invasive method that is sensitive

to regional oxygen saturation of hemoglobin (SHb). It is currently the only non-invasive

method available to evaluate relative renal oxygenation status, and it can be readily

applied in humans [80]. Previous studies have established BOLD MRI as an effective and

sensitive method for monitoring changes in both pre-clinical models [14, 18, 76] and in

humans [9,40,80]. However, translation of BOLD MRI to the clinic remains challenging

[71].

Two key limitations are suspected to play a role. One is the use of small region of

interest (ROI) analysis. Small ROIs are subjective and may be limited by the available

contrast between regions, which can be compromised under certain disease states [50].

There have been recent developments to mitigate this issue by using methods that analyze

the entire renal parenchyma [20,77,88,97]). Another limitation of BOLD MRI is the in-

ability to directly compare the measurements between regions due to the fact that the R2*

(or T2*) measurements, the transverse relaxation rate, depend on more parameters than

just the magnetic susceptibility of deoxygenated hemoglobin. These parameters include

the spin-spin relaxation rate (R2), regional blood volume, and hematocrit (Hct). Each

Originally published as J. Thacker, J. L. Zhang, T. Franklin, and P. Prasad, “BOLD quantified renal PO2

is sensitive to pharmacological challenges in rats,” Magn. Reson. Med., 2016. Reprinted with permission
John Wiley and Sons, license 3966891427805.
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of these may vary significantly between individuals, even regionally within a kidney, and

with disease. These dependencies limit the ability to directly compare R2* measurements

between kidney regions or measurements between groups. For example, the inner medulla

in rodents consistently has a lower R2* than the cortex, and would be viewed as having a

higher blood PO2 level based on the usual BOLD interpretation. However invasive mea-

surements show the inner medulla has the lowest PO2 [5]. This discrepancy is thought

to be due to the lower blood volume and lower hematocrit of the inner medulla [75].

Furthermore, R2* cannot directly indicate hypoxic regions. An increased R2* may show

a region with decreased oxygen availability due to the measured decrease in SHb, but

it does not indicate whether the tissue’s oxygen demand is being met. It is known that

certain regions of the kidney are operating on the verge of hypoxic conditions and the

ability to convert R2* measurements to blood PO2 could provide a means of comparing

these regions to PO2 levels that may be at risk of hypoxic damage.

Recent work has demonstrated the feasibility of mapping BOLD MRI measurements

to blood PO2 [110]. The method is based on R2’ (R2*-R2) as opposed to the conventional

R2* parameter. Using Monte Carlo simulation, the model estimates R2’ for a given SHb

value, resulting in a look-up table from R2’ to SHb, for each tissue type based on regional

parameters. In this preliminary study, we applied this model to a small number of rats to

find baseline blood PO2 estimates and compared the estimates to invasive measurements

from the literature. We further evaluated the sensitivity of the method to changes in PO2

following pharmacological maneuvers.
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4.2. Methods

4.2.1. Animals

The Institutional Animal Care and Use Committee approved all procedures and proto-

cols in this study. Six male Sprague-Dawley rats (Charles River, Chicago, IL), weighing

402± 20 g, were used in this study. Rats had free access to water and food prior to being

anesthetized. All procedures were conducted under anesthesia using Inactin (thiobutabar-

bital sodium, 100 mg/kg i.p., Sigma-Aldrich, St. Louis, MO). A catheter (PE-50 tubing)

was placed in the femoral vein of each rat for administration of nitric oxide synthase

inhibitor (L-NAME) and furosemide (Sigma-Aldrich, St. Louis, MO). These drugs were

used to modulate renal perfusion and/or oxygenation. Each drug is administered at a

concentration of 10 mg/kg body weight into the femoral vein as a bolus.

Each animal’s tail was connected to a peripheral oximeter to monitor any systemic

changes in global blood SHb (3150 MRI Patient Monitor, Invivo Research Inc). Measure-

ments were recorded every five minutes.

4.2.2. MRI

All experiments were performed on a 3-Tesla whole body scanner (Magnetom Verio,

Siemens Healthcare, Erlangen, Germany), equipped with high-performance gradient coils

(45 mT/m maximum gradient strength, 200 mT/m per milliseconds slew rate). Rats were

placed in a right decubitus position, such that the kidneys were in the middle of a knee

coil (8-channel Knee Coil, Siemens Healthcare, Erlangen, Germany). Each rat was then

positioned within the MRI scanner such that the middle of the kidney being examined

was at the isocenter of the magnet.
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Figure 4.1. MRI protocol. The MRI data acquisition was performed in
three stages: baseline, LNAME and furosemide. Each MRI stage consisted
of three repetitions of alternating mGRE and SE acquisitions.

Imaging was performed in three stages: baseline, post-LNAME and post-furosemide

administration. Figure 4.1 shows a schematic outline of the procedure. Each stage con-

sisted of two sequences: a multiple gradient recalled echo sequence (mGRE, 12 Echoes:

TE: 3.56 - 41.29 ms increments of 3.43 ms, TR: 69.0 ms, Matrix: 256*128, PhaseFOV:

50%, resolution: 0.47x0.47 mm, slice thickness: 2.0 mm), and a standard spin echo se-

quence (SE, 8 echoes: TE: 9.9 to 79.2 ms with increments of 10ms, TR: 500ms, Matrix:

256x128). Each set of mGRE and SE acquisitions were acquired three times, leading to

a total study time of approximately 75 minutes per rat.

In two additional animals, we obtained data at baseline and after administration of

furosemide.
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4.2.3. Analysis

Following MRI data acquisition, regions of interest (ROIs) were manually defined (exam-

ples shown in fig. 4.4b) in the cortex (region furthest from the renal pelvis, containing

majority of glomeruli) and the outer medulla (OM) (outer portion of the closest region to

renal pelvis, borders cortex) of each kidney. A suite of custom image-processing software

written in Python was used for the analysis (Python 2.7, NumPy 1.10, SciPy 0.16.1 [44]).

R2* maps were created from the 12 echoes acquired by the mGRE sequences using a

linear least squares fitting method, with regions near large susceptibility artifacts removed

using thresholding [97]. R2 maps were created from the eight echoes acquired by the SE

sequences using a linear least squares fitting method. As each MRI stage acquired 3 pairs

of mGRE and SE acquisitions, the computed maps were averaged over these repetitions.

ROIs representing the two regions were applied to the R2* and R2 maps, and the mean

of each region was found. R2’ was calculated by subtracting the R2 mean from the R2*

mean for each region.

A statistical model was used for estimating the oxygen saturation of hemoglobin (SHb)

as well as the blood PO2 of each region [110]. The model simulates the BOLD signal

by modeling blood vessels as randomly oriented cylinders within a voxel and red blood

cells as spheres. At the start of the simulation protons diffuse through the voxel, accumu-

late different phases, leading to a signal decay that is sensitive to the oxygen saturation

of hemoglobin. The model was used to establish a relationship between SHb and R2’

(fig. 4.2). Blood PO2 was estimated from SHb using the oxyhemoglobin dissociation

curve (fig. 4.2). The following parameters were assumed for each region: cortex (vascular

fraction: 0.27, hematocrit: 0.4, extravascular diffusion coefficient: 1.45, intra-vascular
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Figure 4.2. Monte Carlo simulation results in cortex and outer medulla.
(a) Plot shows the relationship between a measured R2’ and the expected
hemoglobin saturation (SHb). (b) Plot showing the relationship between
SHb and blood PO2. See the methods section for a list of parameters used
in the model.

diffusion coefficient: 1, average vesicle radius: 10 (um)); outer medulla (vascular fraction:

0.18, hematocrit: 0.25, extravascular diffusion coefficient: 1.04, intra-vascular diffusion

coefficient: 1, average vesicle radius: 10 (um)) [31,48,65].

4.2.4. Statistical Analysis

Statistically significant changes were assessed between each sequential stage within each

region. Cohen’s d was used to assess the magnitude of the change and Wilcoxon’s signed-

rank test was used to assess the statistical significance. While the range of d values

depends on the experiment, a value of 0.8 or greater is generally considered a large effect
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Figure 4.3. Box-whisker plots for R2 (a), R2* (b), SHb (c), and blood PO2

(d). The two regions assessed are shown (cortex and outer medulla (OM)).
Each region shows three time points at which MRI was assessed: baseline,
post-LNAME, post-furosemide.

[94,97]. P-values are reported with each test as well, values below 0.05 are considered

statistically significant.

4.3. Results

Our estimates for SHb and blood PO2 showed regional responses to L-NAME and

furosemide. Figure 4.3 show boxplots for each region at each of the three stages for

estimated R2, R2*, SHb, and blood PO2, respectively. At baseline, blood PO2 in the

outer medulla was found to be 30.5± 1.2 mmHg and 51.9± 5.2 mmHg in the cortex.
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Statistically significant changes were observed in the outer medulla following L-NAME

and furosemide. In the cortex, the change from L-NAME to furosemide was significant as

well. Figure 4.3 shows box and whisker plots for each stage of the experiment. Each box

extends from the lower quartile to the upper quartile, the horizontal line indicates the

median. The whiskers show the range of the data to within 1.5 times the inter-quartile

distance or the maximum data value. Values outside of the whisker’s range are plotted

as plus signs, indicating potential outliers.

Figure 4.4a shows examples of R2 and R2* maps at each stage in one representative

animal. Figure 4.4b is the summary of the mean PO2 values for all rats at each time point

within the stages.

Figure 4.5 shows the relative values of R2, R2* and blood PO2 in three spatial locations

of the rat kidney. The differences observed in blood PO2 are consistent with prior data

based on invasive measurements.

No significant changes in peripheral SHb were found during the experiment in any of

the rats (data not shown). In the two additional rats given just furosemide, the mean

PO2 change in the outer medulla was from 29.1 to 31.3 mmHg and in the cortex from

48.1 to 53.1 mmHg.

4.4. Discussion

Our data supports the feasibility of applying this quantitative model to estimate renal

blood PO2 based on BOLD MRI data acquisitions in rat kidneys where there is a great

amount of literature [5,11,61]. At baseline, blood PO2 in the outer medulla was found

to be 30.5 1.2 mmHg and 51.9 5.2 mmHg in the cortex, which is in line with previously
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Figure 4.4. (a) shows R2 and R2* maps at each stage in a representative
animal. (b) is the summary of cortical and outer medullary PO2 estimates
from all animals at all individual time points for each stage. Typical ROIs
are illustrated in (b) as well.
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Figure 4.5. The relative values of R2, R2* and blood PO2 between each
region are illustrated here. At baseline, the mean and standard deviations
of are shown for each region for R2* and blood PO2 measurements. The
relative R2* values are hard to interpret because the low R2* in the inner
medulla would indicate higher blood oxygenation. However, it is well known
that inner medulla has the least PO2 [65]. Using the same parameters as
the outer medulla, the estimated PO2 appears to be closer to the outer
medulla. The conversion to PO2 also facilitates identifying regions that are
hypoxic, e.g. compared to systemic venous PO2.

measured values using microelectrodes [61]. However, as microelectrode studies are unable

to differentiate between capillary blood PO2 and tissue PO2 the measurement is not

entirely specific to the measurements reported here. Future studies that can differentiate

between the two are necessary, e.g. using phosphormetric measurements [104].

L-NAME acts as a vasoconstrictor in the renal circulatory system. Our results show

that blood PO2 decreases following administration of L-NAME as expected [1]. The

OM showed a significant decrease in PO2 (p=0.028; d=3.60). While the cortex showed

downward shifts as well in blood PO2, it was not statistically significant.

Furosemide acts to increase renal PO2 by inhibiting sodium reabsorption in the

medullary thick ascending limb, and is generally confined to the medulla region [11]. As

L-NAME is known to act for up to 2 hours [102], the observed post-furosemide response
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is really a combined response to L-NAME and furosemide. In this preliminary study,

our focus was to demonstrate sensitivity to hemodynamic changes and not to study the

exact effects of each of the drugs in isolation, thus we consider this to be an acceptable

compromise. From the results we see that a significant increase in PO2 is observed in

both regions, with the larger change resulting in the OM (p=0.046; d=-1.40),. However,

in two additional rats, given just furosemide, an increase in PO2 was observed in outer

medulla consistent with prior reports [11]. The cortex also showed an increase, probably

due to the fact that cortical portion of the nephrons are a part of Henle’s loops at the

cortico-medullary junction and is consistent with a previous study [103].

Changes in R2* are often discussed as being a measure of changes in oxygenation or

degree of hypoxia. However, as shown in fig. 4.5, the relative values of R2* do not strictly

indicate the relative oxygenation in different regions. For the same reason, it is also not

possible to define a threshold value of R2* above which the tissue can be assumed to

be hypoxic. However, by taking the differences in physiological parameters (HCT, blood

volume, etc.) between the two regions into account, the estimated blood PO2 shows the

well accepted gradient between the cortex and outer medulla. Further PO2 of the inner

medulla (IM) is lower than the cortex, even though it is not lower than the outer medulla,

as expected [5]. This is probably due to the lack of data on relative values of blood volume

and Hct, specifically for IM. For this preliminary study, we assumed the same values for

the entire medulla.

The primary mechanism for transporting O2 molecules in blood plasma to the mito-

chondria is diffusion [64]. The difference in blood PO2 and mitochondrial PO2 is what

establishes this diffusion gradient and the maximum amount of O2 that can be extracted
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from the blood in a given amount of time. While it is difficult to determine mitochondrial

PO2 [8], one study has estimated it to be in the range of 30-40 mm Hg [69]. Thus, if blood

PO2 is at or below this range, the oxygen will not be transported to the cells by diffusion

and the tissue will be at risk of hypoxic injury. Interestingly, the systemic venous PO2 is

also about 40 mmHg [13].

The relative PO2 values in fig. 4.5 suggest that the cortex is normoxic while both the

outer and inner medulla are in the middle or below the mitochondrial PO2 range and could

be classified as hypoxic. The estimates of inner medulla were based on blood volume and

hematocrit estimates in outer medulla (due to lack of literature values). Whether that

explains the relative higher values of PO2 requires further investigations.

4.4.1. Limitations

There are limitations to this approach. The method for converting from MRI measured

parameters (R2, R2*) to physiological ones (SHb and PO2) requires a number of pa-

rameters that are regionally inhomogeneous and may not be readily available. This is

especially true for changes in these parameters (e.g. regional hematocrit) in response to

the pharmacological maneuvers. For example, following L-NAME administration, blood

flow decreases and possibly a reduction in blood volume occurs as well. While a reduction

in blood flow leads to a decrease in blood oxygenation, normally seen as increased R2*, the

corresponding reduction in blood volume would serve to decrease R2*, possibly negating

the former effect. Without an independent measure of blood volume, our model is unable

to capture such a change, causing us to overestimate blood PO2 following LNAME. Sim-

ilarly changes in these parameters under certain disease states could make comparisons
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to healthy subjects challenging. The model makes assumptions about blood pH and the

corresponding oxygen saturation curve that may not hold under certain disease conditions

as well. Additionally, we did not control the water and salt intake of the animals in this

preliminary study, which are known to influence R2* [22,82].

4.5. Conclusion

In conclusion, the model for estimating blood PO2 based on BOLD MRI measure-

ments shows promise in its ability to measure baseline PO2 in cortex and outer medulla.

The validity of the changes observed following pharmaceutical maneuvers requires further

work to validate against an invasive blood PO2 measurement. By taking into account

the difference in hematocrit between the renal cortex and the outer medulla, the large

difference in oxygenation between the two regions becomes readily apparent, this is not

clear from the relative R2* values (in fig. 4.5). The conversion of R2’ to PO2 also allows

for the possibility of classifying regional hypoxia. While there are several parameters that

must be taken into account (blood pH, systemic hematocrit, etc.), it may be possible to

calibrate these with a blood sample from each subject. By reporting physiological param-

eters, rather than conventional R2* measurements, renal BOLD MRI may find a greater

acceptance among physicians and an increased clinical utility.
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CHAPTER 5

Invasive Renal Cortical PO2

5.1. Introduction

BOLD measurements are the only non-invasive method sensitive to renal oxygenation.

In chapter 4 it was shown that blood PO2 could be estimated from BOLDMRI data. How-

ever, the method relies on several parameters taken from the literature. These parameters

are vascular fraction, hematocrit, extravascular diffusion coefficient, intra-vascular diffu-

sion coefficient, average vesicle radius, and p50 of blood. In order to translate this method

to the clinic, it is critical to show that model can still match up with a more direct measure

of blood PO2. The model is specific to blood PO2 and using a method that can differen-

tiate between blood and tissue PO2 is important. While tissue PO2 can be modeled as

well, it requires transport constants that are not readily available in humans (2).

In this study we examine the use of phosphorescence lifetime as a potential method

for refining our previous BOLD derived PO2 measurements. Phosphorescence lifetime

imaging is an oxygen-dependent quenching of the phosphorescence of an injectable phos-

phor (3). The phosphor is excited by a laser, emitting light when returning to the ground

state. The rate of decay increases as oxygen concentrations increase.

Phosphorescence lifetime imaging has been used by many studies to perform PO2

measurements in rats [24,43,90]. These studies used several different oxygen probes, but

they all derive from the same family. These probes have the capability of being confined
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to the vasculature or interstitium, due to either prebinding to albumin or binding to

endogenous albumin. The ability to measure the difference between vascular and tissue

PO2 can provide significant insight into modeling O2 diffusion and understanding the

accuracy of BOLD PO2 estimates in relation to actual tissue level O2 pressures.

5.2. Methods

5.2.1. Animals

3 male Sprague-Dawley rats (Charles River, Chicago, IL), weighing 506± 94 g, were used

in this study. Rats had free access to water and food prior to being anesthetized. All

procedures were conducted under anesthesia using Inactin (thiobutabarbital sodium, 100

mg/kg i.p., Sigma-Aldrich, St. Louis, MO). A catheter (PE-50 tubing) was placed in the

femoral vein of each rat for administration of nitric oxide synthase inhibitor (L-NAME)

(Sigma-Aldrich, St. Louis, MO). These drugs were used to modulate renal perfusion

and/or oxygenation. Each drug is administered at a concentration of 10 mg/kg body

weight into the femoral vein as a bolus. A 3-cm incision of the left flank is then made for

access to one kidney, which was exposed and decapsulated. PO2 was measured at baseline

and following L-NAME (0, 10, and 20 minutes post injection).

An oxygen sensitive molecular probe, meso-tetra (4-carboxyphenyl) porphine (Pd-

porphyrin, Oxyphor R0, Oxygen Enterprises, Ltd. Philadelphia, PA), was dissolved in a

bovine albumin solution (60mg/ml) at a concentration of 10 mg/ml and physiologically

buffered to a pH of 7.4. It was injected through the femoral catheter at a dose of 20

mg/kg. Body temperature was maintained at 37◦C via a copper tubing water heater.

Each rat was placed such that the kidney was maintained in the imaging plane. Renal
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oxygen pressure was measured at baseline and following L-NAME administration at 0, 10

and 20 minutes.

5.2.2. Phosphorescence Lifetime Imaging

A previously established phosphorescence lifetime imaging system [89,90] was modified

for renal PO2 imaging (rPO2). The slitlamp biomicroscope incorporated a diode laser at

535 nm wavelength, an optical chopper, a high-pass filter with 650 nm wavelength cutoff

and an intensified charge-coupled device (ICCD) camera. The laser was modulated by an

optical chopper at 1.6 MHz and projected onto the renal tissue at a spot size of 4 mm

to excite the oxyphor. Phosphorescence emission was selectively imaged using the high

pass filter and ICCD camera. Ten phase-delayed images were acquired by incrementally

delaying the gain of the ICCD camera with respect to the modulated laser. A set of three

repeated phase delayed images were acquired at each time point. The phase-delayed

phosphorescence intensity images were smoothed using a 3 pixel isotropic filter and used

to measure the phosphorescence lifetime at each pixel by a frequency-domain approach

[47]. rPO2 was then calculated from the phosphorescence lifetime using the Stern-Volmer

equation and an rPO2 image was generated

PO2 =
1

κQ

(

1

τ
−

1

τ0

)

where τ (µs) is the phosphorescence lifetime, κQ (1/mmHg µs) is the quenching con-

stant for the triplet-state phosphorescence probe, and τ0 is the lifetime in a zero oxygen

environment.
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A region of interest (ROI) of approximately 3 mm diameter centered around the im-

aged area was selected and the mean rPO2 within the ROI was measured. Then, the

mean and standard deviation (SD) of rPO2 over three repeated measurements was cal-

culated. All image processing was performed using customized image analysis algorithms

developed in Matlab (Mathworks, Natick, MA).

5.2.3. Statistics

A two-sided dependent T test was performed between each stage across all rats. Values

are reported as mean ± standard deviation and p-values are considered significant when

p < 0.05. Correction for multiple comparisons was made using a Bonferroni procedure

to control the familywise error rate. Cohen’s d-value is reported as well along side all

statistical tests.

5.3. Results

rPO2 across the rat cohort was found to be 31.1±2.0 mmHg at baseline and 29.8±11.4

mmHg at the first LNAME time point, and finally dropping to 24.9 ± 2.4 mmHg at the

final time point. A significant change was observed between baseline and the final time

point of L-NAME (p = 0.045, d = 2.94). No significant change was observed between any

other time points. Values are summarized in fig. 5.2.

5.4. Discussion

A significant change was observed between baseline and LNAME using this phospho-

rescence procedure. This method shows a significant change relative to baseline following

L-NAME.
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Figure 5.1. Example phosphorescence lifetime image. Each pixel shows the
local PO2 (mmHg). The center red circle shows the region of interest used
in the study.

5.4.1. Comparison to BOLD PO2

In chapter 4, a method for converting non-invasive BOLD MRI derived PO2 (bPO2)

estimates was reported. Figure 5.2 shows the summarized data from this study next

to the bPO2 estimates. bPO2 did not reach significance between baseline and LNAME,

though it did show a downward trend, this may be a limitation in the sensitivity of the

BOLD model. However, it was assumed that fractional blood volume does not change

between baseline and following LNAME. LNAME is known to reduce fractional blood
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Figure 5.2. Summary plots from this study and the previous BOLD PO2

model study.
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Figure 5.3. Example of how not factoring in the blood volume change into
the model could lead it to misrepresent the actual change taking place.

volume through vasoconstrictive mechanisms. Decreased oxygenation will increase R2’,

however decreased fractional blood volume will decrease R2’, muting the affect if blood

volume changes are not accounted for. Figure 5.3 gives a more detailed explanation on

the mechanism for this.
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R2’ exhibits a linear relationship with SHb according to the statistical model. Zhang et

al showed that increases in blood volume results in a roughly linear increase in expected

R2’ [110]. Thus, increases in blood volume can be modeled as an increase in the y-

intercept of the linear R2’-SHb model. Assume a model as such

R2′ = mSHb + b

A decrease in blood volume (with everything else held constant), reduces the R2’

required for a given SHb (A to B in left figure and solid to dashed line in the right). If

a drug is given that reduces the blood volume, but the model is not updated to account

for this, then the decreased R2’ will actually look like an increased SHb.

For example, at baseline R2’ is measured at 1, then a drug is given that reduces

blood volume but actual SHb is unchanged. The actual R2’ (dotted line) that should be

measured is shown at 2 since SHb has not changed. However, since the model (solid line)

was not updated to account for the change in blood volume, the calculated SHb will be

3. Thus it will appear as though the drug increased SHb when in reality it had no affect

on SHb.

LNAME reduces blood volume like the previous example. However, it will also lead

to a decrease in SHb, since tissue O2 demand will remain relatively constant. A decrease

in SHb (with everything else held constant) should result in an increased R2’. It was

shown that not taking blood volume into account will appear as an increased SHb. In

the case of LNAME, blood volume decreases and SHb decreases (a real increase in R2’).

The affect of the drug will be muted if the blood volume change is not factored into the

model. This is due to the increase in apparent SHb from the unmodeled blood change
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and the decrease in actual SHb. One method of estimating fractional blood volume is to

use an intravascular contrast agent and calculate changes in relative signal and normalize

them to those in blood [59].

At baseline, bPO2 was 51.9± 5.2 mmHg, which is higher than rPO2. Johannes et. al

performed a FiO2 study using phosphorimetry and found PO2 at baseline (FiO2 = 0.20)

varied with analysis technique but was 45±6 mmHg using the standard mono-exponential

and 61 ± 9 mmHg using a rectangular distribution. Thus, the method of analysis could

potentially account for this discrepancy. On the other hand, using measured fractional

blood volume and hematocrit may improve the bPO2 estimate.

The penetration depth of the laser is less than 1 mm from the surface of the kidney.

bPO2 encompasses a higher depth of penetration than rPO2. BOLD measurements are

also subject to partial volume effects with the medulla, which may conflate the changes

seen in the BOLD study. In order to perform a more accurate comparison between this

study and the previous, it may be important to select cortical regions that match the

penetration depth of this technique.

Overall, these preliminary data with phosphorescence lifetime are promising and in

combination with measured fractional blood volume and hematocrit values, may provide

a mechanims for calibrating BOLD derived blood PO2 estimates.
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CHAPTER 6

Direct Assessment: R2’ Renal Mapping

6.1. Introduction

Unlike other organs, renal oxygenation does not track blood flow [85]. Increased

renal blood flow (RBF) can lead to an increase in the glomerular filtration rate (GFR),

which in turn leads to an increase in the sodium load in the tubules. This results in

an increased demand for oxygen to support increased sodium reabsorption. Thus an

increase in RBF can lead to a concomitant increase in oxygen demand, leaving the tissue

oxygenation unchanged. Due to this disconnect in the relationship between blood flow and

oxygenation in the kidney, direct assessment of oxygenation is highly desired. Currently

there are no non-invasive methods to assess intra-renal oxygenation in humans other than

blood oxygenation level dependent (BOLD) MRI.

Renal oxygenation is also not homogeneous. The renal medulla in mammals is rela-

tively hypoxic in relation to the cortex. The medulla receives a lower amount of blood

flow compared to the cortex. Additionally, a high rate of oxygen consumption required for

active reabsorption of sodium in the medullary thick ascending limb and shunting between

the arterial and venous system in the vasa recta render medullary PO2 at about half that

of the cortical region [12]. Medullary hypoxia is now well accepted to be a key factor

in the development of acute renal failure and also has been shown to play a role in the

Originally published as Thacker J, Tan H, Prasad PV. “R2’ Renal Mapping”. 2nd International Workshop
on MRI Phase Contrast and Quantitative Susceptibility Mapping 2013, Ithaca, NY.
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pathophysiology of hypertension, diabetic nephropathy and contrast-induced nephropa-

thy [15, 23, 36, 38]. Renal oxygenation is an important measure of renal parenchyma

health and renal hypoxia is now considered to be a key contributor to chronic kidney

disease (CKD) progression [39], [27].

BOLD MRI is sensitive to the changes in magnetic susceptibility of blood

(hemoglobin), depending on its oxygenation status and has been used extensively for

assessing renal oxygenation [112]. Gradient echo (GRE) sequences have been widely

used to measure R2* relaxation [81], [79]. However, as recent studies have shown, R2*

measurements are not specific to oxygenation changes because of the inherent R2 depen-

dence, which is sensitive to water content [100]. This will likely result in confounded

results when determining renal oxygenation status under varying hydration levels. While

R2* is effective at monitoring changes in oxygenation, it is not possible to directly trans-

late R2* to blood PO2. R2’ is thought to be the sum of two components: R2* and R2,

with R2’ being primarily responsible for the susceptibility variation due to changes in red

blood cell oxygen saturation [106]. The current method of assessing R2’ in the kidney is

by subtracting R2 from R2* [107], we seek to measure it directly.

Asymmetric spin echo (ASE) allows for direct assessment of R2’ and has been shown

to be sensitive to changes in oxygenation in human kidneys [113]. Combining ASE with

a model of the magnetic properties of oxygenated and deoxygenated hemoglobin (oxy-Hb

and deoxy-Hb respectively), the fractional oxygen saturation of red blood cells (sHb) as

well as the venous blood volume can be estimated non-invasively [92]. This has recently

been shown to be feasible in the human brain [2].
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Previous studies in kidneys acquired different τ values during a single breath-hold scan

[113], which is limited for widespread application due to the long breath-hold interval.

This interval also determines how many τ values can be sampled each breath-hold. By

using a navigator-gated acquisition, the constraint on the number of phase encodings

and τ values is lifted. In this study, we have implemented a navigator-gated, multi-shot

(segmented) ASE sequence to facilitate free-breathing scans, improved spatial resolution

and allow for an arbitrary number of values to be acquired.

6.2. Methods

We used a 2D navigator to trigger data acquisition based on respiration. The navigator

plane was positioned over the lung-liver interface in the coronal plane to estimate kidney

motion. Each 2D navigator image was reduced to a one-dimensional image, with the dark

band representing the diaphragmatic level, see fig. 6.1.

ASE-EPI image acquisitions were triggered during expiration (apex of the navigator

profile). We used τ values ranging from 15 ms to 27.75 ms in steps of 0.75ms resulting in

18 images. The signal intensity was fit to the equation

S(τ) = S0 exp(−2R′
2
τ)

to estimate R2’ for each voxel. An interleaved, 2-shot Cartesian EPI readout trajectory

was used. Further imaging parameters are as follows: effective TE=65ms, FOV=250mm

x 250mm, Matrix=128 x 112, Slice Thickness=6mm, Bandwidth =1149 Hz/Pixel. The

repetition time was dependent on the breathing profile of the subject due to the gating,

but it was at least 2.5s for each acquisition. Images were acquired in the axial plane
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Figure 6.1. Example navigator gated profile. The dark region is the lung
and the bright region is the liver. Yellow boxes indicate the windows of
acquisition.

and subjects were positioned in the iso-center of the magnet to help minimize any static

magnetic field inhomogeneities across the field of view.

After the data was acquired, the images were reconstructed to 256 x 224 by interpola-

tion. All experiments were performed on a 3T MRI system (MAGNETOM Verio, Siemens

Healthcare, Erlangen, Germany) using the body and spine phased array coil. Regions of

interest (ROI) were drawn around the cortex and medulla to extract averaged R2’ values.

The positioning of these was based on anatomic spin echo images (τ = 0). The ROI were

then copied to the derived R2’ maps to compute average values for the regions. This

acquisition was acquired in 5 healthy volunteers.

Furthermore, three subjects were imaged before and after furosemide administration

to estimate for each. Representative ROI were drawn in the cortex and medulla for each
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kidney in the same manor for the non-furosemide volunteers. R2’ was then estimated as

∆R2’ = R2’(post) - R2’(pre).

R2’ can be related to blood oxygen saturation as such

R2′ = λδω = λ
4

3
πγB0∆χHct(1− sHb)

where δω is the frequency perturbation of the partially saturated RBCs, λ is the

blood volume with the perturbers in it, ∆χ is the susceptibility difference between fully

deoxygenated and fully oxygenated RBCs. Once R2’ is estimated, λ can be estimated by

extrapolating the R2’ curve back to the origin and taking the log difference between that

point and a spin echo image [2].

Average R2’ values from the 5 volunteers in the cortex and medulla were found to be

10.09 ± 5.41s−1 and 17.38 ± 8.49s−1, respectively. These values are consistent with the

previous report [113].

Figure 6.3 shows an example of an image from the same subject at both the single-shot

matrix size of 64x56 and the segmented version of 128x112. Figure 6.4 show representative

plots of signal vs. τ . For the subjects undergoing furosemide administration, ∆R2′ in the

cortex and medulla was found to be −0.23± 2.58s−1 and 7.28± 1.62s−1, respectively. A

significant change was observed in the medulla (p < 0.05) but not in the cortex (p > 0.05).

6.3. Discussion

Our preliminary data presented here do support the feasibility of the proposed R2’

mapping method. By employing a segmented acquisition, we were able to increase the

effective resolution of the acquisition and potentially increase the discrimination between
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Figure 6.2. Example ASE echo images. (A) τ = 0 ms, (B) τ = 15 ms, (C)
τ = 21 ms, (D) τ = 27 ms.

the cortical and medullary regions of the kidney. A segmented scan allows for flexibility in

matrix size and adapting the resolution for different FOVs. The drawback of this method

is that acquisition time increases and imaging all τ values in a single breath-hold is no

longer feasible.

∆R2’ was found to change in the medulla but not in the cortex which agrees with what

we would expect following furosemide injection. Oxygenation is expected to increase in
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Figure 6.3. Representative R2’ map for segmented and single-shot EPI read-
outs. (A) Single shot, τ = 15 ms (B) Single shot, R2’ map (C) Segmented,
τ = 15 ms, (D) Segmented, R2’ map.

the medulla but not the cortex since furosemide is a loop diuretic, acting on the thick

ascending limb of the loop of henle within the medulla. ASE-EPI sequences can also

be used to estimate blood oxygen saturation since they can simultaneously estimate and

venous blood volume. sHb also depends upon the blood hematocrit which has been shown
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Figure 6.4. Example R2’ decay curves for a subject at baseline and after
furosemide administration.

to vary between the medulla and cortex [115]. This regional difference will need to be

taken into account when using ASE-EPI sequences for estimating sHb.

6.4. Conclusions

Navigator gated, segmented ASE-EPI sequences provide several benefits over pre-

viously demonstrated methods. Navigator gating allows for data to be acquired while

subjects are freely breathing, increasing their comfort and potentially allow multi-slice



92

imaging. A navigator gated scan further allows for an unconstrained number of different

τ values to be acquired which should increase the quality of the R2’ curve fitting. By

segmenting the EPI readout train, higher spatial resolutions are achievable and allow for

better differentiation between the anatomical structures of the kidney without increasing

the effective TE and hence compromising SNR. Parallel imaging and partial Fourier en-

coding are two other techniques that can be used to improve resolution, though at the

cost of SNR.
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CHAPTER 7

Arterial Spin Labeling Perfusion Sensitivity to

Pharmacologically Induced Perfusion Changes

7.1. Introduction

In recent years, non-contrast functional MRI approaches (e.g. BOLD, diffusion, per-

fusion) applied to kidneys are becoming accepted to evaluate renal structure and func-

tion [109], which now play a key role in translational research [55]. This includes arterial

spin labeling (ASL), a non-invasive MRI technique that uses water molecules in blood

as an endogenous tracer to assess tissue perfusion. ASL has been validated in both hu-

mans [86] and animal [4] models to provide quantitative assessment of renal tissue blood

flow. Recently, perfusion estimates in human with ASL were shown to demonstrate sig-

nificant differences between healthy and patients with chronic kidney disease (CKD) [95].

Reduced blood flow is implicated in the initiation and progression of CKD [29] and con-

trast enhanced perfusion MRI measurements are not feasible in patients with compromised

renal function due to the risk of developing nephrogenic systemic fibrosis [66]. ASL thus

provides a feasible solution to this problem.

Small animal models are often used to provide better understanding of the pathophys-

iology of the disease and its progression [16]. Compared to human and large animals, the

Originally published as H. Tan, J. Thacker, T. Franklin, and P. V. Prasad, “Sensitivity of arterial spin
labeling perfusion MRI to pharmacologically induced perfusion changes in rat kidneys.,” Journal of
Magnetic Resonance Imaging 41.4 (2015) 1124-1128.
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smaller anatomical size of the kidneys in rats and/or mice makes the existing challenges

in ASL such as peristaltic and respiratory motion, perfusion sensitivity, and susceptibility

artifacts arising from air-tissue interface in the abdomen more severe. Despite these tech-

nical difficulties, several studies have shown the initial feasibility of ASL in small animal

models. ASL was shown to detect abnormal perfusion in a rat model of acute kidney

injury [114] and transplanted kidneys [101]. Recently, Rajendran et al. investigated the

implementation and feasibility of ASL 7T in mice [84].

An inherent requirement of functional methods is to show acute changes following a

physiological or pharmacological stimuli [60]. In this study, we investigated whether ASL

perfusion imaging has sufficient sensitivity to changes induced by pharmacological stimuli

at commonly used doses [93].

7.2. Methods

All animal handling and experiments were conducted under a protocol approved by

the local Institutional Animal Care and Use Committee (IACUC) and in accordance with

animal welfare regulations. A total of 7 Sprague Dawley rats were examined in this study.

7.2.1. Animal Preparation

Seven rats with weights ranging from 368 to 521 grams were obtained from Charles River

(Chicago, IL) and housed at the institutional animal care facility. The animals were fed

with standard rodent chow and water ad libitum. A catheter (PE-50) was placed in the

femoral vein for administration of vasoactive drugs. All procedures were conducted under
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anesthesia using Inactin (thiobutabarbital sodium, 100 mg/kg i.p., Sigma-Aldrich, St.

Louis, MO).

7.2.2. Pharmacological Agents

Adenosine and L-NAME (Sigma-Aldrich) were chosen in this study to induce renal blood

flow changes based on prior experience with these agents [93]. Adenosine is an endogenous

nucleoside known to stimulate a variety of vascular receptors in the kidneys. The effect of

adenosine is vasodilation when administered as intravenous infusion [37]. The duration

of action of adenosine is very short [7], and thus can be used repeatedly. L-NAME,

a synthetic nitric oxide synthase inhibitor, was used for vasoconstriction [53, 56]. The

duration of action for L-NAME is greater than 2 hours [102].

7.2.3. Perfusion Study Design

In this study, adenosine was formulated from 200 mg/kg adenosine hemisulfate salt and

dissolved in 10 mL saline. An infusion pump was used to infuse the dissolved adenosine

with a rate of 0.05 mL/min resulting in a dose rate of 1 mg/kg/min. L-NAME was

administered into the femoral vein as a 10 mg/kg(body weight) bolus. Due to the rapid

onset and short duration of response for adenosine [7] and the long duration of action of

L-NAME [102], six perfusion measurements were made in the order illustrated in fig. 7.1.

The Adenosine infusion was alternated between baseline (OFF) and vasodilation (ON)

to test the reproducibility of the observed response. Adenosine infusion and L-NAME

injection were started 10 15 minutes prior to the start of ASL imaging.
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Figure 7.1. Experimental design. Baseline and vasodilation scans were re-
peated to assess reproducibility. The vasoconstriction scans were repeated
to study the cumulative effects of L-NAME.

7.2.4. Imaging Protocol and Perfusion Quantification

All imaging studies were performed on a Siemens 3T scanner (MAGNETOM Verio,

Siemens HealthCare, Erlangen, Germany) with an eight-channel knee coil (Siemens

HealthCare) for data collection. Each animal was placed on a cushion at the center

of the knee coil in a right lateral decubitus position during imaging. ASL sequence was

implemented with a flow-sensitive alternating inversion recovery (FAIR) (19) preparation

and a balanced steady state free possession (TrueFISP) readout [67, 95]. Imaging pa-

rameters were: FOV/TE/TR = 83mm/2.5ms/6s; flip angle = 60; slice thickness = 4.5

mm; averages = 30; imaging matrix = 128 x 78 (frequency x phase); post labeling delay

= 1.2s; labeling band thickness = 10mm; bandwidth = 651 Hz/Px. A selective inver-

sion band thickness of 8mm was used to ensure proper tagging efficiency. A linear ramp

catalyzation pulse was used for the TrueFISP readout. 30 control and label pairs were

acquired in 6 minutes of scan time. A proton density weighted image was acquired with

the same TrueFISP readout immediately following the FAIR-TrueFISP scan with a TR

= 10s for perfusion quantification. Raw data was transferred for offline post-processing

using MATLAB (MathWorks, Natick, MA). Images were first aligned using FMRIB’s
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Linear Image Registration Tool (FLIRT, FMRIB, Oxford, United Kingdom) [42] with

the first image in the perfusion series as the reference. The difference images obtained

by subtracting the control from the label images were averaged into a single perfusion

weighted image. Quantitative renal blood flow maps (RBF) were then calculated using a

single compartment model on voxel to voxel basis

f =
λ

2αTI

∆M

M0

exp

(

TI

T1

)

where f is the perfusion rate (in the unit of ml/100g/min), λ is the blood-tissue water

partition coefficient, which is assumed to be 80 ml/100g [46], α is the inversion efficiency

which is assumed to be 0.95, ∆M is the perfusion weighted image, M0 is the equilibrium

magnetization of the tissue (proton density). TI=1.2s is the post labeling delay time [114].

T1 of 1.14 sec is assumed for the renal cortex [17].

7.2.5. Data Analysis

Mean perfusion rates were calculated by manual selection of region-of-interests (ROI) on

RBF maps. ROIs were defined in the renal cortex for both kidneys. Renal arteries were

carefully excluded in the ROIs. Only one kidney was imaged in three rats due to the

different lateral position of the kidneys. A total of 11 kidneys were used in the final

analysis. The effects of Adenosine and L-NAME were analyzed using paired t-tests. A

p-value of 0.05 is considered to indicate significance. The reproducibility of the baseline

and Adenosine scans were assessed using coefficient of variations (CV).
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7.3. Results

An illustration of the representative RBF map for each condition is shown in fig. 7.2.

Renal cortex can be clearly distinguished from the renal medulla in baseline and va-

sodilation scans. Retrospective motion correction and signal averaging were sufficient to

minimize motion artifacts and the final RBF maps were of sufficient quality for analysis.

One rat died during data acquisition after the first L-NAME injection. The data analysis

on the effects of L-NAME was hence based on only 6 animals. The mean and the standard

deviation of the cortical perfusion rates are shown in Figure 3. The baseline perfusion

rates for the cortical tissue were similar to reported values in previously reported studies

(9,11). Vasodilation with Adenosine resulted in an average of 94 ml/100g/min increase in

perfusion (26% increase) compared to baseline; and vasoconstriction with L-NAME low-

ered the cortical perfusion by an average of 145 ml/100g/min after the first injection of

L-NAME (36% decrease) compared to baseline. The cortical perfusion further dropped an

average of 40 ml/100g/min following the second L-NAME injection (46% decrease com-

pared to the baseline). The perfusion rate drop between the first and second L-NAME

injection (p < 0.05) is consistent with the long action times. The changes in perfusion

rate were significant between baseline and vasodilation (p < 0.05), baseline and vasocon-

striction (p < 0.01), and vasodilation and vasoconstriction (p < 0.01). The coefficients

of variations were 4% and 11.6% for baseline and adenosine measurements, respectively,

indicating good reproducibility.
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Figure 7.2. Representative renal blood flow maps of rat kidneys at each ex-
perimental condition. Note the increased cortical perfusion with adenosine
infusion and the decreased cortical perfusion with L-NAME injection

7.4. Discussion

In this study, feasibility of FAIR ASL to obtain quantitative renal perfusion measure-

ment on a clinical 3T scanner in a rodent model was demonstrated. Furthermore, we
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Figure 7.3. Comparisons of quantitative perfusion rates. Note the return
to baseline perfusion values when the infusion of Adenosine was stopped.
The increase in perfusion is comparable after each dose, and is statistically
significant compared to the baseline. On the other hand, administration of
L-NAME results in significant reduction in perfusion compared to baseline.
Following the second administration, there is further significant reduction
in perfusion. No significance difference was observed between the two base-
line, as well as Adenosine scans. * indicates significant difference (p < 0.05)
comparing to the corresponding baseline scans. + indicates significant dif-
ference (p < 0.05) comparing to the first L-NAME scan

have shown that FAIR-ASL was sensitive to variations in renal perfusion caused by phar-

macologically induced vasodilation and vasoconstriction. The findings suggest that it is

feasible to use ASL to investigate various effects on renal blood flow in rodent models,

such as contrast-induced acute kidney injury [54].
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On average, the cortical perfusion increased by 26% during Adenosine infusion and

decreased by 36% after the first L-NAME injection. In two animals, one of the two va-

sodilation scans during Adenosine infusion resulted in little or negative change in cortical

perfusions (0.8% and -6% respectively). We do not know the exact cause for these obser-

vations, and can only speculate that it may be a consequence of pump malfunction, or a

delayed response to the Adenosine. In a previous study, Granstam et. al [33] reported

a 60% decrease in blood flow at similar dose using microsphere analysis following the

L-NAME injection (dose), which was a larger change than we have observed. However,

they have followed the bolus L-NAME injection with an infusion for 10 minutes at a rate

of 10 mg/kg. In our study, the cortical perfusion decreased further by an average of 20%

after the second L-NAME injection. This cumulative response was more consistent with

the changes reported by Granstam et al.

The dosage of the vasoactive drugs in this study was chosen based on a previously

published animal study using BOLD-MRI [93]. During our initial testing, we observed

little (less than 3%) cortical perfusion change (data not shown) with an adenosine dose

rate of 500 ug/kg/min [93]. Subsequently, we doubled the dosage of Adenosine to 1.0

mg/kg/min. As shown, the average increase in perfusion was 94 mL/100g/min during

adenosine infusion and was comparable to the averaged standard deviation in the baseline

perfusion measurements of 107 mL/100g/min (this excludes the two previously mentioned

instances where adenosine infusion resulted in anomalously low level of change). The need

for higher dose of adenosine is consistent with the known limitation in terms of sensitivity

of ASL compared to contrast enhanced studies such as the previous report [93]. The

response to L-NAME was more robust at the doses currently used [93].
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While respiration is generally considered as a challenge for abdominal imaging, we ob-

served very little image quality degradation. The post-processing co-registration technique

was sufficient to minimize registration errors and no apparent subtraction artifacts were

observed in the final perfusion maps. A thick labeling band (nearly twice the thickness

as the imaging slice) was used to ensure the inversion efficiency [95]. Transit delay effect

was neglected in this study. An adiabatic frequency offset corrected (FOCI) pulse [73]

was used for selective inversion to partially compensate for this effect [67].

Medullary perfusion was not analyzed in this study due to the concern of partial vol-

ume effects and the poor sensitivity of FAIR ASL to the slow flow in the medulla. This

was a limitation of the ASL implementation and the use of standard clinical scanner.

Alternatively, the use of higher field strength magnets dedicated for small animal imaging

may allow for measuring medullary perfusion facilitated by the elongated T1 of the blood

and hence allowing for longer inflow time. Alternately, higher field strengths could facili-

tate increased spatial resolution. However, ASL may be more sensitive to motion errors

that retrospective correction techniques may not provide satisfactory results and addi-

tional techniques such as respiratory triggering [84], navigators [84,91,95], and selective

averaging [32,96] may become necessary.
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7.5. Conclusion

Data provided in this preliminary study support the feasibility of FAIR True-FISP

based renal perfusion MRI in rat kidneys and demonstrate adequate sensitivity to phar-

macological induced blood flow changes. This suggests feasibility of using the measure-

ment in concert with techniques such as BOLD MRI in various models of ischemic in-

jury [54, 101, 114]. Further studies are necessary to demonstrate similar sensitivity in

human measurements of renal perfusion by ASL.
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CHAPTER 8

Conclusions

Renal physiology plays a critical role in cardiovascular health. Kidneys expend a signif-

icant amount of energy removing metabolic waste from the blood stream, and maintaining

homeostasis. It is thus not surprising that kidneys are primarily assessed by how well they

filter and what they filter. Too little filtration or too much of the wrong substance (e.g.

protein), are good indicators that something has gone wrong with the organ. CKD is

stratified on these same grounds. Decreased filtration or increased proteinuria indicates

progression of the disease. As the number of subjects with CKD increases worldwide,

finding new ways to assess the disease earlier could play an important role in treating

these patients and potentially stopping the progression of the disease.

Despite receiving nearly a quarter of the cardiac output, the inner medulla operates

in a scant oxygen environment. When coupled with an acute injury, AKI, or a chron-

ically hypoxic environment, CKD, may result in hypoxic injury. Better assessment of

the regional oxygen environment in the kidney is critical to understanding prognosis and

progression of these diseases. BOLD MRI is the only non-invasive technique (to-date) for

assessing renal oxygenation in humans. However, the technique has struggled to find clin-

ical relevance. Some of the primary causes may be the predominant subjective analysis

techniques, reporting of non-physiological parameters, and multiple acquisitions required

to get a reliable measurement. We have reported on techniques for addressing each of

these items.
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It was shown that by using the entire renal parenchyma, an objective analysis tech-

nique could be used that is not subjected to reduced cortico-medullary differentiation and

reviewer bias. The technique used moments of the parenchyma R2* distribution to look

at changes following pharmaceutical agents. It was shown to have a higher inter-rater

agreement than when R2* maps were analyzed using cortical or medullary regions. It

was sufficiently sensitive to detect changes in the parenchyma following furosemide ad-

ministration. Post-furosemide R2* maps were shown to exhibit a significant difference

between controls and CKD subjects. The higher moments captured further changes in

the R2* distribution of each parenchyma, lending more information to the analysis than

the typical mean values reported. While the technique does reduce the spatial acuity, for

clinical cases the increased objectivity and ease of analysis may sufficiently make up for

the loss.

The next step was to apply a statistical model to R2’ measurements with the goal

of estimating blood PO2. A study was performed looking at changes in R2’ following

L-NAME and furosemide in a cohort of rats. Furosemide provides a regional change in

PO2 by reducing the sodium reabsorption taking place in the medulla, resulting in a

decrease in oxygen demand and hence an increase in blood PO2. The model was able

to capture this change and report the change as an estimated blood PO2, instead of

the usual R2* parameter (1/s). R2’ was used instead of R2* as it removes the hydration-

dependent effects observed in R2. The model takes blood volume, hematocrit, and several

other parameters into account when estimating PO2. This allows for direct comparison

between regions and between MRI setups. R2* and R2’ are both sensitive to magnetic

field strength and regional parameters such as hematocrit and blood volume. A follow
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up study was performed to validate the findings in the MRI portion. Using an injectable

oxygen probe, an optical experiment was done to observe blood PO2. Unlike the standard

invasive technique (microelectrodes), the oxygen probe is constrained to the vasculature.

This allows measurements of this compartment separate from the tissue space. The

limitation of this approach is that the penetration depth of the probe is not sufficient

to reach the medulla, only allowing the cortex to be assessed. The technique was found

to be sensitive to changes in PO2 following LNAME, although the absolute values were

lower than expected.

R2’ is believed to be more specific to oxygenation changes then R2*, as it removes the

R2 component that can be heavily skewed by hydration status. In the previous study, R2’

was determined indirectly by subtracting R2 from R2*. Each of which was derived from a

separate scan. We showed that an asymmetric spin echo sequence could be combined with

a navigator to enable direct assessment of R2’. This was combined with a segmented EPI

readout to enable higher spatial resolutions without increasing the effective echo time,

which would reduce the SNR.

Finally a report was made on the use of ASL in rats and the effects of certain phar-

macological agents. In chapter 4 the confounding factors of blood volume and hematocrit

were discussed. That study only estimated the blood PO2, but the value of critical im-

portance is the tissue PO2. While there are more unknown parameters that go into

determining the tissue PO2 even once blood PO2 is known, blood perfusion is a key fac-

tor. Using a non-invasive technique like ASL may provide the information required to

remove an assumed perfusion value, making the estimated values match closer to reality.

Additionally, changes in perfusion may result from changes in blood volume (a key factor
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in estimating blood PO2 from BOLD MRI data) and may be used as a surrogate for

such changes. A preliminary study was done to assess the feasibility of performing FAIR

True-FISP based renal perfusion MRI in rat kidneys. It was shown that the technique

is sensitive to pharmaceutical agents, such as L-NAME, which was used in the previous

studies. Perfusion in the medulla is quite low and this technique may not be adequate for

measuring values at this extreme.

Each of the studies outlined here have worked towards making BOLD MRI a viable

tool for assessing renal PO2 non-invasively and potentially increasing the clinical utility.

The next step is to combine all methods together. Chapter 4 found R2’ by subtracting R2

from R2*, but the ASE method can provide R2’ directly. ASE also provides an estimate

of blood volume, which is another assumed value in the BOLD MRI PO2 model. The

whole kidney moment analysis technique could be used for analyzing the BOLD MRI

derived PO2 maps. Although, this would require first creating regional maps of literature

estimates for hematocrit, blood volume, and other values. Fair True-FISP based ASL can

be used to estimate perfusion and get an estimate of tissue PO2. To fully understand the

effect of the parameters on the statistical model, it will be important to study each one

independently. The effects of just a blood volume change as compared to the effects of

a change in oxygen demand need to be independently investigated and validated against

the model.
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