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ABSTRACT

EVALUATION OF RENAL FUNCTION USING FIRST
PASS CONTRAST ENHANCED MRI

Magnetic Resonance Imaging (MRI) of the kidney has a great potential be-
cause the functional parameters, which can be investigated obtained noninvasively are
multiple: glomerular filtration, tubular concentration and transit, blood volume and
perfusion, diffusion and oxygenation. These require either endogeneous contrast agents,
such as water protons (for perfusion and diffusion) or deoxyhemogobin (for oxgenation),
or exogeneous contrast agents, such as gadolinium chelates (for filtration and perfusion)
or iron oxide particles (for perfusion). In this thesis work, an integrated renal perfu-
sion analysis method is presented, which allows multi-slice animation of renal perfusion
images, automatic image registration, quantification of time-intensity curves from de-
sired region of interests (ROI’s), and estimation of indexes such as slope, time-to-peak,
and contrast enhancement ratio (CER). It was designed as a MATLAB package for
reading, displaying, saving and analyzing renal perfusion Magnetic Resonance (MR)
images which are in DICOM (Digital Imaging and Communications in Medicine) for-
mat. Performance of this package was tested on data obtained from MRI scans on
ten volunteers with normal kidney function and both efficient qualitative assessment
of differential enhancement of the two kidneys and more accurate time-intensity curve

evaluation free from respiratory motion were obtained.

Keywords: MRI, contrast enhanced MRI, renal function, renal perfusion analy-

sis, signal intensity-time curves.



OZET

BOBREK PERFUZYONUNUN ILK GECIS MANYETIK
REZONANS GORUNTULEME ILE
DEGERLENDIRILMESI

Bébregin Manyetik Rezonans Gorilintiilleme (MRG) teknikleri ile fonksiyonel
goriintiilenmesi, naninvazif olarak elde edilebilen fonksiyonel parametrelerin gesitliligi
sebebiyle biiyiik bir potansiyele sahiptir. Bu parametreler, glomeriiler filtrasyon, tiibiiler
konsantrasyon ve gecis, kan hacmi ve perfiizyon, difiizyon ve oksijenlenmedir. Bu
teknikler ya su protonlar (perfiizyon) veya deoksihemogobin (oksijenlenme) gibi igsel
kontrast maddeleri ya da gadalinyum selati (filtrasyon ve perfiizyon) veya demir ok-
sit parcaciklar1 (perflizyon) gibi dig kaynakl kontrast maddeleri gerektirirler. Bu tez
caligmasinda, manyetik rezonans ile bobregin fonksiyonel goriintiilenmesi incelenmig
ve dinamik bobrek perfiizyon goriintiilerinin okunabildigi, gosterilebildigi ve otomatik
imge cakigtirmasi yapilarak istenilen ilgi bolgesinin sinyal yogunluk-zaman egrileri
iizerinden egim, tepe noktasi ve kontrast artis orami gibi degerlerinin belirlenebildigi
biittinlestirilmis bir bébrek perfiizyon analiz metodu sunulmaktadir. Formati DICOM
olan bobrek perfiizyon Manyetik Rezonas (MR) goriintiilerini okumak, gostermek, kay-
detmek ve analiz etmek icin bir MATLAB paketi tasarlanmigtir. Bu paket normal
bobrek fonksiyonuna sahip on goniilliiden elde edilen MRG taramalarindan elde edilen
verilerle test edilmis ve hem iki bébregin farkliliginin kalitatif olarak degerlendirilebilmesi
hem de nefes alip vermeden etkilenmeksizin daha dogru zaman-yogunluk egrilerinin

degerlendirilebilmesi miimkiin olmustur.

Anahtar Sozciikler: MRG, bobrek islevi, bobrek perfiizyon analizi, sinyal

yogunluk-zaman egrileri
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1. INTRODUCTION

1.1 Background and Motivation

Renal function can be affected by a broad range of diseases. Methods to assess
renal function have been proven to be useful in the diagnosis and management of
these disorders. For example, functional imaging modalities have been used in the
assessment of renal artery stenosis [1], in the evolution of renal masses [2], and in the

early detection of renal transplant rejection [3].

Dynamic Magnetic Resonance Imaging (MRI) has been in use for some time to
retrieve functional information of organs in the human body. In the case of the kidney,
dynamic MR imaging is attractive because of its high temporal and spatial resolution,
providing the possibility to separate the functional behavior of cortex and medulla. Dy-
namic contrast-enhanced MRI provides superior anatomic and functional information
when compared with ultrasound and diuretic renal scintigraphy. Functional imaging
of the kidneys with fast MRI techniques is becoming more prevalent both for clinical
and basic science studies. The use of fast imaging techniques has been shown to be
useful and very promising for the evaluation of perfusion, diffusion, and oxygenation

of the kidneys, in both healthy and disease conditions [4, 5, 6].

1.2 Objectives

The main objective in the proposed thesis work is to develop an analysis module
for renal perfusion images. With this module, all the steps necessary for generating
quantitative measurements of contrast media uptake and washout for renal perfusion
were integrated. This allows for both efficient qualitative assessment of differential
enhancement of the two kidneys and more accurate time-intensity curve quantification

free from respiratory motion.



1.3 Outline of the Thesis

In the following chapter, the general physiology of the Kidney is presented
and Diagnostic techniques for the Kidney are explained briefly. In Chapter 3, MR
Renograms are introduced. Renal Perfusion Analysis and its steps in Chapter 4 and
the features of our program are presented in Chapter 5. The analysis results of ten
volunteers are showed in Chapter 6. The last Chapter is a summary of the basic

conclusions and recommendations for future work.



2. THE KIDNEY

2.1 Introduction

The kidneys in a normal adult measure 11 to 14 c¢m in length from pole to pole
and are located retroperitoneally in the lumbar region and form as highly vascular
organs an integral part of the systemic circulation. They are concerned with the regu-
lation of the volume and composition of the extracellular fluid and with the elimination
of waste products. Each kidney is composed of about one million very tiny tubular

structures called “nephrons” (Figure 2.1).

corpuscles

loop of
Hellljle

medulla. ——y collecting

tubule

Figure 2.1 Nephrons

The most proximal part of such a nephron is the glomerulus in which the vascular
system is closely related to the tubuli and where the blood is filtered. The tubule part
of the nephron follows a typical path. Its most proximal part is very tortuous, then the
tubule straightens and takes a direct course toward the centre of the kidney, there it
makes a hairpin turn and returns in a straight line back to the outer part of the kidney.
At that level many nephrons join in straight collecting tubules transporting the urine
to the renal hilum and pelvis. The glomeruli are predominantly located in the outer
8 mm of the kidney called the cortex of the kidney and the tubuli are concentrated

within the pyramids (Figure 2.2) also called the medulla of the kidney [7, 5].
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Figure 2.2 Features in a Renal Pyramid

Kidneys are composed of several fused segments or lobes, each having two com-
partments, i.e., the cortex and the medulla. Cortex and medulla together are called
the renal parenchyma (Figure 2.3). The cortex contains glomeruli, proximal and distal
convoluted tubules, and a cortical portion of collecting ducts. In the proximal con-
voluted tubules, approximately two-thirds of water and sodium reabsorption occurs.
The medulla contains the loops of Henle and the medullary portion of collecting ducts.
The loop of Henle is divided into thin descending, thin ascending, and thick ascending
limbs. The medulla can be separated into the outer and the inner medulla. The thick
ascending limbs of the loops of Henle, where an active reabsorption of sodium occurs,
are within the outer medulla. The medulla is characterized by a corticopapillary os-
motic gradient with a progressive increase in urine concentration through the Henle

loop [7, 5.

Medulla

Renal pelvis

Figure 2.3 Cross section of the kidney



2.2 Diagnostic Techniques for the Kidney

A large variety of diseases can affect the different anatomic elements of the
kidney. Many diagnostic techniques are available to detect abnormalities in renal mor-

phology or renal function. Each technique has its own limitations and possibilities.

Urine and blood sample tests give only an impression about the function of
both kidneys together. Imaging tests, on the other hand, give morphologic information
about each kidney separately and allow for the detection of renal stones, mass lesions or
obstructions of the urinary tract. For these roentgenograms, computed tomography or
ultrasound examinations are the diagnostic tests of first choice. However the so called
medical nephropathies which are diseases of the glomeruli, tubules and interstitial tissue
of the renal parenchyma, thus diseases on a microscopic level only without affecting the
gross anatomy of the kidney, can not be detected with imaging techniques and often

need a radionuclide scan or even a renal biopsy to make a definite diagnosis.

Radionuclide studies provide predominantly functional data and their ability
to visualise functional renal tissue, which can not be imaged radiographically, is an
advantage of this method. Its inability to show precise anatomical detail is, however,
an important drawback. With this technique the flow of a radionuclide tracer through
the renal parenchyma can be followed over time with a high temporal but a limited
spatial resolution. This method is particularly useful in the post renal transplant man-
agement because it can deliver information about renal perfusion, renal filtration and
renal excretion. Radionuclide techniques cannot locate functional abnormalities inside
the renal parenchyma and cortical and medullary function cannot be differentiated

accurately.

Doppler ultrasound can only measure renal blood flow. Furthermore, in a cer-
tain percentage of patients the examinations are inadequate because of obesity or the
presence of bowel gas. Duplex ultrasound imaging (a combination of pulsed Doppler
and B-mode ultrasound) allows the assessment of renal artery stenosis based on flow

velocities and morphological appearance [8].



MRI and Computed Tomography (CT) make it possible to obtain images with
high temporal and spatial resolution. However, Computed tomography (CT) requires
the use of large amounts of iodinated contrast agents. Gadolinium-enhanced MRI
more accurately assesses the concentrating ability of the kidneys then does dynamic
iodine-enhanced computed tomography (CT), because MRI has a greater sensitivity

to gadolinium than does CT to iodine contrast [9).

MRI has the attractive potential for functional kidney imaging by a technique
that parallels the radionuclide study principle but may compare favourably in perfor-
mance. The potential advantages of MRI for evaluating renal tract anomalies offer
excellent anatomic resolution and soft tissue contrast, and it does not use ionizing

radiation [10].

2.3 Functional MRI of the kidney

Although nuclear medicine is currently the reference method for quantification
of most renal functional parameters, MR can compete in many fields. A clear advantage
of MRI is its ability to offer simultaneous functional-morphologic data without resorting

to radiation, which is particularly desirable in pediatric patients.

Specific functional MRI techniques are Diffusion Imaging, MR Renography /Functional
Urography, Blood-Oxygenation Level Dependent (BOLD) MRI, Renal perfusion MRI.

2.3.1 Diffusion Imaging

Diffusion is the process of thermally induced random molecular motion. Dif-
fusion in biological systems is usually measured by the apparent diffusion coefficient
(ADC), which includes contributions from factors such as perfusion. MR has proven

to be the best method to measure water diffusion coefficients [11, 12].



Diffusion in the kidney is especially interesting to study because of its high blood
flow and water transport function (Figure 2.4). Transport function in the nephrons
and countercurrent mechanisms in the loop of Henle may have a substantial influence
on the ADC values in the kidneys. Disease conditions such as acute tubular necrosis
may cause alteration of water mobility in the kidneys. Diffusion imaging is a technique
with unique contrast characteristics that could potentially provide information about
microscopic tissue makeup. It is also sensitive to other microscopic and macroscopic
transport mechanisms that may prove helpful in evaluating water transport in the

kidneys both in healthy and pathologic states [4].

Figure 2.4 Sample of a diffusion-weighted image

2.3.2 MR Renography/Functional Urography

Functional MR urography, an analogue of the renal scan in nuclear medicine,
could be used to evaluate split renal function. When combined with pharmacologic
agents, captopril MR renography for evaluation of renal artery stenosis and diuretic MR
urography to evaluate the significance of ureteral obstruction could be performed [4, 13].
MR renography is an extension of the first-pass perfusion imaging technique. Since
most of the clinically approved MR contrast agents are gadolinium chelates that are
excreted via the kidneys, temporal changes in the concentration of the agent within

the kidneys can be monitored with MRI.



These temporal changes in concentration form the basis of conventional renog-
raphy by nuclear medicine and hence it is possible to perform MR renography to
evaluate renal function. The initial MR renography techniques have exploited the en-
hanced T2* due to concentrating effects of gadolinium chelates (Gd-DTPA) in the
kidneys [14]. These techniques provided qualitative information on renal function, but
were not quite amenable to quantitative analysis because of the complex interactions

between T1 and T2* effects on the observed signal intensity [15].

2.3.3 BOLD MRI

It is known that oxyhemoglobin is diamagnetic and deoxyhemoglobin is para-
magnetic [16]. Microscopic field gradients in the vicinity of red blood cells and vessels
are modulated by changes in deoxyhemoglobin concentration. Such magnetic field
perturbations within a voxel cause a loss of phase coherence and therefore lead to sig-
nal attenuation in gradient echo or T2* (apparent spin-spin relaxation time)-weighted
sequences. This phenomenon is called blood oxygenation level dependent (BOLD)
contrast [17].

Renal medullary hypoxia is believed to be an operative parameter in the patho-
genesis of acute renal failure. BOLD MRI, a method widely used for functional MRI of
the brain, is useful in the evaluation of intrarenal oxygenation. It allows understanding
of the physiological factors that affect medullary hypoxia and hence, the pathophysi-

ology of acute renal failure [4].

2.3.4 Renal Perfusion MRI

The Kidneys are the most highly perfused organ in the human body, handling
about 20 % of the cardiac output or roughly 1.2 L/min. Lack of blood flow to the
kidneys results in their failure to perform these important tasks and can lead to death

within a few days due to inability to maintain homeostasis [5, 9].



If perfusion is compromised gradually over time, the overall renal perfusion can
be initially maintained through counterregulatory mechanisms such as vasodilatation
distal to the stenosis within the affected kidney. If the degree of stenosis exceeds a
critical level (typically 70% are considered necessary), the perfusion pressure cannot
be maintained and the development of arterial hypertension can ensue. This secondary
type of arterial hypertension is thought to be present in approximately 5% of all patients
with high blood pressure [18]. If a renal artery stenosis is severe enough to reduce renal
perfusion below a critical perfusion level, renal blood flow further decreases and both
glomerular and tubular function are reduced and permanent functional damage can
occur. If renal perfusion is restored by means of revascularization procedures, these

changes can be completely reversed.

Development of fast acquisition techniques provides sufficient temporal resolu-
tion to monitor intrarenal signal changes during the first pass of the agent through the
kidneys (Figure 2.5). Renal perfusion MRI is able to image the kinetics of an exogenous
contrast agent. Availability of an intravascular contrast agent facilitates acquisition of
first-pass perfusion data. The first-pass perfusion technique which is used to obtain
the renal perfusion data for this thesis work, involves bolus administration of an in-
travascular tracer and following its first pass through the kidneys, and the function
of both kidneys can be characterized by qualitatively or semi-quantitatively analyzing

the Signal Intensity-Time curves for the selected region of interest [19].

Figure 2.5 Sample perfusion images from the same slice
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2.4 Contrast Agents in MRI

In spite of the excellent soft tissue contrast of MRI, the application of contrast
enhancing agents in clinical MRI was proposed more than 15 years ago [20] and contrast
agents are today an integral part of this image modality. MR contrast agent work
by enhancing the relaxation rate of the protons in tissue, thereby altering the signal
intensity in the image relative to areas not affected by the contrast agent. Knowledge
of the relationship between contrast agent and MR signal response is an important
requirement in contrast enhanced MRI in general and in MR based perfusion imaging
in particular. This relationship is a complex function of the properties of the contrast

agent as well as the structure of the target tissue and the imaging sequence.

A MR contrast agent can be thought of as a catalyst because in contrast en-
hancement MRI, the effect of the agent on proton relaxation is observed; not the con-
trast agent directly. MR contrast agents can be divided into different classes according
to their magnetic properties relaxation and biodistribution. One of these classes con-

tains the paramagnetic agents.

Paramagnetic agents contain water-soluble metal ions with or more unpaired
electrons. The most common paramagnetic metal used as MR contrast agent is gadolin-
ium (Gd*") which has seven unpaired electrons. For use, the gadolinium ions must be
chemically linked to a carrier molecule, called a ligand, in order to reduce toxicity and
alter the pharmacokinetic properties of the metal [20]. The resulting gadolinium con-
taining molecule is referred to as a chelate, and currently available gadolinium based
chelates are known as extracellular fluid (ECF) agents because they are distributed
in the extracellular space following intravenous injection. Similar to inulin or iodine
contrast agents, Gd chelates, such as Gd-DTPA, have a predominant renal elimination
(around 98%) by glomerular filtration without tubular secretion or reabsorption [20].
Gadolinium-based contrast agents are widely used to increase the conspicuity of patho-
logic lesions of the kidney for MR imaging. These compounds are biologically inert,

fully excreted by the kidneys, and handled physiologically in a manner similar to inulin.
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3. MR RENOGRAMS

3.1 Introduction

In the dynamic MR procedure of the kidney, a slice is chosen that cuts through
the kidney, and the contrast agent is injected intravenously. Care is taken to avoid
saturation effects [15, 21], so that the image intensity is a measure of the contrast
agent concentration and the uptake in and passage through the kidney of the agent
can be interpreted. For this interpretation, the graphical displays (renograms) of the
concentration of contrast agent in cortex and medulla as a function of time are used.
Renograms are curves that show the contrast agent signal enhancement in the cortex
and medulla of the kidney as a function of time and are an indicator of its function.
To acquire MR renograms a series of dynamic Magnetic Resonance images is generated
during and after a bolus injection of contrast agent. By recording the image intensity

in the two tissues the renograms are recorded (Figure 3.1).

Cortical renogram Meclullary renagram
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Figure 3.1 Cortical and medullary renogram

Potential advantages of MR renograms over scintigraphy are the higher spatial
resolution of MR and the availability of cross section images instead of the projection

images obtained via scintigraphy.
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3.2 Partial volume effect

MRI makes images of a three dimensional volume, with as smallest unit the
volume element (voxel). The pixels that can be viewed in images generated by an MRI
scanner are two dimensional representations of these three dimensional voxels. The
size of the voxels is determined by the operator of the MRI scanner. Its horizontal and
vertical dimensions are equal to the size of the pixels. The pixel size is determined by
the area of the field of view (for kidney images typically somewhere around 40 x 40 cm)
and the image matrix size (typically 256 x 256). Voxel thickness is determined by the
slice thickness setting (typically 8 mm). The signal to noise ratio of the voxel signal
approximately increases linearly with the volume when all other parameters remain

the same.

A problem with large voxels is that the volume they enclose can contain more
than one tissue type, and the larger they become the larger the chance that this hap-
pens. This problem is called the partial volume effect. The different tissue types have
curved borders and occupy limited volumes. For a given tissue type, its sensitivity
for partial volume effects depends on these geometrical effects so the extent of partial
volume effect depends on the dimensions of the voxel relative to those of the volume
of the tissue of interest. In the dynamic scans, with a time resolution of 1.2 seconds, a
slice thickness of 8 mm is considered to be minimally needed to obtain a decent image
quality. Combined with the other two dimensions (1.6 x 1.6 mm) this results in a fairly

tall voxel (Figure 3.2).

Figure 3.2 Schematic representation of a voxel with partial volume effect. The top of the voxel
equals the pixel size. The height represents the slice thickness. The pixel intensity is a weighted
average of the intensities of both tissues.
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3.3 Cortical and Medullary Renograms

Low molecular Gd-DTPA diffuses fast into the extracellular space after an in-
travenous injection and it is immediately subject to renal excretion. This excretion is
exclusively determined by the glomerular filtration without any tubular reabsortion.
Because most of the water is reabsorbed in the tubulus a high concentration of Gd-
DTPA may be reached in the medulla. Therefore, the cortical renogram can be consid-
ered as a reflection of the renal perfusion and a medullary renogram as a visualisation

of the function of the nephron concerning its filter and reabsorption capacity.

By drawing region of interests (ROI’s) that can be defined manually at direct
selection of cortex and medulla over the cortex and medulla in the obtained images the
signal intensity of the cortex and medulla can be calculated for each image. Analysis of
the cortical contrast uptake enables to differentiate acute cortical necrosis which is not
reliable possible with nuclear or ultrasound scans [13]. Similarly, analysis of medullary
contrast uptake might facilitate the diagnosis of urinary tract obstruction and diseases

primarily affecting the medulla [3].

3.3.1 Cortical Renograms

The cortex, which is responsible for distributing the blood over the kidney re-
ceives a bolus of the contrast agent and within a short time after arrival of the contrast

agent at the kidney the concentration in the cortex reaches its maximum.

A high quality cortical renogram can be determined directly from a region of
interest (ROI) placed in the cortex. Examination of the kidney shows that the outer
layer of the kidney contains only cortical tissue. It also shows that increasing the slice
thickness does not lead to the inclusion of other tissues in the voxels at the boundary
of the cross-section if this cut is located at the broadest part of the kidney. Only when
the slice thickness increases so much that the voxels leave the kidney, partial volume

effect will occur.
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3.3.2 Medullary (Cortica-Medullary) Renograms

The contrast agent reaches the medulla via a filtration process, which is rela-
tively slow. Thus, when the contrast agent concentration in the cortex reaches its peak
value, no contrast agent has yet entered the medulla. Any early enhancement of the
pixels in a medullary region therefore will be due to the enhancement of cortical tissue

that is present in the corresponding voxels.

Therefore covering only medullary tissue can in practice not be found, due to
the irregular topology of the boundary between cortex and medulla, although in the
MRI images a ROI that is only covering cortical tissue can be obtained reliably in the
outer shell of the kidney [22]. This results in potential presence of cortical tissue in

each of the voxels of the intended medullary ROI.
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4. RENAL PERFUSION ANALYSIS

4.1 Introduction

MRI can characterize renal perfusion non-invasively with very high spatial res-
olution. In addition, it has the potential to simultaneously quantify perfusion of the
kidneys using intra-vascular contrast agents, and blood flow through the renal arter-
ies using phase-contrast imaging. Renal perfusion imaging using first-pass Gd-DTPA
bolus has applications in studying renal vascular disorders, assessment of transplants,

and screening and surgical planning [6].

Analysis of renal perfusion images entails several steps. For this thesis work, we

integrated the necessary steps for renal perfusion analysis. These are as follows:

1. Importing Data: Images are browsed and loaded in DICOM (Digital Imaging

and Communications in Medicine) format [23].

2. Image Display and Animation: The images are resized, zoomed, and adjusted for

brightness and contrast to provide a uniform display of all frames.

3. Image Registration: Since the images often suffer from significant motion, prior

to ROI analysis, it is necessary to align the images by correcting for this motion.

4. ROI Analysis: ROI-based analysis is performed by tracing ROI’s and plotting

time-intensity curves.

5. Perfusion Index Quantification: After identifying desired ROI’s and characteriz-
ing the signal intensity versus time curves, it is desirable to quantify indexes such

as slope, time-to-peak, and contrast enhancement ratio (CER).
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4.2 The Flow of the Contrast Agent

The contrast agent is rapidly injected intravenously in the arm as a bolus.
During its transport through the lungs, the heart and the aorta the bolus is only
slightly diluted so that its concentration in the blood that enters the kidney still as
a bolus, diminished in concentration and widened in time (10 s) due to diffusion of
contrast agent in the blood. The Renal Perfusion MRI image series shows the following

sequence:

e The vascular transit of the contrast agent lasts a few seconds, after which a
peripheral cortical rim of high Signal Intensity (SI) is seen simultaneously in

both kidneys as the contrast bolus arrives within the glomeruli.

e The subsequent homogenous increase and decrease in SI within the tissue re-
flects the contrast material uptake from the blood, and its later transport into
the collecting system. When function is reduced in one kidney, tissue contrast
enhancement is faint compared with the normal side. In some disease states
the parenchyma may be narrowed eventually (dependent on the type of function

reduction, acute or chronic) [19, 24].

e In the nonobstructed kidney, most of the contrast material is washed out by the
time the study is completed. In the presence of relevant obstruction, the visually

determined outflow from the renal pelvis is minimal or lacking.

4.3 Scanner Settings

During the scan, following intravenous bolus injection, the extracellular contrast
agent Gd-DTPA enters the arterial space, the interstitium as well as the nephrons and
increases the image intensity in both cortex and medulla. By placing separate regions
of interest (ROI’s) over renal tissues in each frame, signal intensity signals-time (T1I-
signals) are obtained. The temporal resolution (frame-to-frame time) of the scan is

sufficient to resolve the events even during the fast arterial phase.



17

The scanner settings are limited by technological constraints. The presently

used scan parameters are shown in Table 4.1.

Table 4.1
Scan Parameters

Scan method: 2D Spoiled Gradient Echo Slice: 8 mm

Slice position: Through Long Kidney Axis Number of slices: 6
Breathing instructions: Free Breathing Frame time: 1.17 ms
Flip angle: 20° Number of frames: 80

Acquisition Matrix: 128 x 82 (Image Size: 256 x 256) | TR: 2.35 ms

Acquisition type: Multi-slice TE: 1.15 ms

4.3.1 Slice Thickness

The information that can be retrieved from renograms depends on their signal
to noise ratio (SNR), which can be increased by increasing the slice thickness. However,
when the slice thickness increases, it can be expected that the fraction of cortical tissue
present in the ROI selected in the medullary region will increase as well. As mentioned
before, the outer region of the kidney contains only cortical tissue so a pure cortical T1
signal can be easily obtained. When the slice thickness becomes too large the curvature
of the kidney’s circumference becomes an issue. Tall voxels in this region could leave

the cortex and include other tissues. For this reasons there is a limit for slice thickness.

4.3.2 Single or Multi Slice

By using multi slice imaging, through slice movement induced noise should be
strongly reduced. This is because the spins in multiple slices are saturated, and, except
for the outer slices, when through slice movement is present, the saturated spins that are
moved out of the slice are replaced with other equally saturated spins. The reduction

depends on the slice distance and potentially on the slice profile.
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The strong through plane movement that occurred between the single slice im-
ages has caused a considerable increase in brightness in the latter image. This increase
is particularly clear in the fat tissue below the kidney, but also intrarenal pixel in-
tensity changes can be seen (Figure 4.1). There is through plane movement also in
multi-slice images, however breathing period is more easily recognisable in the single

slice scan [25].

Figure 4.1 Pixel intensity changes in and around the right kidney in a single slice scan. Shown are
the normal pixel intensities (first image) and the pixel intensities just after end inhalation (second
image).

Figure 4.2 shows an example images of two slice locations from a patient with
renal cysts [25]. The lack of enhancement in the cysts corroborates the non-cancerous
nature of the lesions. The cyst, seen in the left kidney in Figure 4.2a, is not readily
apparent in the adjacent slice shown in Figure 4.2b, underscoring the importance of a

multi-slice acquisition.

Figure 4.2 Patient with renal cysts. Two perfusion images from contiguous slices
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4.3.3 Slice Orientation

Kidney movement due to respiration of the native kidney is approximately a
translation. Kidneys are located close to the musculus erector spinae and the plane of
movement of the kidney is parallel to the surface of this muscle as shown in Figure 4.3.
The three lines have exactly the same location in both images. Via the two long lines
the movement of the kidney can be observed while the small line between kidney and
musclulus erector spinae shows that the distance between those two remains constant.
This means that through plane movement can be reduced effectively by selecting a slice

orientation parallel to the movement direction.

Figure 4.3 Movement of the Kidney. The three lines have exactly the same location in both images.
Via the two long lines the movement of the kidney can be observed while the small line between
kidney and musclulus erector spinae shows that the distance between those two remains constant.
The arrows indicate the kidney (A) and the musclulus erector spinae (B).

4.4 Image Registration

To plot signal intensity-time curves of the cortical and medullary regions, ROI’s
are placed on the kidney in images acquired using dynamic MRI. The signals were
recorded from ROI’s that were automatically copied after manual segmentation of one
of the images early in the dynamic series.Since native kidneys move with breathing
and breath holdingtechniques are not feasible (moreover, it has been shown [26] that
even during breath holding the diaphragm is not motionless), movement correction is

necessary.
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Figure 4.4 The motion of the kidney positions in 4 adjacent scans. The selected region is exactly
the same in all images.

The first-pass transit of contrast agents is typically imaged over 60 - 90 sec, which
is too long for a breathhold. Thus, in perfusion imaging and other such applications, it
becomes imperative to correct the misalignment of the images by registering them prior
to their use for quantification. Fortunately, the breathing movement does not cause
appreciable rotation or distortion of the kidney so that in a suitably angulated coronal
plane the kidney cross-section in the images has a constant shape. It is shown that
the movement of the kidney due to breathing results in a Head to Feet (HF) shift that
is normally well within 10 pixels, although slightly larger values sometimes occur [27].

The Left to Right (LR) shift is in most cases zero or one pixel (Figure 4.4).

An adequate movement correction can be performed by only shifting the image.
It is possible to perform this shifting manually, but given the large number of scans used
for the signal intensity-time curves, that is a time consuming job. To automatically
measure signal intensities in dynamic MRI studies when motion is present, a method

is therefore needed to automatically retrieve the kidney position in each scan.
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Our image registration algorithm [28, 29] is to compensate the image misalign-
ment due to breathing. The employed algorithm and the source code in (ANSI) C are
freely downloadable [29]. It is utilized as a dynamically linked “.dll” to MATLAB using
“Mex” interface. The algorithm performs a sub-pixel registration that minimizes the
mean square intensity difference between the two images to be registered by using a
variation of the Marquardt-Levenberg nonlinear least squares optimization. In order to
improve speed and convergence the algorithm uses an iterative coarse-to-fine pyramid

approach and it uses cubic spline interpolation for image transformation.

The registration process starts with the first image in the series. A selected
region forms the mask. The optimum displacement amount is computed within this
search region. The second image is then translated by the computed displacements to
align it spatially with the first image. This process is repeated for all pairs of images
in the series. Figure 4.5 and Figure 4.6, respectively, show an example of the signal
intensity-time curves obtained from unregistered and registered renal perfusion images.

The selected regions are same for registered and unregistered images.

4.5 Region of Interests (ROI’s)

Region of interests (ROI's) are used to extract functional information. A ROI
is a closed contour placed over the image and defines an area which can be used for
calculating statistics. These measurements include, but are not limited to, surface area,
average pixel intensity of all the pixels enclosed by the ROI and the standard deviation

of these pixel intensities.

In dynamic MR of a non-moving tissue, a ROl is placed over the tissue of interest
in one image and copied to all the other images. This makes it possible to measure
the average pixel intensity of the tissue during a scan. In combination with a contrast
agent this allows to a record of the history of the contrast agent concentration in that

tissue.
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Figure 4.5 An example of the signal intensity-time curves which obtained from unregistered renal
perfusion images
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Figure 4.6 An example of the signal intensity-time curves which obtained from registered renal
perfusion images (ROI is the same as in Figure 4.5.)
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The outer 5 millimeter of a kidney includes cortical tissue only whereas the
remaining more central located renal parenchyma includes both cortical and medullary
tissue. Therefore signal intensities of a region of interest in the central located renal
parenchyma after injection of an MR contrast medium provide a mixture of cortical

and medullary signals.

4.5.1 ROTI’s on the Cortical Region

ROI selection on the cortical region at the periphery of the kidney is easy,
because this region is free of medullary tissue. Based on the assumption that the outer
layer of the kidney only contains cortical tissue, a cortical ROI can be drawn in the

strongly enhanced images (Figure 4.7).

4.5.2 ROIs on the Medullary Region

The complex-shaped medullary pyramids border the cortical tissue throughout
the kidney many voxels contain a mix of cortical and medullary tissue. As mentioned
before, in the individual images of the dynamic MRI scans cortical and medullary renal
tissue are often hard to differentiate and computer based segmentation of these tissues

has thus far not been possible (Figure 4.8).

Figure 4.7 ROI on the cortical region Figure 4.8 ROI’s on the medullary region
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Since the microvascular system of the medulla is connected in series with that of
the cortex, the contrast agent arrives later in the medulla than in the cortex. Therefore,

the initial period of the mixed signal contains only cortical signal [30, 31].

4.6 Perfusion Indexes

The last process of the Renal Perfusion Analysis is to plot the Signal Intesity-
Time Curve and compute slope, time-to-peak, and contrast enhancement ratio (CER)

from this curve.

By determining the average pixel intensity in the ROI’s (the sum of the intensi-
ties of all pixels in the ROI divided by the number of pixels in that ROI) and repeating
this for all images, time-dependent signals are generated. The average pixel intensity
values are used to plot the Signal Intensity-Time Curve. At the end, the indexes such
as slope of the first-pass enhancement, time-to-peak, and contrast enhancement ratio

for both left and right kidney ROI’s are computed.

The steps are the following:

e Taking the signal intensity-time curve data and smoothing the curve to get rid
of the effects of noise. MATLAB’s smoothing algorithm with “moving average
filtering method” is proper option for this step. A moving average filter smooths
data by replacing each data point with the average of the neighboring data points
defined within the span. This process is equivalent to lowpass filtering with the

response of the smoothing given by the difference equation:

i) = 5l o+ N) +yli N =D by N) ()

where y4(i) is the smoothed value for the ith data point, N is the number of

neighboring data points on either side of y,(i), and 2N+1 is the span.
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e (Calculating the first derivatives of this smoothed curve pointwise, and finding
the maximum of the first derivatives. This is the maximum slope (m,,,,) in the

data.

The slope (m) is:

S eak — Sarriva
m = Cbeak ! (4.2)

tpeak - tarrival

The Contrast Enhancement Ratio (CER) is:

CER — Speak - Sbaseline (43)

Sbaseline

Setting a threshold equal to 10% of the maximum slope and searching the first
derivatives earlier than the time of maximal slope for where the slope first becomes
larger than this threshold. This time point is considered as the arrivaltime (tgrrivar),
and the signal intensity at this time is the arrivalsignal (Sq;rivaer). Similarly, searching
the first derivatives after the time of the maximal slope, and finding the time point
where the slope first falls below the threshold. This is considered the peaktime (t,cqx)
and the signal here is considered as the peaksignal (Speak). Spaseline is baseline signal. It
is obtained by averaging all the points before the arrivaltime (f4rivq1). Figure 4.9 and
Figure 4.10 show an example curve obtained from the cortical region and parametric

images of indexes.
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5. ANALYSIS RESULTS

5.1 Introduction

Our MATLAB program is tested to analyze renal perfusion data which obtained
from 10 volunteers (Table 5.1) who were patients undergoing MR exam with contrast

administration for other reasons.

All volunteers had normal renal function. In this chapter, the results of the

analysis are presented individually and in detail.

Table 5.1
Age and Sex of the Volunteers

Volunteer || Age Sex
1 74 Male
2 44 | Female
3 66 Male
4 51 | Female
5 71 Male
6 46 | Female
7 43 | Female
8 46 | Female
9 70 Male
10 75 Male

5.2 Methods

For renal perfusion imaging using first-pass Gd-DTPA bolus, the MR examina-
tions were made with a Philips Intera Scanner (1.5T, slewrate 150 mT /m/ms, maximal
gradient strength 30 mT/m, Philips Medical Systems) and included a dynamic first

pass renal scan.
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For this dynamic scan we used T1-FFE (Fast Field Echo) sequence (TR=2.35ms,
TE=1.15ms, flip angle=20°) with a 400 mm field of view and a slice thickness of 8 mm.
The resolution is 256 x 256 pixels. We obtained 80 images for each of the six coronal
slices through the kidney, with a frequency of about 1 image per 1.35 seconds. The
contrast agent Gd- DTPA was injected manually (To prevent saturation we used low
dose (1.5-2 cc) of contrast agent.) before scan starts. We verified that 80 (480/6)
images suffice to record the major signal changes related to the first pass of the agent.
All examinations were stored on CD ROM’s and transported to a personel computer

for analysing with our analysis tool.

5.3 Results

The dynamic MRI image series shows the following: The vascular transit of
the tracer lasts a few seconds, after which a peripheral cortical rim of high SI is seen
simultaneously in both kidneys as the contrast bolus arrives within the glomeruli. The
subsequent homogenous increase and decrease in SI within the tissue reflects the con-
trast material uptake from the blood, and it’s subsequent transport into the collecting

system.

By performing dynamic MRI during the injection, the transit of the contrast
medium through the kidney can be followed. Qualitative assessment of the renal func-
tion by this method shows differences in the curves pattern between well-functioning
kidneys and pathologic kidneys. Differences from the normal response profile can be
observed in ischemic, renal failure, and after renal transplantation [32]; however, the
analysis is qualitative or semi-quantitavive using parameters such as the maximum of
the renal peak or the slope of the wash in. It has not been possible to establish gener-
ally acceptable normal values for most of these parameters, which can be transferred
from one study to another. The main reason for this is the inconstant and nonlinear
relationship between Gd-DTPA tissue concentration and SI, which varies between spe-
cific MRI techniques used depending on the hardware as well as on the sequence used.

The injection speed of the contrast medium and cardiac output are another reasons.
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In MRI, the relationship between Gd-DTPA tissue concentration and the mea-
sured SI is usually non-linear since the intensity of the MR signal is a complex function
of the gadolinium tissue concentration, which is dependent on magnetic field strength,
gradient strength, sequence parameters, magnetic susceptibility, and on the amount of

the contrast agent.

The renal perfusion gradually decreases from the outer cortex to the inner
medulla. Because age and essential hypertension decrease the renal blood flow, the
relative low value of the cortical blood flow can be observed in well-functioning native
kidneys. The delay of cortical time to peak is indicative of altered renal perfusion and

appears to be of clinical value in differentiating vascular from glomerular nephropathies.

Using our protocol, a constant pattern of enhancement was noted in the cortical
ROI’s. As expected in normal volunteers, the renal cortex enhanced vividly within the
first 10-20 s following injection of the contrast agent. The maximal signal intensity
occurs at approximately 15-30 s after the first signs of Gd-DTPA arrival in the cortex.
This peak is followed by a slow constant drop in signal intensity, reflecting the onset

of glomerular filtration and dilution in the extravascular space.

The functional parameters obtained from ten volunteers with normal renal func-
tion are shown in (Table 5.2). In the following pages, figures of the selected region
of interests with theirs SI-Time curves and functional parameters and the histogram
graphs of Slope, Time-to-peak and CER values of pixels inside left and right cortex are

also shown for each volunteer.

From these results, we concluded that, the time-to-peak values are nearly the
same, whereas the slope and CER indexes have different values for both kidneys of each
volunteer. Because of the different location of the kidneys, the Signal Intensity-Time

curves of left and right cortex have different baseline signal.



Table 5.2
Indexes from SI-Time Curves

No || Kidney | Slope | CER | Time-to-Peak
1 Left 6.06 1.14 31.50
Right | 5.65 | 0.98 32.76
2 Left 6.19 | 0.89 22.50
Right | 5.66 | 0.85 22.50
3 Left 9.67 | 1.72 20.80
Right 7.38 | 1.04 20.80
4 Left 5.07 | 0.92 30.00
Right | 4.58 | 0.71 28.75
5 Left 5.76 | 1.36 18.34
Right 4.43 0.65 18.34
6 Left 11.80 | 1.1 23.94
Right | 11.15 | 1.01 23.94
7 Left 11.34 | 0.55 20.96
Right | 8.82 | 0.46 20.96
8 Left 11.55 | 1.94 21.25
Right | 9.49 | 0.62 20.00
9 Left 6.55 | 1.31 27.72
Right | 5.47 | 0.96 27.72
10 Left 4.13 | 1.34 30.36
Right | 3.51 | 0.74 30.36
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Figure 5.6 Histogram Graphs of Slope, Time-to-peak and CER values of pixels in the selected ROI’s
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Figure 5.9 Histogram Graphs of Slope, Time-to-peak and CER values of pixels in the selected ROT’s
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Figure 5.18 Histogram Graphs of Slope, Time-to-peak and CER values of pixels in the selected

ROI'’s
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Figure 5.27 Histogram Graphs of Slope, Time-to-peak and CER values of pixels in the selected

ROTI’s
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6. CONCLUSION

6.1 General Conclusions

In this thesis, we designed and realized a program to quantitatively analyze
Renal Perfusion MR images. We tested our program with MR images obtained from
ten volunteers having normal renal functions. We computed signal intensity-time curves
and functional parameters (Slope, Contrast Enhancement Ratio, Time-to-Peak). These
parameters were also obtained for each pixel of the selected ROI’s for comparison of

the results.

A method is needed to compensate kidney motion due to the respiration. Two
options are available: scanning with breath holding and the use of a movement correc-
tion algorithm. Scanning during breath holding (with intermittent breathing periods
because a full scan takes at least two minutes) is potentially problematic for two main
reasons. Firstly, the data series are interrupted at times when the patient is breathing
and this may cause misinterpretation of the enhancement curve. Secondly, it has been
shown that even during breath holding the kidney moves. Especially during breath
holding after inhalation, which can be maintained longer than after exhalation, the di-
aphragm moves [11], so the kidney moves as well. This would render the entire exercise

of breath holding useless.

We, therefore, chose to scan during free breathing, and then we corrected effects
of the movement of the kidney in the images. With normal shallow breathing, the
kidney only translates in the image. The rotation of the kidney is negligible and small
shape changes occur due to minimal through plane movement. Since there is only
translation of the kidneys, we can shift the entire image in the opposite direction to
the movement. The other structures in the images are not used in the analysis so their

misregistration is not important.
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It was established that the additional noise was caused by unsaturated spins
moving into the imaging slice. Using a multi-slice technique reduced the noise in the

signal significantly and made the analysis more reliable.

A reliable manual segmentation of the kidney is only possible shortly after the
arrival of the contrast agent to the kidney showing sufficient enhancement. Not the
entire kidney border will show early enhancement; in the area of the renal pelvis
there is no cortex and thus no enhancement. Since the outer layer of the kidney
consists of cortex, it is easy to select a ROI to measure the cortical enhancement.
However, it is usually impossible to find a ROI that gives a pure medullary signal
without cortical contamination. The nephron path is highly organized, especially in
the medulla. Therefore, the medulla is poorly discernable due to a complex course
of the medulla-cortex tissue border, weak contrast and partial volume. Medullary
enhancement is delayed with respect to cortical enhancement and this effect can be
used to determine the cortical contribution to the enhancement signal in a ROI that

contains cortical as well as medullary tissue.

In normal kidneys, the MRI SI-Time Curves exhibit the following typical phases
after the contrast bolus delivery to the kidney by the circulation:

e The first segment shows a somewhat slower, almost linear increase to a peak
maximum. This segment represents parenchymal transfer, and continues to in-
crease as long as more of the contrast agent passes from the blood into the kidney
tubules than is excreted into the collecting system. Only this segment is used to

calculate function of the kidneys.

e The last segment reflects contrast elimination from the parenchyma into the

collecting system.
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6.2 Recommendations of Future Work

To date, renal functional MRI is used primarily in research. Its routine appli-
cation is limited. This is partly due to the variety of recommended techniques most
of which fail to offer a quantitative assessment of renal function comparable to that
of scintigraphy. Furthermore, MRI is an expensive imaging modality when compared
with excretory urography, ultrasound and scintigraphy. These difficulties will most
likely will prevent renal functional MR from completely replacing radionuclide studies
in the very near future. On the other hand, improvements in MR technology and bet-
ter and easy-to-use and hopefully fully automatic postprocessing methods could make

MRI ready for routine clinical evaluation in the future.

The following is a list of recommendations for future work:

1. The operator input for the movement correction can be reduced in order to
improve the automation of the method and the performance of the movement

correction algorithm can be increase with thicker slices.

2. It can be interesting to see 3D scan of the entire kidney. The implementation of

a 3D scan to include the entire kidney can result in more reliable or useful data.
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APPENDIX A. BASIC INTERFACE FOR RENAL
PERFUSION ANALYSIS

A.1 Introduction

Our program is designed and developed in MATLAB environment as a toolbox.
MATLAB has been chosen for our development environment because of its rich library
for image and signal processing, its practical user interface toolkit and its common
usage in this sort of studies at academic environment all over the world. The aim of
this program is reading, displaying and analyzing renal perfusion MR images which are
in DICOM format. The input of our images is in DICOM format because it allows us
to use our application later for images coming from different vendors. In this chapter,

the parts of this program are presented.

A.2 User Interface

To start the program, user should write “renalyse” and press “enter” at the
Matlab command prompt. Then interface will be visible to user. The program is now

ready for the analysis of the renal perfusion data sets.

The main window of the program that user interacts with is shown in Figure A.1.
All the steps of the Renal Perfusion Analysis are integrated to this interface. The
program includes different parts. Each part is for different steps of the Renal Perfusion

Analysis.
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Figure A.1 User interface of Renalyse

A.3 File Selection

First part is “File Selection” area. In this area, users can open or can load image
series and they can save or can close the existing image series. There is also a listbox

in this area. The listbox shows the patient’s name (Figure A.2).

File Selection

Open Images | Cloze Images |

Selected Patient Mame:

—

Save File [Matj| Load File (Mat)

Figure A.2 File Selection
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A.4 Image Display and Animation

The program displays and animates multi-slice renal datasets. The images can
be resized, zoomed, and adjusted for brightness and contrast to provide a uniform
display of all frames. The part of “Color Maps & Scale Selection” is for adjusting the

display properties of the image (Figure A.3).

“Zoom & Pan Selection” area is used for zooming and panning. By checking the
“Zoom/Pan” checkbox (Figure A.3), zooming and panning can be used with the left

and right buttons of the mouse.

Color Maps & Scale
Selection

g979

Colar haps

|gra':III ﬂ ?3_{1
Calor Scale hax

E—

Color Scale hin
lu ﬂ 245

Zoom & Pan
Selection

[ Zoom I Pan

Figure A.3 Color Maps-Scale Selection and Zoom-Pan Selection

The other two sliders which is located under the image display area, are used
for the selection of slice and image (Figure A.4).

i
Slice Mo 4 ;J| mace Mo | 16 ﬂ J b

-

Figure A.4 Slice and Image Selection



47

A.5 Registration

The image registration is performed on a region that the user interactively se-
lected to encompass the kidney across the full range of respiratory motion. All shaped

regions to be defined are supported (Figure A.5).

Heqistration

Reqg. Start

Registration kdethod

.1translatin:|n _v_!

ROl Selection

Drawe RO

Del. Sel.ROI Del. Al ROI

Sawa RO| Lead ROl

Selected ROI color

)

Figure A.5 Registration

“Registration” area located the right corner of the interface. First step is for
registration process is to select the registration method. Then, by pushing the “Reg.
Start” button, program will wait for the selection (left button of the mouse) of the

registration region.

Selection will be completed with the right button of the mouse and registration

will automatically start.

A.6 ROI Selection

After registration process is completed, the series with the registered images will

display. The next step is ROI selection.
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Users define the shape and location of the ROI within a registered image and
the program automatically will copy this ROI on the other registered images. There
are six buttons that can be used in the “ROI Selection” area. “Draw ROI” button is
for selecting region of interest (users can select three different color for ROI lines) at

the image (Figure A.6).

The other buttons are used for deleting the selected or all ROI’s, saving the
selected ROI and loading the saved ROL.

ROl Selectian

Dkarae RO

Dl Sel. ROI Del. Al ROl

Sawve ROl Load RO

Selected RO color

Figure A.6 ROI Selection

A.7 Signal Intensity-Time Curve

When the ROI Selection is finished, by pushing the “SI-Time Curve” button
the Signal Intensity-Time curve for the selected ROI is plotted.

The “Analyzed Region” editbox is in the same area (Figure A.7). The selected

analyzed region’s name is showed in the title of the curve.

Signal Intensity-Time Curve

ZI-Time Curve

Param. &nlyz

Analyzed Fegion
Right Cortex j

Figure A.7 Plotting the Signal Intensity-Time Curve
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After pushing the “SI-Time Curve” and “Param. Anlys” buttons respectively,
the mean signal intensity within the selected ROI for every image in the sequence is
plotted against time, indexes of this curve are computed and parametric images of

these indexes are displayed.
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