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Abstract:
-

Management of prostate cancer is a difficult task for both patients and clinicians because

of the broad range of biologic malignancy and the broad spectrum of treatment

approaches. Accurate radiological assessments are required for therapeutic selection and

guidance, following patients on watchful waiting, monitoring treatment response in

individual patients and for clinical trials of emerging therapies. In this bioengineering

study, magnetic resonance (MR) techniques for metabolic and morphological

assessments were developed and optimized specifically for prostate cancer and higher

field (3T) to improve the non-invasive characterization of the disease.

At 3T, issues such as the J-modulation changes for citrate resonance at higher field, more

severe magnetic susceptibility induced magnetic field inhomogeneities, and increased

chemical shift mis-registration make robust acquisition and analysis of multi-parametric

prostate MR data challenging. In this work, 3T prostate MR coils were developed and
-

º

MR imaging sequences were optimized for acquisition of high-resolution anatomical

images of the prostate. A new MLEV-Point RESolved Spectroscopy (MLEV-PRESS)
~,

Sequence was developed to allow acquisition of up-right citrate resonance at 3T. High \-



resolution (0.157cc) MR spectroscopic imaging (MRSI) data were acquired at 3T and the

theoretical 2-fold increase in SNR over 1.5T was demonstrated. To reduce the scan time

of MRSI to allow acquisition of other MR modality during one clinical exam, a new, fast

and robust MRSI acquisition utilizing flyback echo-planar readout trajectories was also

developed. High quality data were demonstrated within half of the scan time required for

conventional MRSI acquisition. For acquisition of prostate MR data based on movement

of water and tissue micro-environment to reflect morphological changes in prostate

cancer, single-shot fast spin-echo diffusion tensor imaging (SSFSE-DTI) sequence and

magnetization prepared sequence with multi-slice spiral imaging for were optimized for

prostate DTI and T2 relaxation parameter mapping. Significantly different diffusion and

T2 relaxation parameters were observed in regions of prostate cancer as compared to

normal prostate peripheral zone.

The multi-parametric approach of acquiring different and unique MR data to characterize

prostate cancer developed in this work may increase the usefulness and significance of

MR prostate exam for the clinical management of prostate cancer.

Dissertation Committee Chair

Dr. Daniel B. Vigneron
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Chapter 1: Introduction sº

A) Motivation:

º "

According to the estimates done by American Cancer Society, 232,090 men were

diagnosed with and 30,350 men died of cancer of the prostate in 2005 [1]. This made ".

prostate cancer the most common cancer, excluding skin cancer, and the second leading * , )

cause of cancer related death in men in United States. Thousands of prostate cancer

patients are being identified at an earlier stage of the disease due to increased screening

using prostate specific antigen (PSA) and transrectal ultrasound (TRUS) guided biopsy

[2]. Managing the disease has been a difficult task for both patients and clinicians

because of the broad range of biologic malignancy and is treated with a broad spectrum

of approaches from "watchful waiting" and hormone deprivation therapy to aggressive

surgical, radiation, and cryoSurgical therapies [3,4]. Current diagnostic tools such as

digital rectal exams (DRE), PSA and biopsy are limited in characterizing the location and

the extent of the disease as well as in detecting metastases. Accurate radiological

assessments are required for therapeutic selection, guidance of local therapies, following

patients on watchful waiting and monitoring treatment response in individual patients and

very importantly for clinical trials of emerging therapies.

B) Aims: Cº.

Recently, new MR metabolic, perfusion and diffusion techniques have been investigated

to address this need [5-7]. Most of these studies have been limited by the performance of



the conventional 1.5 Tesla (T) MR system and sub-optimal techniques for prostate cancer

imaging. In addition to conventional anatomical images, metabolic, structural and

morphological information may be acquired in a single exam to allow a more complete

assessment of prostate cancer. By developing and optimizing these MR technique

specifically for prostate cancer and the higher field system (3T) that are becoming

available in the clinical settings, noninvasive characterization of prostate cancer may be

dramatically improved. The goal of this bioengineering thesis project was to develop and

apply new methods in each of the following areas:

• High field MR imaging of the prostate for better anatomical assessment.

• Development of high field, high resolution MR spectroscopic imaging (MRSI) of

prostate cancer to improve signal to noise ratio (SNR) and robust quantitation of

prostate metabolites.

• Development of fast k-space sampling technique to allow high speed MRSI of

prostate cancer.

• Optimizing Diffusion tensor imaging technique for quantitative assessment of

water micro-environment of prostate cancer.

* Optimizing fast transverse relaxation time (T2) measurement sequence for

characterizing prostate cancer.

*

, -->
\-

*



Chapter 2: Background

A) Prostate cancer and patient population:

a. Anatomy of normal human prostate

The prostate is an exocrine gland shaped similarly to a chestnut that surrounds the urethra

between the bladder neck and genitourinary membrane. The ejaculatory ducts pass

through the gland to enter the prostatic urethra at the verumontanum (Figure 1) [8]. The

normal adult gland is about the size of a walnut. It functions as an accessory sex gland

and contributes approximately 0.5 ml to the normal ejaculate volume of 3.5 ml. The

prostate secretions are related to semen gelation, coagulation and liquefaction.

Seminal
-

vesicle

. . . *— |Proximal \ Ejaculatory
urethra - duct

Anterior \
fibromuscular
stroma

-

Periurethral zone."

Distal
urethra

Figure 1. Sagittal view of the normal prostate
and its zonal anatomy [8].

The prostate can be separated into

glandular and non-glandular

components. The non-glandular

parts include the prostatic urethra

and the anterior fibromuscular

stroma. The glandular prostate

includes periurethral zone, central

zone, transition zone and the

peripheral zone. These prostatic

zones can be differentiated by their

location as well as the morphology



of its glandular epithelial-covered ductal systems. It is in these ducts where the prostate

secretions are collected. In peripheral zone and transition zone, the ducts are narrow and

terminate in small round, simple, acini. In central zone the acini are larger and have

irregular contours. The periurethral ducts arise along proximal urethra and are confined

to periurethral stroma.

Surrounding the prostate is a thick layer of fibromuscular tissue. This prostatic capsule

lies between the glandular prostate and connective tissues. And these connective tissues

separate the prostate gland anteriorly from the symphysis pubis, posterteriorly from the

rectum, and inferiorly from the genitourinary membrane. The neurovascular bundles and

the muscles of the pelvic floor border the prostate laterally. The neurovascular bundle is

the combination of lateral venous plexus, arteries and nerves. The neurovascular bundle

is located just behind the prostatic capsule, and is the common site of extracapsular

extension for prostatic tumor.

b. Anatomy of pathological prostate

Benign prostatic hyperplasia (BPH) is a common condition as a man age. The

pathogenesis of BPH is still not well understood. BPH is characterized by progressive

hyperplasia of glandular and stromal tissue around the urethra. The largest and most

numerous BPH nodules are almost always laterally situated and arise almost entirely

within the transition zone. They are predominantly glandular and are responsible for

most clinical cases of BPH. The nodules may cause lower urinary tract symptoms

(LUTS) such as obstruction and irritations.



The prostate peripheral zone is sometimes afflicted by chronic inflammatory process and

may result in tissue atrophy and scarring. More importantly, prostate cancer almost

always originated from the prostate peripheral zone. Prostate carcinomas are usually well

differentiated architecturally and most remain small in size and are clinically indolent.

As the cancer progresses in some cases to become clinically significant disease, it losses

differentiation progressively, become larger in size, and is likely to metastasize and cause

death.

PROSTATIC, ApengCARGINoMA
(Histologic Grades)

-- º [.

T ºº:C
&

º -

º -§º
jºš
nº º: *-i-5.º.º.º. & Nº.

Akºwººn, Mº.

Figure 2. Dr. Gleason’s illustration of the
five different grades of prostate cancer.

ºfRºi— — — — —

The most commonly used system for

prostate tumor grading is the Gleason

grading system [9]. In this system, the

glandular architecture of the prostatic

tissue under the microscope is used for

grading. The appearances of the five

different grades are illustrated in Figure 2

[10]. Pathologists assign a primary grade

to the pattern of the cancer that is most

commonly observed and a secondary

grade to a pattern of the cancer that is

second most commonly observed grade

in the specimen. The Gleason score is

obtained by adding the primary and



secondary grades together. Since the Gleason grade range from 1 to 5, Gleason score

thus range from 2 to 10. Well differentiated tumors have a Gleason score of 2 to 4,

moderately differentiated tumors have a Gleason score of 5 to 6 and poorly differentiated

tumors have a Gleason score of 8 to 10. Tumors with Gleason score of 7 are sometimes

grouped with moderately differentiated tumor and are sometimes grouped with poorly

differentiated tumors.

c. Patient population

All patient studies in this thesis project were conducted with CHR (Committee on Human

Research, UCSF) approval. The prostate cancer patients had either biopsy proven

prostate cancer or are suspected to have prostate cancer based on elevated PSA. Each

subject was asked to sign the UCSF research subject informed consent explaining the

study design, procedures, risks and benefits and received a copy of the patients bill of

rights. The data handling in all studies followed the health insurance portability and

accountability act (HIPAA) and UCSF guidelines.

B) Nuclear spin and magnetic resonance

MRI uses the properties of the atom in its chemical and magnetic environment to offer

information of the increasingly larger components such as molecules, tissues, and organs.

The nuclear species with multiple of /, nuclear spin, which means nuclei with unpaired

protons, can be imaged when placed in a larger static magnetic field B. These nuclei

have a net spin and mostly aligned in the direction of the static magnetic field. The



nuclei precession frequency is given by Go-YB. Y is the gyromagnetic ratio, and it is

unique for different nuclei. For hydrogen, Y = 42.58 MHz/T.

Most of the nuclear spins are aligned with the field in a lower energy states; in

comparison, some of the spins exist naturally in the higher energy states, opposing the

field. The nuclei can undergo a transition between the two energy states by absorbing a

photon. The photon energy must match exactly the energy difference between the two

states. The energy is related to the frequency of the photon, by Planck’s constant (h): E =

ho (h = 6.626 x 10” J s). In magnetic resonance, o is called the resonance frequency or

Larmor frequency.

C) Magnetic resonance imaging

In the presence of static magnetic field Bo, the magnetization of the spins in the sample is

under equilibrium condition. The magnetization vector aligns along the direction of Bo,

usually this direction is called the z-axis. To obtain magnetic resonance signal, a

radiofrequency (RF) magnetic pulse B1 tuned to the resonance frequency of the spins is

applied in the x-y (transverse) plane to excite these spins out of equilibrium. Effectively,

B1 applies a torque that rotates the magnetization vectors out of z-axis and into x-y plane.

The rotating magnetization vectors induce an electromotive force (EMF) in an RF receive

coil oriented to detect changes of magnetization in the x-y plane. This signal is called a

free induction decay (FID). Usually a set of FID are acquired and processed to

reconstruct an MR image. There is a number of different RF pulse sequences used



currently on a human imaging system. Spin echo (SE) and its variant fast spin echo

(FSE) are described here.

a. Spin Echo

Spin echo plays an important role in MRI, It is critical for several important imaging and

spectroscopy methods. The basic RF pulse sequence is illustrated in figure 3. Following

the 90° excitation pulse, the net magnetization vector is rotated into the transverse plan.

Once in the transverse plane, the coherent magnetization will start to dephase due to the

different magnetic and chemical environments of the spins. After some time t or TE/2,

an 180° refocusing RF pulse

90 180 90 is applied in either the y or

RF | | |- the x-axis. The 180° RF
pulse reverse the dephasing

Signal TE +
thus an echo is achieved at

<!-->
-the same time t or TE/2

<! TR ->
after the application of the

Figure 3. Spin echo schematic showing echo
- -

generation at TE after 90 and 180 RF pulse. TR is also pulse. Typically selective
demonstrated when the experiment repeats.

- - - - - - - - -excitation is utilized for the

90° and 180° RF pulses to spatially encode the signal acquired (a linear gradient magnetic

field is applied during the r■ pulses). The experiment is repeated every repetition time

(TR) until sufficient number of data points has been acquired to reconstruct the image at

the prescribed location.

º
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The spin echo method allows for the refocusing of the spins with minimal affects from

tissue magnetic susceptibility variation and other inhomogeneous factors (such as Bo). It

is used extensively for imaging organs and tissues where dephasing due to magnetic

susceptibility become problematic. Spin echo is also used in diffusion preparation and

spectroscopy acquisitions, which will be discussed later.

b. Fast spin echo

Similar to spin echo, fast spin echo employs an RF excitation follow by refocusing pulse.

But instead of a single refocusing RF pulse, a train of pulses is used to produce multiple

RF spin echoes during one repetition period [11]. Each one of the spin echo is

distinctively spatially encoded so multiple data points can be sampled following each

excitation pulses.

The primary advantage of FSE is

the dramatic reduction in scan time

compared to conventional spin

echo sequences, especially for T2

weighted imaging that requires

longer TR. FSE has the advantage

over other fast imaging techniques

such as echo planar imaging (FP) Figure 4. Axial T2-weighted MRI of the
prostate. Regions of prostate cancer
demonstrate reduced signal intensity compared
to benign prostate peripheral zone.

because like spin echo, it is less

sensitive to off-resonance effect.

º
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The major drawbacks of FSE include RF power deposition, blurring, ghosting and altered

image contrast due to increased lipid signal intensities and magnetization transfer effects.

c. MRI of the prostate cancer at 1.5T

MR images, especially high resolution endorectal T2-weighted images, provide an

excellent depiction of prostatic zonal anatomy with the peripheral zone demonstrating

higher signal intensity than the central gland (transition, periurethral and central zones).

On T2-weighted MRI, regions of prostate cancer demonstrate reduced signal intensity

relative to normal prostate peripheral zone tissue due to increase cell density and a loss of

prostatic ducts [12, 13]. The role of MRI in prostatic carcinoma has chiefly been the

staging of disease rather than the primary diagnosis of carcinoma. And almost all current

clinical prostate exams in the United States and Europe are conducted on 1.5T MR

scanners. Knowledge of the spread of the cancer outside is critical for determining

whether local, systemic or a combination of both therapies is required. With the use of

T2-weighted fast spin echo and the use of pelvic phase array coil in conjunction of

endorectal coil, the evaluation of extracapsular extension and seminal vesicle invasion

can be markedly improved, thereby improving the staging of prostate cancer [12, 14].

D) Magnetic Resonance Spectroscopy

In the presence of the external magnetic field, the electrons will interact with the field.

The negative charge of the electronic spin generates a magnetic field that opposes or

shields the nucleus from the external field. The extent of shielding depends on the local

*

*

º

-C

*

C
*

**- -**

c

*
I

º

* -

º*

10



electron density. The local electron density around each nucleus in a molecule varies

according to the type of nuclei and the chemical bonds on the molecule. The difference

in energy between the energy states for a nucleus is affected by this chemical shield.

Thus the resonance frequency of a spin depends on not only the external magnetic field

but also on its molecular environment. This frequency shift is termed the “chemical

shift”. Magnetic resonance spectroscopy (MRS) utilizes Fourier transformation of the

time domain FID to produce spectrum in frequency domain allowing a way to examine

the spins experiencing different molecular environments.

a. Point RESolved Spectroscopy

Point resolved spectroscopy (PRESS) is a technique to localize a volume of interest in

three dimensions. For proton spectroscopy, chemical shift selective saturation (CHESS)

pulses are used before the 90° excitation pulse. The PRESS sequence is illustrated in

90° 180° 180°

RF A || |
v || |
+H: 1/2 TE1/2 TE2/2 P-3 TE2/2 P

Gz T
L]

Gx T

ECHO * —k
ECHO ECHO

Figure 5. Pulse sequence timing diagram for PRESS. The localized volume is the
intersection of the three slice selective pulses. Typically only the second echo is
acquired.

11



figure 5. The three slice selective pulses excite (90° pulse) and refocus (two 180° pulse)

three orthogonal planes. The spin-echo between the two 180° pulses is not sampled.

This technique can be used for single voxel acquisition as well as 2D or 3D acquisition.

When used for chemical shift imaging (CSI), phase encoding method is used to yield

spatially resolved spectra with in the volume of interest. Total acquisition time for the

CSI study is then proportional to the repetition time and the number of phase encode in

each of the spatial direction.

b. Multi-Nuclear Spectroscopy

In vivo MRS with nuclei other than proton is mostly used for research and animal model.

These nuclei include phosphorus, carbon, fluorine, lithium, sodium and nitrogen. To

perform MRS with non-proton nuclei on clinical whole body MR system requires

addition hardware and software such as dedicated RF transmit/receive coils and pulse

sequences. One of the advantages of performing non-proton MRS is that nuclei such as

phosphorus and carbon have much larger chemical shift ranges. Water and lipid

suppression is not necessary for non-proton MRS and Phosphorus-31and Carbon-13

spectroscopy provide potential for investigating cellular energy metabolism. But one of

the disadvantages for non-proton MRS is its relative low MR sensitivity compared to

proton and the low natural abundance for isotopes such as C-13. Thus to achieve

adequate SNR, lower spatial resolution and/or longer scan time are often required.

c. MRSI studies of prostate cancer at 1.5T

º

& ). "
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Magnetic resonance spectroscopy imaging (MRSI) in the prostate provides a non

invasive way to detect metabolic markers such as choline, creatine, spermine and citrate

within the prostate tissue. Almost all current prostate MRSI studies focus on proton

spectroscopy and are performed on 1.5T systems. To perform MRSI of the prostate,

accurate volume selection and robust suppression of lipid surrounding the prostate is

critical and prostate MRSI packages have recently become commercially available [15,

16]. The resonances of choline, creatine, spermine and citrate occur at distinct frequency,

although 1.5T, choline, creatine and spermine overlap considerably. The changes in

concentration of these metabolites can be use to identify cancer with high specificity.

Specifically, in spectra taken from region of prostate cancer, citrate and spermine are

significantly reduced or absent while choline is elevated relative to spectra taken from

region of normal prostatic tissue (Figure 6).

One of the strength of prostate MRSI is that many of the biochemical mechanisms that

result in the observed metabolic changes are now known. Healthy prostate epithelial

cells posses the unique ability to synthesize and secrete large amount of citrate [17]. The

decrease in citrate with prostate cancer is due to changes in both cellular function and the

organization of the tissue, resulting in the loss of its characteristic ductal morphology.

Biochemically, the loss of citrate is linked to changes in zinc levels that are extraordinary

high in healthy prostate epithelial cells [18]. Zinc levels are dramatically reduced in

prostate cancer and the malignant cells demonstrate a diminished capacity for net citrate

production and secretion.

*
a
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As in other cancers, the elevation of choline peak is associated with changes in cell º
membrane synthesis and degradation that occurs with evolution and progression of

cancer. Additionally, changes in cell density can also contribute to the observed choline *

increase in prostate cancer, since densely packed malignant cells replace normal prostatic * .

ductal morphology, forming prostate cancer nodules. 2, º,

W.

_ - - *-
-

citrate
Choline permine

\

PFM 30, 25 2.0T PPM 3.0 2.5 2.0

Figure 6. MRSI data from prostate at 1.5T. Note that
spermine resonance occurs in between the choline and
creatine resonances and the three resonances are

overlapped. In the voxel taken from the region of
cancer (left), citrate, spermine and creatine were
dramatically reduced to baseline level, while choline
was significantly elevated.
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In recent years combined MRI/MRSI has been shown to improve staging of prostate

cancer, localization of intraglandular disease, and assessment of prostate cancer

aggressiveness [14, 19-21]. The assessment of cancer spread through the capsule is

becoming more difficult as fewer men demonstrate gross cancer spread due to earlier

cancer detection. The addition of a MRSI-based estimate of tumor extent to high

specificity MRI findings for ECE [22] improved the diagnostic accuracy and decreased

the inter-observer variability of MRI in the diagnosis of extracapsular extension of

prostate cancer [14]. However, with the spatial resolution currently employed at 1.5T for

MRSI (0.34 cc) and measurement variability still limits accurate tumor volume estimates,

especially for small tumors (< 0.5 cc) [23].

The high specificity of MRSI to metabolically identify cancer can also be used to

improve the ability of MRI to identify the location and extent of cancer within the

prostate. A study of 53 biopsy proven prostate cancer patients prior to radical

prostatectomy and step-section pathologic examination demonstrated a significant

improvement in cancer localization to a prostatic sextant (left and right – base, midgland,

and apex) using combined MRI/MRSI versus MRI alone [24]. A combined positive result

from both MRI and MRSI indicated the presence of tumor with high specificity (91%)

while high sensitivity (95%) was attained when either test alone indicated the presence of

CanCCT.

In addition to the characterization of prostate cancer prior to therapy, MRSI may be

particularly valuable for detection of recurrent/residual diseases in post therapy patients

ºr.
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[25, 26]. After therapy the prostate is often significantly decreased in size and in most

cases the distinction of normal prostatic zonal anatomy and pathology on T2 weighted

images is lost [27, 28], thus the ability of MRI to depict cancer in prostate gland post

therapy is very limited. In a study of 65 patients who underwent hormone deprivation

therapy, the potential value of MRSI to identify residual cancer and to provide a time

course response during hormone deprivation therapy was demonstrated [29]. In a recent

study of 21 patients with detectable or rising PSA after external beam radiation therapy

[25], using the number of suspicious voxels in MRSI to define different diagnostic

thresholds, the area under the receiver operating characteristic curve for MRSI (0.81) was

significantly higher than that of MRI (0.51). More specifically, the finding of three or

more suspicious voxels in a hemiprostate had a sensitivity and specificity of 89% and 82

% respectively, for diagnosis of locally recurrent cancer.

These studies have shown good evidence that MRSI can improve the in vivo

characterization of prostate cancer prior to therapy and can provide information about its

response to therapy. However, it is desirable to further improve MRSI techniques to

provide higher spatial/spectral resolution, to obtain additional metabolic information

based on new markers, and to combine MRI/MRSI with other functional/morphological

MR modalities in order to increase the usefulness and scope of applications for prostate

MR exams.

E) Diffusion tensor imaging

a. Diffusion of water

S.
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Water diffusivity is a measure of the random motion of water molecule due to thermal

motion or Brownian motion. Any particle with non-zero mass in an environment of non

- -
8k T

-

zero temperature will have a mean velocity of V i. following the Maxwell-Boltzmann

distribution. The phenomenon was first observed by Jan Ingenhousz in 1785 and

rediscovered by Brown in 1828. In 1926, Einstein used kinetic theory to derive the

diffusion constant, which is proportional to the root mean square of the diffusion

distance.

b. MR signal and diffusion 90° 180°

One of the most widely used

-

RF A ||
techniques to produce a MR signal V V

- - - -
Ö Ö

that is sensitive to the motion of [H] [H]

water molecule is the spin-echo G
<!->

Adiffusion preparation method
Figure 7. Spin-echo diffusion preparation.
Assuming trapezoidal gradients are used, the
gradient factor b is related to the diffusion
gradients by:

(Figure 7). After the initial

excitation RF pulse, two gradients

- -
3, a■ , , , , 6, e” 6e

that have equal size are applied b = y “Gº |6 (A-3)-in- 6

around a 180° refocusing pulse. , where e is the ramp of the gradient.

Once the spins are rotated into the

transverse plane by the 90° excitation pulse, the spins accumulate a certain amount of

phase due to the first gradient. This phase accumulation is exactly reversed by the second

gradient after the spins are refocused by the refocusing RF pulse and returned to its

original coherent state. However, if some amount of net diffusion occurred during or

17



between the gradient pulses, the spins affected by the diffusion will not be perfectly

refocused and a certain degree of coherence of these spins is lost. This loss of the

coherence leads to a decrease in the signal observed.

The measurement of diffusion in MR is determined by the relationship between the loss

of the signal and the gradients applied. This relationship is expressed by

S = So exp(-bD), where S., is the signal intensity when no diffusion gradients are

applied, b is the gradient factor, and D is the diffusion coefficient. Usually the gradients

are applied along several specific directions so motion can be measured along different

orientations. In diffusion MR studies in vivo, the diffusion parameters measured can be

related to tissue microstructure, since water mobility differs due to morphological

environment (open versus restricted).

c. Single shot fast spin echo diffusion sequence

The timing diagram of the single shot fast spin-echo (SSFSE) diffusion sequence is

shown in figure 8. The sequence is a basic SSFSE sequence with the spin-echo diffusion

preparation at the beginning of the acquisition. After the initial spin-echo diffusion

preparation, a second 90° RF pulse and an additional gradient prior to the pulse is added.

This extra pulse-gradient pair destroys half of the magnetization in the transverse plane

created by the spin-echo diffusion preparation. This eliminates some of the stimulated

echo pathways and allows CPMG condition to be reached in the fast spin-echo echo train

[30]. Ignoring relaxation and other imaging related artifacts, SSFSE diffusion sequence

will yield about half of the SNR compared to the echo planar diffusion sequence.

*
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However, SSFSE diffusion is insensitive to the distortion and susceptibility artifacts

associated with EPI.

90° 180° 90° 180 180° 180°

RF —— | | ||

esp Tesp

Slice Tl T. [T] | | |
LI LTL

Phase | | |

---> || ||
Read | | I l I L I |

A

Figure 8. Sequence timing diagram for SSFSE diffusion sequence.

d. Echo-planar diffusion sequence

Similar to SSFSE diffusion sequence, echo-planar imaging (EPI) diffusion sequence

begin with a spin-echo diffusion preparation (figure 9). But instead of using an FSE

sequence for acquiring the k-space points, fast gradient reversal is utilizing during the

readout to traverse k-space. Images can be acquired very rapidly since no addition

refocusing pulses are needed. EPI diffusion sequence is used extensively in brain studies.

But for body application, the spatial distortion artifact related to magnetic susceptibility

effects can be severe and prevent direction comparison or correlation of the diffusion

~
*
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parameters to anatomical or metabolic information obtained by MRI/MRSI. Parallel º

imaging [31] can reduce these effects but not totally remove them.

90° 180°
-

RF A ||
V |

**

Slice H J.
Y

Phase ■ l ■ l ■ l ■ l ■ l
Blipped Ö Ö

<HP “HP

Read | | | F-1 F-L I-1
<HP- L L-J L

A

Figure 9. Pulse sequence timing diagram for EPI diffusion sequence.

E) Relaxation time measurements

Ignoring diffusion affects, signal changes in MR after excitation or perturbation of the

system are affected by two time constants T1 and T2. These time constants are inherent

properties of the environments that the spins reside.

a. TI relaxation time

T1 relaxation time, or spin-lattice time constant, is the time required for the spins to

return to 63% of its original thermal equilibrium energy state following a 90° excitation |

RF pulse. Physically, T1 involves the exchange of energy between the nuclei and the N
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surrounding lattice. This relationship is illustrated in figure 10 and is also described by rº

dM. (Mo - M2)
dt T T1 will be dependent on field-strength because greater energy

1 >

exchange is required at higher frequencies, this relaxation effect will take longer at higher

fields. Therefore T1 values lengthen with increasing Bo. º

T1 relaxation time is º

1 - 1 Y

1.0 [− exp(t/T1) most often measured by
e

saturation recovery

techniques. In the

0.63
saturation recovery

M./Mo

method, 90° RF pulse is

used to rotate the

magnetization into the

T1 f transverse plane. The

Figure 10. TI relaxation curve. spins are Saturated

because now M, is zero. The spins are allowed to recover during the TR. If this

experiment is repeated, the amount of the signal observed in the following experiment

will depend on the amount of recovery. The amount of recovery will depend on the T1 of

the spins as well as the TR. By obtaining data from experiments with various TR, data

points can be fitted to construct the relationship in figure 10, then T1 can be estimated. *_

Inversion recovery techniques can also be used to measure T1.

b. T2 relaxation time
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T2 relaxation time, or spin-spin time constant, is the time required for transverse

magnetization to decay to 37% of its initial value. The fluctuations in magnetic field

cause spins in the transverse plane to lose their coherence, thus resulted in decay of the

*May - May
dt T2

net magnetization. This decay is described by and also illustrated in

figure 11. T2 relaxation is not field dependent because these fluctuations of energy

(magnetic field) are very small compared to Bo.

The T2 relaxation

exp(-t■■ 2) time is typically

measured by using

spin-echo

May/Mo experiments with

varying echo time
0.37

and fixed TR. The

T2 t signal decay at TE in

Figure 11. T2 relaxation curve. a spin-echo sequence

depends on both T1 and T2. But since T1 >> T2, as long as the TE’s used are much less

than T1, the signal decay in spin-echo experiments can be attributed primarily to T2

relaxation. T2 decay curves such as figure 11 can be constructed and T2 can be

estimated. More sophisticated and more accurate preparation sequences can be

developed for more robust T2 measurements.

*A.
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Chapter 3: 3T MRI of Prostate Cancer

In this dissertation project, I developed, applied and tested new methods for high field (3

Tesla) Magnetic Resonance imaging of prostate cancer. Initially the focus was on

improved MR coils and improved anatomic MR imaging.

In recent years, 1.5T endorectal/pelvic phase array coils for prostate imaging have

become commercially available as prostate MRI/MRSI has become a routine clinical

exam. For 3T however, endorectal coils are not yet available from manufactures. An

integrated setup also does not exist for using custom build/prototype 3T endorectal in

conjunction with available 3T pelvic phase array coils. In order to take advantage of the

potential gain in SNR for prostate imaging at 3T, new hardware needed to be developed.

A) 3T hardware development for prostate imaging

a. Rigid endorectal coil

For imaging of prostate, an endorectal coil provides up to ten fold increase in sensitivity

over extenal body/pelvic coils because of the coil size and its close proximity to the

region of interest. Almost all clinical studies conducted at 1.5T utilize the inflatable

Medrad (Medrad, Pittsburgh, PA) endorectal coil due to its good coverage and FDA

approval. However, with a smaller size and higher Q of a rigid endorectal coil, it is

possible to acquire MR data with improved spatial resolution. In addition, the rigid

endorectal coil eliminates the air tissue interface of the inflatable balloon coil. This

23
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allows better homogeneity and reduced magnetic susceptibility artifacts in the region of

interest. A recent study demonstrated some of the advantage of the rigid coil over the

Figure 12. Simulation used for design of the rigid coil for prostate MRI
(left) and the finished single element probe (right) attached to a holder for
stabilization during imaging.

Medrad coil [32]. In addition, the rigid coil design may allow construction of a phased

array endorectal coil to provide improved parallel imaging capability. It is also possible

to construct dual-tuned probes for multi-nuclear MRS studies.

In this study, a single element rigid endorectal coil was constructed based on prior

designs. The probe size was approximately 3.9 inches x 1 inch for adequate coverage of

the prostate while maximizing patient tolerance. The coil was tuned to 127.7 MHz. The

probe was constructed using Delrin plastic. This material exhibits excellent chemical

resistance, required for sterilization purpose, and electrical insulating properties, with a

dielectric strength of 500 volts/mil and a volume resistivity of 10° ohm-cm. It also has

good mechanical properties with ultimate tensile strain of 60%, which is critical to

eliminate brittle fractures and to produce a smooth well-tolerated probe. The coil

performance was evaluated by MR imaging with phantom and in prostate

patient/volunteers (figure 13).
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Figure 13. Oblique axial (left) and oblique coronal (right) T2-weighted FSE images
acquired from a prostate cancer patient using the custom built single element
endorectal coil. Excellent tissue contrast and SNR were obtained.

b. Pelvic phased-array coils

In addition to the endorectal coil, a multi-channel pelvic phased-array coil is required for

clinical prostate MRI/MRSI exams for its coverage of lymph nodes in the lower

abdominal area. Two different pelvic phase-arrayed coils compatible with GE MR

scanners are used at our institution. One is the 4-channel GE pelvic phased-array coil and

the other is the 8 channel USAI pelvic phased-array coil. A custom build connector was

constructed to allow the prototype endorectal to be used in conjunction with the pelvic

phased-array coils. Software that controls the interface between the coils and the MR

system was modified as well. In addition to the coverage up to bifurcation, pelvic phase

array coils provide parallel imaging capability, which is especially helpful in reducing

susceptibility induced spatial distortion for EPI-DTI. This will be demonstrated in later

chapters.
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c. Dual-tuned probe

At lower field, "P MRS has been shown to have the ability to characterize the

phosphorylated metabolites of normal, hyperplastic and malignant tissues in human

prostate■ 33]. But limitation in spatial resolution (1.5cc - 3cc) hinders its usefulness. At

3T, "P MRSI is promising due to the potential for increased SNR, making it possible to

increase the spatial resolution. But the lack of double-tuned 3T prostate coils has

prevented the development of this technique.

Figure 14. The internal circuitry of the concentric coplanar dual-tuned
prostate probe.

The dual-tuned prostate probe developed in this study uses the identical rigid endorectal

housing as the single element endorectal coil described before, with the same size and

material. Two different designs of the coil were constructed: a coplanar design and a

concentric dual layer design. In both designs, the two coil elements ('H and "P) were

built from solid copper wire into oval shape. Four capacitors were distributed

symmetrically around each oval element on the major and minor axes. This minimized

the downfield shift of the resonance frequency during coil loading. In both designs, the

'H coil was designed for use in receive only mode, with tuning and matching circuitry as

well as an active PIN diode trap for "H coil detuning during body coil transmit, built into

the handle of the probe (figure 14).
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The "P portion of the coil was designed for use in both transmit and receive modes. The

objective of both design was to maximize "P sensitivity. For the concentric coplanar

design, the inner coil was tuned to 51.7 MHz ("P) while the outer coil was tuned to 127.7

MHz (1H). This maximized the coverage of 1H coil while reducing the volume covered

by the "P coil, thus maximizing the "P coil sensitivity. For the dual layer design, both

'H and "P coils have the same size, therefore the "P coil was placed nearest to the

prostate to maximizing the SNR for the less sensitive nuclei. This design however,

reduces the proton sensitivity slightly since an additional 3mm distance was added

between the proton coil and the prostate gland. The coils were tuned and matched to 50

ohms and decoupled from one another while loaded on the laboratory bench.

Figure 15. Oblique axial (left) and oblique coronal (right) T2-weighted fast
spin-echo images of the human prostate acquired using the coplanar |H/3'P
dual-tuned endorectal coil.

The performance of the coil was evaluated by imaging in phantoms, volunteers and

prostate cancer patients. Non-localized phosphorus spectra was also acquired in prostate

cancer patients (figure 16). Further testing is required to define the SNR and spatial

coverage for "PMRS studies in vivo at 3T.

*
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Similar designs were also used to construct dual-tuned "C"H probe for "CMRS studies

of human prostate in vivo. With the possibility of injecting hyperpolarize”C compounds

into human to increase the MR sensitivity for "C molecules by >10,000 fold, "CMRS of

prostate could provide valuable additional metabolic information [34].

1–1–1–1–1–1–1–1–1–1–1–1–1–1–1–1–1–1–1–1–1–1–1–1–1–1–1–1–1

*iPC/PE Cr
8x10"—

:

-

8x10'-

4x10'-

2x10"—

Frequency (ppm)

Figure 16. Non-localized "P spectra acquired from human prostate in vivo
using the coplanar dual-tuned endorectal coil. Data was acquired with 1.0s TR,
5000Hz / 1024 pts filter and 64 averages.

B) Imaging of Prostate Cancer at 3T

a. High resolution T2-weighted FSE

With the potential two-fold SNR increase in SNR at 3T over 1.5T, it should be possible

to acquire MRI from prostate at a higher spatial resolution without compromising the

imaging quality. Currently at 1.5T, axial T2-weighted FSE images are acquired with 14

cm FOV (16 cm for coronal images), 256 x 192 spatial encoding matrix, 3mm thick

>
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slices, and TR/TE of 6s/102ms. Typically three averages are performed to obtain good rº

SNR and total scan time required is approximately 3.5 minutes. The preliminary goal for
s

improving the anatomical imaging of prostate was to increase the spatial resolution

without any degradation in imaging quality/contrast and increase in scan time while

maintaining the spatial coverage. 3T axial FSE images were acquired with 12 cm FOV º:

(14 cm FOV for cononal images) with the same spatial encoding matrix and sequence

timing as compared 1.5T. By using the same encoding matrix and a smaller FOV, the

spatial resolution is increased. Initial 3T-1.5T comparison studies were performed using

3T prototype Medrad inflatable balloon coil and commercial 1.5T Medrad coil. A total

of ten patients were scanned at both 1.5T and 3T. Each patient was scanned at both 3T

and 1.5T within at most two weeks and often on the same day. Oblique axial T2

Figure 17. Prostate cancer patient imaged at both 3T and 1.5T using Medrad endorectal *

coil. Oblique axial T2-weighted FSE images acquired at 3T in 3:42 using 256x192
encoding matrix, 6000s/102ms TR/TE, 3mm thick slices and 12 cm FOV (14 cm for
1.5T). Improved image quality was observed at 3T. Finer structures such as the neuro
vascular bundles (arrow) were better depicted at 3T due to higher spatial resolution and |
increased susceptibility weighting. ---



weighted FSE images acquired at 3T demonstrated excellent tissue contrast and improved º
depiction of smaller structures probably due to the increase in spatial resolution used at

3T as well as the increase in susceptibility at higher field (figure 17). Oblique coronal -

FSE images also showed similar improvement at 3T over 1.5T (figure 18). Increased º

signal-to-noise ratio (SNR) was also observed in the 3T images over 1.5Timages. This is *. º

most likely due to the fact that the increase in spatial resolution (~26% smaller voxels at

3T) utilized only part of the possible 2-fold SNR increase at 3T over 1.5T.

Figure 18. Oblique coronal T2-weighted FSE images acquired at 3T in 3:42 using
256x192 encoding matrix, 6000x/102ms TR/TE, 3mm thick slices and 14 cm FOW
(16 cm for 1.5T). Note the SNR increase of the 3T images over the 1.5T images.

Although further studies with correlations to “gold standard” histopathology are needed

to demonstrate the benefits of anatomical MR imaging at 3T over 1.5T. It is reasonable º

to speculate that the increased image quality, resolution and SNR at 3T may improve the
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staging of prostate cancer using MRI. It may also increase the sensitivity of MRI for º,

localization of small foci of disease. *
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Chapter 4: Prostate MRSI at 3T

The goal of this part of the dissertation project was to develop and test new techniques for

obtaining metabolic MR spectroscopic imaging at 3 Tesla. To date, virtually all prostate

MRI/MRSI studies have been acquired using 1.5 Tesla MR systems. The typical spatial

resolution of MRSI at 1.5T has been -0.3 cc or a voxel with 7mm on a side [29, 35, 36].

Due to the complex zonal anatomy of the prostate and the often small, multi-focal nature

of prostate cancer, partial volume effects remain a problem in some MRSI studies even at

0.3 cc spatial resolution. With the recent availability of 3T whole body systems, the

potential exists for improving spectral signal-to-noise and resolution for prostate MRSI

using these high field MR scanners. An aim of this project was to determine if the

theoretical two-fold increase in signal-to-noise ratio (SNR) from 1.5T to 3T could be

realized thus allowing the MRSI data to be acquired with half the voxel size at 3T

without compromising spectral quality. The increase in spectral resolution at 3T also

may offer better separation of the choline, polyamine and creatine resonances that

overlap considerably at 1.5T.

There have been a few recent studies investigating prostate MRSI at 3T [37-44],

however, none have demonstrated the theoretical doubling in signal-to-noise ratio (SNR)

possible at 3T as compared to 1.5T. In addition, these studies have reported major

challenges in obtaining and quantifying 3T prostate MRSI data due to differences in J

modulation of the citrate resonance, magnetic susceptibility induced magnetic field

inhomogeneities, and chemical shift misregistration as compared to 1.5T studies. In this

-
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chapter, I describe in detail the technical challenges and the methods I developed to zº
-

address them. º

~

tº "

A) Challenges for prostate MRSI at 3T

a. J-modulation of the citrate resonance

'W'. ..]
One of the challenges for prostate MRSI at 3T is the accurate quantification of citrate at a *

*

reasonable echo time to allow the decay º
-

>*** * *

-
of macromolecule signals and to avoid ~~~~ …'

O -: , ,
I ,9 T2 signal loss (60-130 ms). At both :

H, C H ~~~".
A A 1.5T and 3T, the methylene protons of :- º

-
| | |

- º

O - C - C - C- C - C - O citrate molecule (figure 19) are -** >
*

| I I | | considered to be a strongly coupled AB
O H, O H, O

- - - -

B H spin system resulting in changes in the

Figure 19. Chemical structure of the appearance of the citrate doublet of
citrate molecule. The AB methylene
proton coupling partners are indicated. doublets and a complex modulation of

the citrate resonances with increasing

echo time■ 45, 46]. It has been shown that with the conventional Point-RESolved

Spectroscopy (PRESS) pulse sequence at 1.5T, the outer resonances of the citrate doublet

of doublets represents only a small percentage of the inner resonances and the inner

resonances of the citrate doublet of doublets are maximally upright at an echo time of

between 120 and 130 ms [45]. *
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At 3T, the outer resonances of the citrate doublet of doublets become significantly larger Z've

and, within the range of acceptable echo times for in vivo prostate MRSI using PRESS

sequence, an inverted citrate with the outer lines out of phase is be observed at the TE of
() )

90 ms [37, 41]. This spectral pattern is undesirable because the inverted lines may result

in cancellation with neighboring spectral component in inhomogeneous or poorly º, º

shimmed voxels. The out of phase components also make accurate quantification
■ .■ cº

difficult. Our initial J-resolved MRS studies have shown completely upright citrate at an A■
Y

echo time (TE) of 250-260 ms (figure 20), but acquiring prostate MRSI data at this long ---
º

> -s;

TE would result in substantial signal loss due to T2 decay especially for the choline ~~~ º
-**

resonance. Investigators utilizing the J-PRESS sequence demonstrated an upright citrate rº
*_*º

at a TE of 180 ms, which is still impractically long [40]. Other studies have shown that ---,
o

-* º
E-V-TE350 - 1. . . Real . . l - - *
--~~~\%- “ f

=ºse ... " – TE 160
10ms st - ~ :
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Figure 20. TE dependence of the phase and amplitude modulation of the citrate sº
resonance at 3T. This data was acquired in-vivo with J-resolved PRESS sequence, with

minimum TE of 40 ms, 10 ms steps and maximum TE of 360 ms. y
*- -

short echo time (30-35 ms) acquisitions provided favorable behavior for citrate (upright),
º

but suffer from spectral contamination of macro-molecules, lipids and polyamines |
º

obscuring metabolites of interest such as choline and creatine [39, 42]. S
-
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Thus, the ideal 3T MRSI technique must allow acquisition of fully upright citrate

resonance for robust and accurate quantification at an

echo time that avoids both contamination of

macromolecules and T2-decay of the metabolites of

interest.

b. Other considerations for 3T prostate MRSI

In addition to the J-modulation changes, several other

challenges exist for performing prostate MRSI at 3T.

The increase in magnetic susceptibility with the field

strength increases the magnetic inhomogeneity in and

around the region of interest, which can cause

broadening of peaks. The broadening of the lipid and

water resonances may overlap with the metabolites of

interest and rendering the spectra unusable. Thus despite

the increase in chemical shift dispersion, lipid

suppression remains a major concern for prostate MRSI.

Another important consideration for 3T prostate MRSI is

relaxation effects. The theoretical increase in Tl

relaxation time at 3T over 1.5T would cause the signal to

saturate more if the same repetition time used at 1.5T is

TE = 50

|
TE = 90

TE = 130

TE = 170

Figure 21.

Sequence.

The effect of J

modulation on the apparance
of the citrate spectrum at 3T
with the conventional PRESS

~
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used at 3T. This signal saturation would negate at least some of the SNR gain at 3T.

Another important factor for in-vivo MR is the increase of energy deposition by RF

pulses into the tissues required at increased field strength. The RF pulse and sequence

parameters must be designed to keep specific absorption rate (SAR) below the FDA

approved limit and peak power below the RF amplifier limits. Also increased with field

strength is the chemical shift misregistraion, which can result in errors in metabolic

assessment of the prostatic tissue. Design of higher bandwidth or optimized spectral

spatial RF excitation and refocusing pulses along with robust outer volume suppression

are necessary to reduce the artifact.

B) Sequence Design for Prostate MRSI at 3T

a. Theory and simulations

The behavior of the strongly coupled citrate AB spin system is not readily described in

classical terms and requires a quantum mechanical description. The most convenient

expression for calculating citrate behavior is obtained through the density matrix

formulism. These matrix expression can be implemented as numerical simulation.

The density matrix, p, holds all of the information about the spin system at any point in

time, with the evolution of the system as a function of time governed by the Hamiltonian

-iHt/h iHt/hH. p = e”pe

The Hamiltonian for an AB spin system can be written as follows:

H=(a)41, + albS) + 2 JOI.S + IS, + I.S.).

º
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Where I and S are the angular momentum operator for the spins A and B, respectively, a 4

and a B are the chemical shifts of spins A and B, respectively. And the subscripts denote

the direction along which operators act. The first bracketed expression: (a)41. 4- a)B.S.) is

the conventional Zeeman Hamiltonian, and the second term: 21U(I.S. + 1,S, + I.S.) is a

dot product between the operators for spins A and B, governing the coupling behavior.

With the Hamiltonian of the AB system written in matrix form and a matrix expression

for the effect of an RF pulses [47], the behavior of H. p = e”pe” was investigated in

MATLABTM.

The behavior of the AB spin system with the conventional PRESS sequence and echo

times typically used in in vivo application (70 ms – 140 ms) was simulated by this

method (figure 21). At these echo times with conventional PRESS sequence, there is

enough evolution time that J-coupling significantly changes the citrate spectrum. The

result of the simulation was consistent with what we observed in the J-resolved human

study (figure 20). The best condition that can be found at an practical echo time is

maximally inverted citrate at TE of 90 ms. But as mentioned in the previous section, the

outer lines of the doublet of doublet are out of phase, which results in difficulties in

quantifying the citrate resonances.

It has long been known that [48] a train of closely spaced refocusing pulses could inhibit

J-modulation, even in strongly coupled systems such as that described above. The reason

for this, as given analytically in [48], is that the frequency of the echo train modulation

depends on a factor Rtop, where tºp is the time between refocusing pulses. The variable R

27



is given by: R = (8° 4 J')", where J is the coupling constant and 6 is the chemical shift zºº

difference between spins A and B (both values in Hz). The dependence of the

modulation on Rtop is complex, but the modulation can be shown to be negligible when
{} |

R1, 3 1 [49, 50). For citrate at 3T, 6 and J are approximately 16 Hz and 15 Hz [51];

thus the limit for tºp for negligible citrate modulation is tºp << 46ms. *

b. MLEV-PRESS sequence and spectral-spatial refocusing pulses

The goal of the pulse sequence design was then to incorporate the J-refocusing properties

of a train of

SSRF MLEV train SSRF Begin closely spaced
Readout

RF all. Lll Ll Lulu. refocusing pulses
|--|--|--|--| --|--|--|--|--

-

12 23 Cp t Ir (short tep) into a

_■ \■ i■ |l■
Gx || L J pulse sequence

Gyr-■ ºl ■ ] that has the other

G. ■ ." ■ l. ■■■ l- necessary

Phase
—º i ■ º- properties for in

vivo prostate
Figure 22. Pulse timing diagram of the new 3T prostate
MRSI sequence. Spatial selection is similar to that of MRSI. Robust
conventional PRESS sequence, with spatially selective 90°
pulse and two spectral-spatial 180° refocusing pulses water and lipid
selecting three dimension of the volume. The train of non
selective pulses with MLEV phase cycling provides J- suppression

**

refocusing. • *.
accomplished by

using spectral-spatial RF (SSRF) refocusing pulses within the PRESS sequence has been

shown to be a reliable approach [16]. A significant advantage of SSRF pulses is that the º
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short duration of the sup-pulses (e.g., 1 ms) provides high bandwidth in the spatial

dimension (e.g., 8 kHz). This property limits the chemical-shift mis-registration that

becomes problematic at high field. The new sequence design for 3T prostate MRSI is

shown in figure 22.
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Figure 23. Design of the short spectral-spatial refocusing pulses. The RF (a)
and the gradient (b) waveform are shown. The net pulse duration is 14 ms,
with each sub-lobe 1 ms long. The spectral response (c) of the pulse shows a
passband for the metabolites of interest from -162 Hz (3.43 ppm) to -297 Hz
(2.37 ppm), the frequencies relative to water. With two of these SSRF pulses
(as in figure 22), the spectral profile will be the square of the profile shown,
given 100-fold suppression of water in the attenuated passband and 120 dB
(million fold) suppression of lipids in the stop band beginning at -390 Hz (1.65
ppm). The 2D spatial vs. spectral profile (d) is plotted at the minimum slice
thickness of 4.8 mm (FWHM).
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To limit the J-modulation during the RF pulses, new dualband spectral-spatial RF pulses

were designed to be as short as possible yet retain adequate tolerance to main-field

inhomogeneity [16]. The B-polynomial for the spectral dimension (one of the input to

the Shinnar-Le Roux transform [52]) was designed using the complex-valued version of

the Remez exchange algorithm, as implemented in MATLAB". To reduce the peak RF

amplitude, non-linear phase was created across the spectral passband using the “root

flipping” method [53, 54]. This B-polynomial, together with B-polynomial for the spatial

dimension (time-bandwidth = 7.2), was passed through the inverse 2-dimensional

Shinnar-Le Roux transform [55] to generate the SSRF pulses used in the sequence (figure

23). The gradient waveform was designed to meet the constraint that the peak amplitude

of the pulse be within the RF amplifier limits for body-coil transmission (16 uT). In

order to keep the amplitude down, a fairly long (1ms) sub-lobe duration was used, and

the length of each gradient ramp was limited to 200 us, giving a longer plateau. This

caused the maximum gradient amplitude to be 30 mT/m, giving a minimum voxel

thickness of 4.8 mm. The bandwidth of the pulse in the spatial dimension is 6.1 kHz,

giving a nominal chemical-shift misregistration of 0.5 mm for citrate relative to choline,

assuming a 40 mm profile. However due to the use of the 2-dimensional design method

[55], the chemical-shift misregistration over the passband (choline to citrate) is zero. The

spectral response of the pulse accommodates a +28/-30 Hz tolerance to main field

inhomogeneity (5% attenuation of citrate and choline).

These new SSRF pulses were implemented in the modified version of the PRESS

sequence shown in figure 22. A train of eight non-selective refocusing pulses was used,

s
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with an 8-step MLEV [56] phase cycle to provide some tolerance to RF inhomogeneity

Experiment Simulation

| -1

| –

|:
= 95

|:
-
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Figure 24. Results from phantom
experiment using the new pulse
sequence. The citrate spectrum is
shown at various echo times, with
corresponding simulation results for
comparison.

and transmit gain variations. For comparison

with experimental results, the J-modulation of

citrate within this pulse sequence was simulated

using the density matrix method described

above, with H = (a)41, + abºS) + 2 J(I.S. + IS,

+ I.S.) written in matrix form, and a matrix

expression for the effect of an RF pulse [47],

the behavior of H. p = e "pe" was

investigated in MATLAB". Each spectral

spatial pulses was represented by a series of

hard pulses (14 for each SSRF) separated by the

sub-lobe duration (1 ms), with each hard pulse

having the same flip angle as the corresponding

sub-pulse and free evolution between the hard

pulses.

The sequence was implemented on a whole

body GE 3 T scanner (GE Healthcare

Technologies, Waukesha, WI). Phantom data

was acquired from a spherical phantom

containing metabolite of interest (choline,

creatine and citrate) in solution. A prototype 3T

s

* * º -
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Medrad inflatable endorectal coil (Medrad Inc., Pittsburgh, PA) was used for signal

reception and body coil was used for excitation. 3D MRSI data were acquired from the

phantom with 12 x 8 x 8 phase encoding matrix and nominal resolution of 0.157 cc (5.4

mm per side); TR was 1.3s. The echo time was varied from 75 ms to 105 ms to

investigate the J-modulation (figure 24). Good agreement between simulation and

experimental can be seen. However, there are some slight discrepancies that are likely

due to the approximate representation of the SSRF sub-pulses with hard pulses in the

simulation. The citrate resonance at TE of 85 ms appears to meet the desired criteria with

almost completely upright and high amplitude citrate central peaks and reduced outer

lines. However, citrate J-modulation is not completely suppressed, instead, the J

modulation has been manipulated such a useful spectral pattern for citrate is achieved at a

reasonable echo time for prostate MRSI.

C) MRSI of prostate cancer at 3T

The new MLEV-PRESS sequence incorporating the dualband SSRF and the refocusing

pulse train was applied in twenty-five 3T MRI/MRSI prostate cancer exams to investigate

its ability to provide high spatial and spectral resolution 3D-MRSI data at 3T. A

preliminary comparison study between 3T and 1.5T MRSI data on ten of patients was

also conducted to investigate differences in SNR, spectral resolution and the detection of

abnormal metabolite levels.

a. Patient population
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Thirty-five MRI/MRSI exams were performed on twenty-five men who ranged in age

from 52 to 73 years old with a mean age of 63.8. All twenty-five patients had one exam

at 3T and ten of the patients had prostate MRSI exams at both 3T and 1.5T. In all cases

the 1.5T exam was acquired within 2 weeks of the 3T exam, with the average time

between exams being 1.5 day, and eight of the ten 3T/1.5T exams were performed on the

same day. Twenty of the twenty-five patients had biopsy proven prostate cancer; three

age-matched subjects had negative biopsy results, and two other subjects were scanned

due to a rising PSA without biopsy proven prostate cancer. For the twenty-three patients

who had prior biopsy, the MRI/MRSI exams were performed with a minimum of 54 days

and an average of two years and 349 days after biopsy. Twenty-two patients had no prior

therapy, one patient had external beam radiation therapy, and two patients had combined

androgen deprivation therapy (anti-androgen + LHRH agonist).

b. 3T MRI/MRSI protocol

All 3T examinations were performed on a 3T GE Signa scanner (GE HealthCare

Technologies, Waukesha, WI) using the body coil for excitation and a 3T Medrad

prototype inflatable endorectal coil (Medrad, Pittsburgh, PA) filled with Flutech T14 TM

(F2 Chemicals, UK) or a custom designed rigid coil in conjunction with a pelvic phase

array coil for signal reception. All 1.5T examinations were performed on a 1.5T GE

Signa scanner, using body coil for excitation and a Medrad inflatable endorectal coil

filled with Flutech T14" (F2 Chemicals, UK) or a USA Instrument rigid coil (USA

Instrument, Aurora, OH). Flutech T14 is a fully fluorinated, colorless, odorless, non

toxic fluid with a magnetic permeability similar to tissue and thus is an ideal substitute
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for air to inflate the endorectal coil. Twenty of the twenty-five 3T exams were performed

using the custom designed rigid coil and five were performed using the Medrad coil. The

same type of the coil (rigid or inflatable) were used at both 3T and 1.5T for each of the 10

patients who underwent both 3T and 1.5T exams.

Both 1.5 and 3T MRI/MRSI exams included the following imaging sequences. Sagittal

fast spin echo (FSE) localizer images were acquired to check coil placement and to

prescribe the subsequent imaging series. Oblique axial T2-weighted FSE images (TR/TE

= 6000/102ms, 3mm slice thickness, no inter-slice skip, 12 cm FOV at 3T and 14cm

FOV at 1.5T, 256 x 192 matrix, and no phase wrap) were obtained next. Oblique coronal

T2-Weighted FSE images (TR/TE = 6000/102ms, 3mm slice thickness, no inter-slice

skip, 14 cm FOV at 3T and 16 cm FOV at 1.5T, 256 x 192 matrix, and no phase wrap)

were acquired following the oblique axial FSE images. Axial T1-weighted SE images

(TR/TE = 950/9ms, 5mm slice thickness, 1mm inter-slice skip, 24 cm FOV and 256 x

192 matrix) were also obtained.

The MLEV PRESS-MRSI volume was selected from the axial T2-weighted FSE images

to include as much of the prostate as possible but to exclude periprostatic lipid and

seminal vesicles. For the exams at 3T, 12 x 8 x 8 phase-encoding steps were used to

yield spectra with 0.157 cc nominal spatial resolution (5.4 mm per side) with the larger

FOV in the right-left orientation. The 3T3D-MRSI acquisition parameters were: TR =

1.3s -1.5s; TE = 85ms; spectral width = 2000 Hz; 1024 complex points; 1 acquisition per

phase-encode step; and a scan time of 16 to 18 min. For the exams at 1.5T, 16 x 8 x 8
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phase-encoding steps were used to yield spectra with 0.343 nominal spatial resolution (7

mm per side). The standard pre-scan routine provided by the manufacturer was

performed just prior to the MRSI acquisition at both 1.5T and 3T. The pre-scan routine

included the setting of center frequency on water resonance, setting transmit gain and

automatic shimming of the MRSI volume with linear shim correction. A PRESS

sequence with spectral-spatial refocusing pulses was used for all 1.5T MRSI acquisitions

[16]. The 1.5T 3D-MRSI acquisition parameters were the same as used routinely for

patient studies [35, 36, 57] and they were: TR = 1s; TE = 130ms; spectral width = 1000

Hz; and 512 complex points; and a scan time = 17 min. For one 3T exam conventional

PRESS with the 3T spectral spatial pulses were acquired with the same parameters as the

MLEV acquisitions except TE=90ms.

c. TI measurements

In five subjects, additional 3T single voxel MRS acquisitions with varying repetition

times were obtained to estimate the T1 of the prostate metabolites at 3T. Single voxel

spectra were acquired from a ~15cc volume within the prostate that contains both

peripheral zone central gland with four (n = 2) to six (n = 3) different repetition times

ranging from 650ms to 5s for these five patients. Single voxel spectra at varying echo

times were acquired with 32 averages. The other MRS acquisition parameters were the

Same as for the 3D MRSI Series.

d. Data analysis
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Custom software interfaced with IDL was developed to analyze and display the º

spectroscopy data. The reconstruction began with apodization with a 3 Hz gaussian in

the time domain and followed by Fourier transform in the time and three spatial domains

to produce the spectral arrays. Then, the spectra were corrected for phase and frequency

variations utilizing the residual water peak. The resultant spectra were baseline corrected a

a. b.
PRESS MLEV-PRESS
TE = 90ms TE = 85ms

polyamine

cholin \ creatin

/

a 1–1–1 a 1–1–4 a 1–1–1 a 1–1–1 1–1 a a 1–1 a a 1–1 a *—1–a–a–a–A–1–a–a–

—º-º-º-º: —º-º-;;−iº
PPM PPM

Figure 25. MRSI data acquired at 3T with both a) conventional PRESS sequence and
b) the MLEV-PRESS sequence from a fifty-nine year old prostate cancer patient. At
an echo time of 90ms using the conventional PRESS sequence, the citrate peak is
inverted but with considerable upright side-bands that make quantification of citrate º
difficult (a). Using the new MLEV-PRESS sequence at an echo time of 85ms, citrate 1.

was completely upright with a flat baseline which facilitates measurement of its peak
height and area. Other imaging parameters used in the 3T PRESS acquisition was
identical to that of MLEV-PRESS acquisition at 3T.
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and then peak heights were calculated. The noise was estimated from a region in the

right of the spectrum that does not contain any proton resonances [58, 59].

A Marquardt non-linear parameter search algorithm was used to fit the data to calculate

T1 relaxation times for the citrate and choline resonances [60, 61].

e. Results

As demonstrated in the representative data shown in figures 25-28, high quality T2

weighted images and 3D MRSI data were obtained from the 3T patient studies. At 3T

a. (3T) b. (1.5T)

-kº- *W*

|-rºw- -*-

--|--|--|--|--|--
4.1414– *~\rºw

Figure 26. Sixty-eight years old prostate cancer patient with biopsy confirm cancer
in right (3+3) and left (3+3) gland who underwent prostate MRI/MRSI exam at
both 3T (a) and 1.5T (b). High levels of citrate were observed in the region of
healthy prostate peripheral zone selected based on the lack of abnormalities on T2
weighted FSE images at both 3T and 1.5T. Note that higher spatial resolution was
used for the 3T MRSI (0.157cc vs. 0.343cc) as compared to the 1.5T acquisition.
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using a conventional PRESS sequence with dualband spectral spatial 180° pulses and an

echo time of 90 ms selected to invert the citrate inner resonances, the outer resonances

were out of phase and are significant (Figure 25a). However, using the MLEV-PRESS

sequence at the minimum echo time of 85ms, the inner citrate resonances were

maximally upright and the outer resonances were also upright and had minimum intensity

(Figure 25b). Sufficient magnetic field homogeneity was attained to resolve the inner and

outer lines of the citrate doublet of doublets. Average linewidth for water resonance was

12.5 Hz for the 3T MRSI studies. In all 3T studies acquired, spectral baselines were very

flat due to the upright citrate peak, the robust attenuation of water, and the suppression of

lipid resonances. No significant differences in spectral quality were observed between

studies performed with rigid endorectal coils and studies performed with inflatable

endorectal coil filled with Flutech T14". No patient discomfort was reported. In all

studies, no biopsy changes were observed since the exams were performed with a

sufficient time interval after the biopsies in all casessimilar spectral patterns were

observed from the 3T and 1.5T exams for the same patient see Figure(s) 26 and 27. High

levels of citrate were observed in healthy prostatic peripheral zone (Figure 26) and

elevated choline and reduced citrate, polyamine and creatine were observed in regions of

prostate cancer at both 3T and 1.5T (Figure 27). The higher spatial resolution of MRSI at

3T provided improved delineation and metabolic characterization of individual tumors as

compared to 1.5T. For the ten patients studied at both 3T at 1.5T, the 3T citrate peak

height SNR with correction for the difference in voxel resolution was calculated to be

2.08 + 0.34 (S.E.) fold higher than that of 1.5T. The gain in SNR from 1.5T to 3T was

significant (p = 0.04). In addition to the SNR increase at 3T, the increase in resolution
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Figure 27: Seventy-one year old prostate cancer patient with biopsy proven cancer
in the right gland (2+2) underwent MRI/MRSI exams at both 3T (a) and 1.5T (b).
In concordance with the biopsy result, MRSI found voxels of elevated choline and
reduced citrate in the right prostatic peripheral zone while citrate levels in the left
peripheral zone remained high. The higher spatial resolution of MRSI at 3T º
(0.157cc vs 0.343cc) allowed better metabolic delineation of the small area of - * *

disease. The observed SNR of the elevated choline resonance is higher within a 2, L
malignant voxel at 3T as compared to 1.5T due presumably to reduced partial a
volume effects. in

*

ºº
from 1.5T to 3T was also evident in the MRSI data. The citrate doublet of doublets were
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readily resolved at 3T with the separation of the central doublet often to 50% of the zºº

amplitude, and distinct peaks were observed for the overlapped resonances of choline,

Cancer

C ol in ©

Figure 28. Sixty-five year old prostate cancer patient with biopsy
confirmed prostate cancer (right lobe, G3+3). Elevated choline and
reduced citrate were observed in the region of positive biopsy (b) for
prostate cancer and that was suspicious for abnormality on the T2- sº
weighted FSE images (a). High level of citrate was observed in the

-

healthy prostate peripheral zone. With increased chemical shift -*.
dispersion and thus spectral resolution at 3T, changes in choline
resonance were observed independently from changes in polyamine and º
creatine, allowing more accurate assessment of cancer extent and

--

providing potentially more accurate metabolic information. | ||
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polyamine and creatine between 2.9 and 3.3 ppm (Figure 25 and 28). Due to the

increased spectral resolution, the choline resonance could often be observed with minimal

overlap from polyamine resonances (Figure 28).

The calculated T1 relaxation times of citrate and choline at 3T were 540 + 140ms and

961ms + 250ms respectively. Due to the large voxel size used for the T1 studies, the

B0 variation within the volume caused substantial line broadening, thus the polyamine

resonance and creatine resonance were not sufficiently resolved for the measurement of

their peak amplitude. Thus, the T1 relaxation times for these two metabolites were not

calculated.

f. Discussions

The extension of MRSI methods to higher field strength poses a number of problems

related to the design of RF pulses. The energy deposited by a given RF pulse is an order

of magnitude higher at 3.0T compared with 1.5T [62], and the RF field is more

inhomogeneous [63]. Another problem is that the resonant frequency of metabolites is

twice that at 1.5T, so RF pulses with twice the spectral bandwidth are required, which

typically have higher peak amplitude. This is of particular concern for MRSI of the

prostate, where the whole-body RF coil is typically fully loaded and peak powers

currently implemented at 1.5T are already at the limitations of the RF amplifier. Despite

the afore-mentioned limitations, there are also great advantages for new RF pulse designs

at 3T. With the higher resonance frequency, the time-bandwidth product (TB) available

during excitation of a particular set of metabolites is doubled. Essentially the capital of
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RF pulse design, the higher TB can be spent on spectral profiles with sharper edges, as

well as the ability to control the spectral profile during the excitation process. Another

important aspect in prostate MRSI localization is pre-saturating the tissue surrounding the

region of interest to suppress contaminating signals, such as periprostatic lipid in prostate

MRSI. The design of Very Selective Suppression (VSS) pulses uses quadratic phase

across the excitation profile [64] to spread energy evenly across the RF pulse. This

approach allows much sharper profiles than would be practical with conventional, linear

phase RF pulses. In addition to saturation, localization is further provided using the

refocusing pulses of the PRESS sequence. Using multidimensional RF pulse design

methods [55, 65-67], specialized RF pulses were used that refocus a slice, but only over a

specified range of resonant frequencies[55, 68]. The use of these spectral-spatial pulses

in MRSI has a number of advantages. Because water and/or lipid is simply not refocused,

the suppression does not degrade with RF inhomogeneity, and is not effected by T1 and

T2 relaxation [69]. Also, the spatial profile is not a function of frequency, unlike

conventional slice selective pulses. That means that the spatial profile is identical for all

metabolites and negates chemical shift misregistration effects which are major limitations

for conventional excitation pulses especially at higher magnetic field.

Another major issue facing high field prostate MRSI is that the response of the strongly

coupled AB spin system of citrate to conventional MRSI localization sequence such as

PRESS changes with magnetic field strength. Thus the same modulation behavior at

1.5T does not occur at 3T. For fast and accurate quantification of citrate, it is beneficial

for the doublet of doublets to have a completely positive absorptive pattern. However,

T

zºº

§
-

**** -
§

º c y
º

º º

i#
º s >

-,

i-s
º2.
=

52



obtaining upright citrate resonances by going to longer echo times dramatically affects

spectral SNR. For example, if the MRSI data were acquired with an echo time of 260 ms

using the conventional PRESS sequence, the T2 relaxation signal loss would negate the

SNR gain at 3T compared to 1.5T [37, 40]. Although inverted citrate peaks can be

observed at a shorter echo time of 90 ms, the outer lines were out of phase with the inner

lines making accurate quantification of the citrate difficult (Figure 25). With the MLEV

PRESS sequence, not only did citrate have a fully upright pattern at the echo time of 85

ms, but outer lines were also drastically reduced and the baseline was flat. Incorporation

of the spectral-spatial pulses in the MLEV-PRESS sequence provided robust lipid

suppression in all exams, which also facilitated quantitation of citrate resonances at 3T.

The SNR increase at 3T compared to 1.5T enabled the use of 2-fold higher spatial

resolution for MRSI data acquisition at 3T in this study. The SNR comparison in this

study did take into account the differences in resolution used at 3T and 1.5T and

demonstrated a doubling in SNR at 3T. The 2.08 improvement in SNR calculated in this

study is presumably due not only to the increase in field strength but also from several

factors including the MLEV PRESS sequence, reduction in TE, increase in TR,

optimized 3T coils and potentially reduced intravoxel dephasing and point-spread

function differences due to the higher spatial resolution sampling used at 3T. The higher

spatial resolution of the 3T MRSI data also provided better metabolic delineation of

individual tumors and zonal anatomy compared to 1.5T. Reduction of partial volume

effects provided clearer observation of elevated choline and thus improved metabolic

characterization of smaller volumes of cancer (Figure 27).

t! sº

º º
º, º:

■
t

>=
º
º

i
* .
:

53



There remain several obstacles to the acquisition of prostate MRSI data at 3T that need to

be addressed. The longer T1 relaxation time of choline at 3T as compared to 1.5T

indicates that longer repetition times may be required to reduce saturation effects. With

the choline T1 being approximately 1s, at the TR of 1.3s used in this study, 27% of

choline signal was lost due to saturation. With the increase in spatial resolution at 3T, a

larger spatial encoding matrix may be required for sufficient coverage of larger prostate.

The further increase in repetition time and phase encode matrix may result in

prohibitively long scan times. There are a number of fast sampling strategies that could

be used to acquire larger phase encode matrices using longer repetition times in a

reasonable acquisition time [70-73], and these methods need to be considered for future

studies.

In regions of healthy tissue at 1.5T, the choline, polyamine and creatine resonances

typically overlap and are therefore quantified as a single peak. The ratio of [choline +

polyamine + creatine] / citrate (cc/c) has commonly been used as a marker for prostate

cancer, since it has been shown to be significantly higher in regions of prostate cancer

relative to healthy peripheral zone tissues [35, 36, 57, 74]. This change is due both to

increases in the choline resonance and decreases in citrate with cancer evolution and

progression. It is also known that polyamines decrease in regions of cancer [75]. Due to

the loss of polyamines in cancer, the choline resonance can often be resolved from

creatine even at 1.5 T. However, since polyamines contribute to the numerator of the

CC/C ratio, their reduction reduces the magnitude of change in the CC/C ratio with
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cancer. At 3T, the choline and polyamine resonances show less overlap in healthy tissues

and can often be baseline resolved from the creatine in regions of cancer (Figure 28).

Based on the improved detection of elevated choline and the higher spatial resolution of

the 3D MRSI data at 3T, this study suggests that the spatial extent of cancers could

potentially be more accurately assessed as compared to 1.5T

In summary, the feasibility of acquiring high spatial and spectral resolution 3D MRSI

data at 3T was demonstrated. By using an MLEV-PRESS sequence, completely upright

citrate doublet of doublets with a flat baseline can be acquired at a reasonably short echo

time of 85ms. Dualband spectral-spatial pulses provided robust lipid suppression in all

studies. Approximately a two-fold increase in SNR was calculated at 3T compared to

1.5T in this study. By taking advantage of the SNR increase to acquire 3D MRSI data at

a higher spatial resolution and the increase in spectral resolution, initial patient studies

suggest that the accuracy of metabolic characterization by MRSI may be substantially

improved at 3T.
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Chapter 5: High Speed Prostate MRSI at 3T with Flyback Echo-Planar Encoding

One limitation of MR spectroscopic imaging is the time needed to acquire large volume

3D MRSI datasets when using conventional phase encoding in three directions to traverse

k-space. With higher field MR systems such as 3T scanners becoming widely available

and improved coil arrays providing increased SNR, MRSI data can be acquired with

higher spatial resolution, as demonstrated in the last chapter. However, the scan time

required for the acquisition of 3D high resolution MRSI data with adequate spatial

coverage may be prohibitively long for clinical exams. Also, with increased SAR and

longer T1 relaxation times at higher field, scan time may be further increased by the

necessity of using longer repetition time (TR). New methods are required to overcome

these challenges to reduce the scan time to the order of 10 minutes or less which would

further improve the clinical utility of this technique. Also, the scan time saved may be

used to incorporate other MR imaging techniques into the prostate MR exam such as T2

mapping, diffusion tensor imaging (DTI), dynamic contrast enhanced imaging (DCE).

This chapter describes the research I conducted to develop new fast prostate MRSI

methods and the initial testing that I carried out in prostate cancer patient studies.

A) Considerations for fast prostate MRSI acquisition

Approaches such as echo planar spectroscopic imaging (EPSI) and spiral SI have been

applied to provide higher speed MRSI data acquisition[70, 73]. However, limitations

such as timing error, eddy currents, susceptibility artifacts, low spectral bandwidth, and
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difficult data reconstruction reduce the applicability of these techniques in the clinical

setting. The flyback k-space trajectory has been shown to provide robust data acquisition

with reduced flow and off resonance artifacts in cardiac imaging and insensitivities to

timing errors and eddy currents in spectroscopic imaging [76, 77]. Flyback trajectories

were designed and tested for high speed 3T prostate MRSI acquisition.

B) Trajectories designs and SNR efficiency for 3T prostate MRSI

The readout gradient for a flyback echo-planar trajectory consists of a flat segment during

which data are acquired, followed by a rewind lobe that retraces across the desired

portion of k-space as quickly as possible. The most efficient form of such a gradient

consists of rewind lobes using the maximum slew rate of the gradient hardware,

interleaved with flat portions that exactly cover the desired extent in k-space. The

duration (and thus amplitude) of this flat part is determined by the desired spectral

bandwidth (B), with B, - (T + T)", where T is the duration of the flat segment of the

gradient, and T is the duration of the rewinder. Since data are not acquired during the

rewind lobe of the flyback gradient, a penalty in SNR is incurred relative to the usual

continuous sampling during the readout window. This reduced SNR efficiency, Esnr,

expressed as the fraction of the full SNR that could be achieved during the same readout

time, is given by Esnr = (T■ /(Tf + T))”. Higher spatial resolution (longer T) and higher

spectral bandwidth (shorter T) both imply a reduction in Esnr. For high spatial resolution

scans, where signal averaging is often used to increase the SNR, interleaving of k-space

trajectories can be used to boost the SNR efficiency [71]. For example, if two signal
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averages are to be used, then the flyback trajectory can be designed for half of the desired

Bs, increasing the SNR efficiency by increasing Tf. Then, during the second of the two

data acquisitions, the readout gradient is shifted in time by 1/(2B), and the two

acquisitions can be combined to regain the full B, in the reconstructed data. For higher

spatial resolution waveforms, interleaved acquisitions can have significant benefit.

Gradient waveforms were designed in MATLAB". The gradient waveforms were

designed to be optimal in the sense that the gradient is either flat (time during which data

are acquired) or ramping at maximum at slew rate, 150 mT/m/ms.

—r
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Figure 29. Flyback echo-planar readout
trajectory designed for high speed prostate
MRSI with high spatial and spectral resolution.
The trajectory is designed for 976 spectral
bandwidth, 4.9 mm minimum spatial
resolution and SNR efficiency of 71%. With
16384 samples and 31250 Hz sampling rate
per readout, sixteen spatial encoding steps are
achieved.

Two flyback echo planar

trajectories Were designed

specifically for 3T prostate MRSI

and implemented on a 3T GE MR

scanner. They were developed to

provide up to 16-fold acceleration

in k-space sampling. The first

trajectory was designed for 976

Hz spectral bandwidth and 4.9 mm

resolutionminimum spatial

(Figure 29). The gradient

waveform uses maximum slew

rate allowable by the system (150
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Figure 30. Flyback Echo-Planar gradient waveform designed for
high speed MRSI acquisition with 5mm minimum spatial
resolution and high efficiency (92%). Spectral bandwidth of the
waveform is 506 Hz. With a two-acquisition scheme that involves
a temporal interleave that shifts the gradient by 1/(2 x SBW) in the
second acquisition as shown above, the two acquisitions can be
combined to regain SBW of 1012 Hz. With 8208 samples and
96.15 Hz sampling rate per readout, sixteen spatial encodes are
achieved during readout.

mT/m/ms) at minimum spatial resolution. In this design, the readout lobe and the rewind
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lobe have the same duration. Since data is not acquired during the rewind lobe, this Zºº,

trajectory has a theoretical signal to noise efficiency of 71% [SNR efficiency = (time of sº

readout lobe)/(time of readout lobe + time of rewind lobe)]. With 16384 data samples at ."

31250 Hz sampling rate, sixteen spatial encoding is achieved per readout. º, º,

The second trajectory was designed for interleaved acquisition with 506 Hz spectral º

bandwidth and 5 mm minimum spatial resolution (Figure 30). The gradient waveform –
uses maximum slew rate allowable by the system (150 mT/m/ms) at minimum spatial ~ º

resolution. In this design, the theoretical SNR efficiency is 92%. A two-acquisition 1. * ,

* . .

scheme is employed for this trajectory, with the second acquisition shifted temporally by 2-,

1/(2Bs). Thus, when the two acquisitions are combined, the reconstructed data would rº
have twice the spectral bandwidth (1012 Hz). With 8208 data samples at 96.15 Hz

sampling rate, sixteen spatial encodings are achieved per readout.

C) High speed MRSI of prostate with flyback echo-planar encoding

The two flyback echo-planar readout trajectories were incorporated into the new prostate

MLEV-PRESS MRSI sequence described in the prior chapter and was applied in nine

prostate cancer patient 3T research exams to acquire large array, high spatial and spectral

resolution MRSI data in 8.5 minutes. *

a. MRI/MRSI protocol
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All studies were performed on a 3T GE Signa scanner (GE Healthcare Technologies,

Waukesha, WI) using the body coil for excitation and a 3T Medrad prototype inflatable

endorectal coil (Medrad, Pittsburgh, PA) filled with Flutech-T14" (F2 Chemicals, UK)

or a custom designed rigid coil in conjunction with pelvic phase array coil for signal

reception. Flutech-T14 is a fully fluorinated, colorless, odorless, non-toxic fluid with a

magnetic susceptibility similar to tissue and thus is an ideal substitute for air to inflate the

endorectal coil.

All MRI/MRSI exams included the following imaging sequences. Sagittal fast spin echo

(FSE) localizer images were acquired to check coil placement and to prescribe the

subsequent imaging series. Oblique axial T2-weighted FSE images (TR/TE =

6000/102ms, 3mm slice thickness, no inter-slice skip, 12 cm FOV, 256 x 192 matrix, and

no phase wrap) were obtained next. Oblique coronal T2-Weighted FSE images (TR/TE =

6000/102ms, 3mm slice thickness, no inter-slice skip, 14 cm FOV, 256 x 192 matrix, and

no phase wrap) were acquired following the oblique axial FSE images. Axial T1

weighted SE images (TR/TE =950/9ms, 5mm slice thickness, 1mm inter-slice skip, 24

cm FOV and 256 x 192 matrix) were also obtained.

A modified MLEV-PRESS sequence incorporating the first trajectory was applied in four

prostate cancer patient exams. MRSI data was acquired with 16 x1x 8 phase encoding

matrix using flyback echo planar readout in the Y-gradient direction (effective matrix: 16

x16 x 8) and a nominal spatial resolution of 0.157 cc (5.4 mm per side). TE was 85 ms

and TR was 2 s. Data acquisition time was 8.5 min with 2 NEX (8-fold acceleration).

{}
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The MLEV-PRESS sequence incorporating the second trajectory was applied in five

prostate cancer patient exams. MRSI data was acquired with the same encoding matrix,

spatial resolution, TE and TR as above. Data acquisition time was also 8.5 min for the

two acquisition scheme with a temporal interleave in the second acquisition. MRSI data

was also acquired using the MLEV-PRESS sequence with conventional phase encoding

in all three gradient directions in all exams. A 12x8x8 phase encoding matrix was used

with the same TE, spatial resolution as described above except for a shorter TR of 1.3 s.

Total acquisition time was 17 minutes.

b. Data analysis

All MRSI data were processed using custom processing software. The raw data acquired

with the modified PRESS sequence incorporating the flyback echo planar readout

trajectory were ordered as a 4D array with the first dimension being k-space values in the

flyback direction, the second being time decay, the third being one phase encoding

direction and the fourth being the other phase encoding direction. The k-space points in

the flyback dimension corresponding to the constant gradient portion of the trajectory

were selected out and the data set was reordered so that the time decay was the first

dimension. The reordered dataset was then processed in the same manner as the

conventional 4D MRSI dataset with the exception that the k-space points in the flyback

dimension were each acquired at a slightly different time point [58]. This was then

corrected during the standard 4D Fourier reconstruction using the fact that an origin shift

in k-space is equivalent to a phase shift in the transformed domain. The total
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reconstruction time on a standard UNIX workstation (Sun Microsystems Inc. Santa Clara,

CA) was ~25 s for 3D MRSI data sets acquired with flyback echo planar trajectory.

c. Results

High quality, artifact free MRSI data were obtained from the prostate using a modified

MLEV-PRESS sequence incorporating the flyback echo planar readout trajectories as

--|--
| | | | | | | | | |
| | | | | | | | ||
*E=====

Figure 31. Seventy-three year old prostate cancer patient with biopsy confirmed cancer
at unspecified location (G3+3). 3D-MRSI data were acquired with MLEV-PRESS
sequence with both flyback echo-planar readout trajectory (b) and conventional phase
encode (c). The flyback trajectory shown in Figure 29 was used with an effective
matrix of 16 x 16 x 8 (with flyback encoding on the second axis), 2s TR, 2 NEX and
acquisition time of 8.5 min. A 12 x 8 x 8 matrix was used for the conventional phase
encode method with 1.3s TR, and acquisition time of 17.5 min. High quality, artifact
free MRSI data were acquired with flyback echo-planar readout trajectory with
identical spectral patterns as compared to data acquired with conventional phase
encoding.

-w
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Figure 32. Sixty-one year old prostate cancer : c
patient with biopsy confirmed cancer in the º

-

left gland (G2+3, 2mm). 3D MRSI data was -
acquired with MLEV-PRESS sequence with :

-

the flyback echo-planar trajectory shown in **, |

figure 30. Axial T2 weighted FSE image is -º-
shown (a). Elevated choline and reduced - *

l citrate was observed in the voxel contains

3.5 3.0 PPM2.5 2.0 prostate cancer (b) while high level of citrate
was observed in the healthy regions of the
prostate peripheral zone (c).

shown by the representative data in figures 31 and 32. Identical spectral patterns were

observed for data acquired with the new sequence that incorporated flyback readout

trajectory as compared to data acquired by using conventional phase encoding (Figure

31). The SNR lost due to data not being acquired during the rewind portion of the

*
flyback trajectory and the shortened acquisition time did not affect the interpretability of

the spectra. High levels of citrate and polyamines were observed in regions of normal ... ".

prostate peripheral zone and reduced citrate and polyamine and elevated choline were

found in regions of prostate cancer (Figure 32).
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Table la summarized the SNR comparison between MRSI data acquired with the flyback

echo planar readout trajectory shown in figure 29 and conventional phase encoding. The

average SNR efficiency was 11% lower than that predicted in theory, based on the design

of the trajectory (59% vs 71%). Table 1b summarized the SNR comparison between

MRSI data acquired with the flyback echo planar readout trajectory shown in figure 30

Table 1

SNR comparison between flyback echo-planar readout and conventional

phase encoding

1a. First flyback trajectory (Figure 29.)

Patient phase encoding Flyback Echo Planar Apparent SNR

SNR SNR Efficiency

1 17.07 5.52 0.56

2 33.55 10.63 0.55

3 22.29 8.54 0.66

4 9.79 3.50 0.62

1b. Second flyback trajectory with interleaved acquisition (Figure 30.)

Patient phase encoding Flyback Echo Planar Apparent SNR

SNR SNR Efficiency

1 11.08 5.18 0.81

2 34.41 16.53 0.83

3 16.55 6.96 0.73

4 18.19 7.37 O.70

5 35.76 16.71 0.81
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and conventional phase encoding. The average SNR efficiency was 11% lower than the

theoretical SNR efficiency for this trajectory (80% vs 91%).

d. Discussions

One of the major obstacles of incorporating MRSI in a clinical prostate MRI exam is the

acquisition time required to acquire large volume 3D spectral data sets using

conventional phase encoding in all three dimensions especially at the high spatial

resolutions offered by 3T. With a 12x8x8 phase encoding matrix and a repetition time of

1.3 s, the acquisition of a prostate 3D MRSI data set requires 17.5 minutes [78]. At a

nominal spatial resolution of 1.57 cc (5.4 mm isotropic voxels), the field of view (FOV)

for this acquisition is only 64.8 mm x 43.2 mm x 43.2 mm. For larger prostates, either a

larger voxel size or larger phase encoding matrix needs to be used. Increased voxel size

is not desirable since it would increase partial volume effects and decrease the sensitivity

of this technique for detecting small cancers. Increased phase encoding matrix sizes may

cause the scan time for the exam to be undesirably long. In addition, as shown by prior

studies, the T1 relaxation time of prostatic choline is approximately 1 s at 3T [44, 78].

Repetition times of 0.65 s - 1.3 s typically employed at 3T are not sufficiently long to

avoid saturation of the choline signal and thus may reduce the ability of MRSI to detect

increased choline levels in regions of cancer [43, 44, 78]. Therefore, faster k-space

sampling is clearly needed to further improve the robustness and usefulness of 3T

prostate MRSI without making compromises in spatial resolution, sensitivity, or patient

tolerance.
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Although the utilization of time varying gradients during readout to encode spatial

information for high speed MRSI acquisition has been demonstrated previously, routine

use of this approach has not been realized in clinical settings due to limitations such as

timing error, eddy currents, susceptibility artifacts, low spectral bandwidth, and difficult

data reconstruction. One of the advantages of flyback echo-planar trajectory is the

insensitivity to time error and eddy currents effects [76, 77]. With the improvement of

the gradient hardware, high spectral bandwidth flyback readout is now achievable on

clinical scanners. The simple reconstruction process also makes it suitable as a routine

clinical tool.

High quality prostate MRSI data was demonstrated in this study with the implementation

of both readout trajectories. However, the SNR penalty observed was 10% more than

theoretically expected, but was consistent with previous publications using flyback echo

planar acquisition. This small additional loss is not fully understood but may be due to

imperfect gradient coils and/or gradient instabilities near the maximum slew rates used.

*
º
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Chapter 6: Diffusion tensor imaging of prostate cancer

With the advent of hardware and software capable of acquiring single shot images,

diffusion-weighted MR imaging has become not only feasible but also a widely-used and

powerful research and clinical imaging technique [6, 79-82]. Diffusion-weighted

imaging is sensitive to the motion of water molecules at microscopic spatial scales within

biological tissues. Diffusion tensor imaging involves making diffusion measurements in

at least six non-collinear directions, which allows for a more complete description of the

3-dimensional spatial distribution of water diffusion than was possible with older

diffusion-weighted imaging techniques [79]. From the diffusion tensor, rotationally

invariant measures of the apparent diffusion coefficient (<D>) and fractional anisotropy

(FA) can be derived at each MR imaging voxel. These scalar parameters derived from

DTI are sensitive to microstructural properties of biological tissues. In this research

described in this chapter, I applied novel DTI methods for the study of prostate cancer

microstructure.

A) DTI of the prostate with DTI-SSFSE and DTI-EPI sequences

Diffusion tensor imaging has been applied extensively in the human brain to study

cellular swelling, axonal organization and other aspects of tissue microstructure which

can change in a variety of brain pathologies. Recent studies have also demonstrated the

benefit of DTI in the study of human brain tumors and other cancers [80, 83-86].

Although the vast majority of studies have focused on the brain, changes in tissue
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organization and microstructure occur in other organ systems as well. One of the main

reasons that diffusion MRI has not been widely applied outside of the brain is that echo

planar imaging (EPI) typically used in diffusion weighted imaging, provides poor quality

images for body applications due to susceptibility-induced spatial distortions and poor

lipid suppression. Even when the spatial distortions are relatively minor, they can prevent

accurate correlations of DTI values with anatomic locations depicted on other imaging

methods or the location of tissue biopsies etc. To address this problem, diffusion MRI

sequence based on single-shot fast spin echo (SSFSE also known as HASTE) which

utilizes r■ refocusing in its echo-train and thus is resistant to the spatial distortions, eddy

current effects and lipid artifacts that hinder EPI, has been investigated [30, 87-89]. Our

FSE-T2 <D-> SSFSE <D-> EPI

Figure 33. Comparison of conventional FSE images (left) with <D> (mean
diffusivity) images acquired with DTI-SSFSE (middle) and DTI-EPI (right). The
SSFSE-DTI images were acquired approximately the same image location as the FSE
and with the following parameters: FOV=24cm, 256x128, slice thickness=4mm,
62KHz bandwidth, b=0 + 600, 6-gradient directions, single-shot (sub-second), with 4
repetitions. The DTI-EPI images were acquired from the same slice locations as the
DTI-SSFSE with FOV=24cm, 256x128, slice thickness=4mm, 200KHz bandwidth,
b=0 + 600, 6-gradient directions, single-shot (sub-second), with 4 repetitions. Note the
negligible spatial distortions and excellent image quality in the SSFSE-DTI that
permit accurate spatial correlations with the MR images.

-
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initial studies in the brain and phantoms demonstrate virtually no spatial distortions and º
*-

that the DTI parameter measurements were accurate with the variance as a percentage of 2 :

the mean equal to or lower than for EPI [87]. The signal-to-noise ratio for DW-SSFSE is s

somewhat less than for EPI and, due to longer echo-spacings, is more susceptible to T2

blurring, but these effects can potentially be reduced by utilizing non-CPMG [89] and

parallel imaging acquisitions such as SENSE [31,90-92].

The initial feasibility study showed DTI-EPI to be extremely problematic compared to

DTI-SSFSE (figure 33). Data acquired with DTI-SSFSE demonstrated negligible spatial

distortions and excellent image quality providing accurate spatial correlations with the

anatomical MR images and MRSI data (not shown).

B) Diffusion tensor imaging studies of untreated prostate cancer patients

a. Hypothesis

Unlike other tumors that demonstrate increased diffusivity (<D-) compared to

surrounding benign tissues, prior study and our initial study suggested that prostate

Figure 34. H&E staining patterns of excised prostate tissue samples containing
predominantly healthy glandular tissue (A), Gleason 3+3 prostate cancer (B) and
predominantly benign stromal tissue (C).
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cancers demonstrate lower ‘D’ values [6, 88]. This decrease in “D- is primarily due to

the loss of normal ductal architecture that occurs with prostate cancer. The water in

these ducts have T2's and <D- that approach that of free water. Instead of uniformly

large acini with convolutions regularly distributed in a nodular pattern, and each gland

surrounded by a delicate basement membrane (Figure 34A). In prostate cancer (Figure

34B), the disturbances in tissue architecture are manifested as small acini closely packed

together, large acini without convolutions, large and small acini side by side, fused

glands, or no glands [9, 93]. Gleason has correlated the degree of disturbance in tissue

architecture from normal with cancer aggressiveness and patient outcomes [9]. It is for

this reason, we hypothesize that ‘D’ values will be inversely proportional with the

pathologic grade of cancer with higher grade cancers having lower ‘D’ values.

The first patient studies were focused on determining if there were significant differences

in DTI values between normal peripheral zone tissues and histologically-confirmed

cancers in untreated patients. In this study, 16 patients with biopsy-proven cancer were

Studied with MRI/MRSI and DTI-SSFSE.

b. MRI/MRSI/DTI protocol

All studies were performed on a 1.5 Tesla GE MR scanner using the body coil for radio

frequency transmission and a Medrad endorectal coil in combination with a pelvic phased

array coil for signal reception. A diffusion tensor imaging sequence with six gradient

directions was developed based on the single-shot fast-spin-echo method [30]. The DTI

SSFSE imaging was acquired in 2.5 minutes in the axial plane with a FOV=24cm,



128x256 matrix, 1.8x0.9mm in-plane resolution, 4mm slices, rbw-62.5Khz, b

value=600, TE=67ms, with typically 7-9 slices covering the prostate. The DTI SSFSE

was added to 32 MRI/MRSI prostate cancer exams consisting of FSE sagittal scouts, T1

axial SE images covering to the aortic bifurcation, fast spin echo T2 axial and coronal

high resolution images, and 3D MRSI data acquired with a spatial resolution of 0.3cc

(7mm per side). All data was analyzed off-line using software developed at our

institution. Directionally averaged diffusion coefficient <D- and fractional anisotropy

(FA) images were calculated and compared to the MRI/MRSI data. In 16 untreated

patients with histologic-biopsy confirmation, DTI parameters were calculated for regions

where the pathology findings, the MRI and MRSI data were all positive for cancer and

for normal regions.

c. Data Analysis:

Using DTI processing software developed in-house, parametric maps will be generated

for five rotationally invariant DTI parameters: the directionally-averaged diffusion

coefficient (<D>), fractional anisotropy (FA), and the maximum, intermediate, and

minimum eigenvalues (A1, A2, and A3, respectively) and their associated eigenvectors,

based on the methods proposed by Basser and Pierpaoli [79]. The eigenvalues (or

principal diffusivities) of the diffusion tensor characterize the magnitude or rate of water

diffusion along each of the 3 principal axes of the diffusion tensor ellipsoid, given in

mmº/s. The direction of each of these 3 principal axes in 3D space is given by the

eigenvectors. The mean diffusivity <D (in mmº's), will be calculated using the formula:

3.
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p-Atºtº
Fractional Anisotropy (FA), a dimensionless measure of anisotropy, expresses the

fraction of the magnitude of the diffusion tensor attributable to anisotropic diffusion and

will be calculated using the formula:

A — 2

X(A-D.) -Nº-º-º-º-º-º:fa-N:
i-l2 Wºrx. + x; V2W2; 17:47,

For isotropic diffusion (M = A2 = A3), FA is zero, and in the case where there is a strongly

preferred direction of diffusion (Al P \, 2 A3), FA approaches one.

Paired measurements were obtained from healthy and cancer areas of the peripheral zone

of the prostate for each patient. The t statistic for matched pairs was calculated to

compare the mean difference in for <D>, RA and the CC/C ratio between the two types

of tissue.

d. Results and discussions

The DTI SSFSE sequence was incorporated into our research MRI/MRSI prostate cancer

exam and provided ‘D- and anisotropy maps with minimal spatial distortions that could

be easily referenced to the MRI and MRSI data. The ‘D images showed image

intensity changes with both zonal anatomy and pathology (Figure 35). In the 16 pre

therapy prostate cancer patients with histologic biopsy confirmation (Table 2), the mean

<D-’s in the regions of cancer were 0.99 (x10°mm°/s), (sd = 0.28, range = 0.62-1.52)
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Table 2. Diffusion and MRS data of Untreated Prostate Cancer Patients.

<D> <D> FA FA cc/c cc/c <D> FA

Patients Gleason PSA C H C H C H CIH CIH

1 3+3 15.9 1.24 1.51 0.12 0.1 4 0.4 0.82 1.27

2 3+4 5.2 1.15 2.22 0.3 0.09 0.8 0.2 0.52 3.55

3 3+3 7.3 1.06 1.81 0.23 0.18 0.9 0.3 0.58 1.28

4 3+3 3.3 1.03 1.25 0.12 O. 12 0.7 0.3 0.82 1.03

5 3+3 4.8 0.82 1.1 1 0.18 0.15 1.1 0.2 0.74 1.24

6 3+3 6 0.85 1.34 0.18 0.14 2.2 0.3 0.63 1.28

7 3+2 6.4 1.36 1.64 0.18 0.14 1 0.3 0.83 1.33

8 3+3 11.7 1.52 1.94 0.29 0.17 0.8 0.1 0.79 1.7

9 3+3 1.9 0.62 0.84 0.17 0.14 0.9 0.2 0.74 1.18

10 3+3 6.4 0.93 1.08 0.24 0.16 1.5 0.2 0.86 1.5

11 3+3 4.4 0.72 1.16 0.22 0.15 1.2 0.3 0.62 1.48

12 3+3 6.3 0.66 0.91 0.32 0.17 0.8 0.1 0.73 1.87

13 3+3 2.1 1.08 1.56 0.23 0.17 1.6 0.3 0.69 1.33

14 3+3 11 1.38 1.58 0.18 0.18 5.5 0.3 0.88 0.98

15 3+3 4.6 0.71 0.85 0.25 0.12 0.8 0.3 0.83 2.12

16 3+3 3.8 0.75 0.88 0.26 0.24 1 0.3 0.85 1.1

Mean 0.99 1.35 0.217 0.15 1.55 0.26 0.75 1.52

sd 0.28 0.42 0.06 0.037 1.34 0.08 0.11 0.62

p = 0.00004 0.0004 0.0012

and in healthy peripheral zone were 1.35 + 0.42 (range = 0.85-2.22) (x10°mmº/s). These

values were significantly different (p = 0.00004). The mean fractional anisotropy (FA)

values were 0.217 ± 0.06 in cancer regions and 0.150 + 0.037 in normal peripheral zone

and also were significantly different (p = 0.0004). Although between patients some
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overlap in “D- and relative anisotropy values was observed in regions of cancer and

normal tissues, within the same patient <D> values were always lower in cancer than in

normal regions.

T2-Weighted FSE <D- map FA map

-

Normal PZ

Figure 35. In this untreated patient, a large region of cancer was confirmed by biopsy
and seen as an area of reduced ‘D- and elevated FA as compared to healthy
peripheral zone. FA in stromal regions of the central gland was even higher than for
the cancer.

A correlation was also observed between MRSI data and DTI data (figure 36). The

reduction of ‘DX in region of prostate cancer relative to region of benign prostatic tissue

corresponds to an increase in CC/C ratio. As expected, the lost of ductal morphology in

the region of cancer not only cause the reduction of citrate (high CC/C ratio), but also the

average diffusivity in that region. In the region of healthy prostate peripherial zone, the

high level of citrate accumulated in the large prostatic ducts (low CC/C ratio) was

observed along with the higher diffusion values.

The preliminary study described in this chapter demonstrated the value of DTI-SSFSE

sequence to obtain “D- and anisotropy maps of human prostate. Significant differences

in both ‘D- and anisotropy were observed between biopsy-confirmed cancer and normal

peripheral zone. However, the anisotropy measurements are very low and near the noise
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threshold and thus may not truly reflect differences in the orientation of restricted water

diffusion. Better coil design or higher magnetic field may help increase the SNR of the

prostate DTI to better measure the change in anisotropy between prostate cancer and

normal prostatic tissues.

Axial ‘D- map Coronal FSE image

Axial FSE image

MRSI Axial ‘D- Maps coronal «D- Maps
Figure 36. Detection of reduced ‘DX in the region of biopsy-confirmed cancer
corresponded with reduced FSE-T2 signal intensity and elevated choline, reduced
citrate on MRSI.

To truly assess the ability of DTI to characterize prostate cancer in vivo, it will be

necessary to conduct DTI studies in pre-prostatectomy patient MR exams and

subsequently correlate DTI parameters to step-section histology.

C) Diffusion tensor imaging studies of post-therapy prostate cancer patients

*
N.
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For post hormone/radiation therapy patients, residual/recurrent cancer is often poorly

delineated on anatomic MRI. The studies described above have demonstrated the ability

of diffusion MRI to detect difference in cell structure and organization between cancer

and normal prostatic tissue. The initial findings using DTI-SSFSE showed significantly

reduced ‘D- and a small yet significant increase in anisotropy in regions of cancer as

compared to normal peripheral zone in patients with histologically confirmed cancer

prior to therapy. In this section, the utility of DTI in post-therapy prostate cancer patients

was investigated.

a. MRI/MRSI protocol

All studies were performed on a 1.5 Tesla MR scanner (Signa; GE Medical System)

using the body coil for RF transmission and a disposable endorectal coil (Medrad,

Pittsburgh, PA) in combination with a pelvic phased array coil for signal reception. A

diffusion tensor imaging sequence with six gradient directions based on the single-shot

fast-spin-echo method described by Alsop [30] was used. The DTI SSFSE imaging was

acquired in 2.5 minutes in the axial plane with a FOV=24cm, 128x256 matrix,

1.8x0.9mm in-plane resolution, 4mm slices, rbw-62.5Khz, b-value=600, TE=67ms, with

typically 7-9 slices covering the prostate. The DTI SSFSE acquisition was added to 33

MRI/MRSI exams of post-therapy prostate cancer patients. The total MR protocol

consisted of FSE sagittal scouts, T1 axial SE images covering to the aortic bifurcation,

fast spin echo T2 axial and coronal high resolution images, and 3D MRSI data acquired

with a spatial resolution of 0.3cc (7mm per side).

.*
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All data was analyzed off-line using software developed at our institution. <D> and

fractional anisotropy images were calculated and compared to the MRI/MRSI data. In 26

post hormone (n = 14) and radiation-therapy patients (n = 12), DTI parameters were

calculated for regions where MRSI data were positive for recurrent/residual cancer and

for benign prostatic tissues. In 15 post radiation-therapy patients with metabolic atrophy

throughout the gland, DTI parameters were also calculated to investigate diffusion values

in atrophic tissues post-therapy.

b. Results

Residual/Recu

Figure 37. T2-weighted MRI (left) and <D> map (right) following hormone ablation
therapy. Despite rather uniform T2 appearance, <D- is decreased in region of cancer.

Following hormone ablation or radiation therapy, it often becomes difficult on MRI to

differentiate cancer from benign prostatic tissues. However, in this study, significant

decreases in cancer <D- values were observed (Figures 37, 38). In 26 post-therapy

patients with histology and/or MRSI data indicating recurrent/residual cancer in the

peripheral zone, the mean “D-'s in the regions of cancer were 1.29 + 0.26 (10°mm°/s),

(range = 0.81-1.73), and in benign regions were 1.53 + 0.25 (range = 0.91-1.83). They

.
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were significantly different (p=0.00003). These <D> values were both substantially

higher than were measured in our prior study of cancer and benign prostatic regions in

untreated patients [88]. The mean fractional anisotropy values were 0.26 + 0.08 in cancer

region and 0.18 + 0.05 in non-cancer region and were significantly different (p=0.0001).

However, these anisotropy measurements are very low and near the noise threshold and

thus may not truly reflect differences in the orientation of restricted water diffusion.

In 15 post-therapy patients with metabolic atrophy throughout the prostate gland, the

mean ‘DX in these atrophic regions was 1.48 + 0.22 which was significantly higher (p =

Figure 38. T2-weighted MRI (left) and <D> map (right) following brachy therapy.
Cancer was poorly depicted in the anatomic MRI but was clearly delineated in the
<D> image.

0.003) than the ‘D-’s in the regions of cancer in the 26 post-therapy patients with

recurrent/residual cancer.

c. Discussion

79



Canºer

Choline Figure 39. Post radiation therapy patient with residual/recurrent
cancer. While the T2-weighted anatomical image did not show
significant contrast between the residual/recurrent disease, MRSI
and DTI demonstrated elevated choline and reduced ‘D-. Note

also that the DTI offered better much improved spatial resolution
than MRSI.

Significant differences were observed in both ‘D- and fractional anisotropy between

regions of residual/recurrent cancer and benign prostate peripheral zone in patients

following hormone and/or radiation therapy. Also, ‘D’ values in 15 patients with

metabolic atrophy were significantly higher than cancer values for the 26 patients with

recurrent/residual disease. This study demonstrated that diffusion tensor imaging is

valuable in post-therapy patients where the cancers are typically clearly observable on

ADC images but not well delineated on T2 weighted images (figure 37, 38). It is

important to note that while MRSI has demonstrated a high specificity, the DTI offers

much higher spatial resolution in characterization of cancer (figure 39) and thus a

combined approach may be clinically beneficial to provide post-treatment follow-up in

prostate cancer patients.



Chapter 7: T2 mapping of the prostate

The normal prostate peripheral zone demonstrates long transverse relaxation times (T2)

due to free motion of the water inside the prostatic ducts. The reduced signal intensity in

region of prostate cancer or other pathology observed in T2-weighted FSE anatomical

MRI is primarily due to the reduction of transverse relaxation time resulting from the loss

of ductal volume. By quantitatively measuring T2 relaxation time of the prostate gland,

the change of the ductal morphology due to pathological processes may be better

understood, and it may also increase the specificity of MR for prostate cancer. T2

mapping can be accomplished by acquiring T2 weighted anatomical images at various

echo time then fitting the signal intensity to calculate T2 values (figure 11).

Conventional single echo spin echo (SE) sequences suffer from different T1 weightings

between echoes unless a long TR is used, which can be clinically unfeasible. Multi-echo

spin echo sequences are less time consuming, but it is prone to error due to imperfection

in RF pulses and lead to errors in T2-measurement [94]. A magnetization preparation

sequence with spiral imaging has been developed to provide robust T2 relaxation

measurement in vivo [95]. In this chapter, I describe the initial studies I conducted to

apply this novel method to the study of prostate cancer for the first time.

A) Pulse sequence for accurate T2 mapping

The T2 preparation portion of the sequence (figure 40) is designed to store T2-weighted

magnetization along Mz in a manner that is robust to presence of flow as well as Bo and

B1 inhomogeneities [95, 96]: A 90°, excitation is followed by a train of equally spaced
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180°y pulses utilizing an MLEV phase cycling scheme [56] to provide insensitivity to B1

inhomogeneities and mis-set transmit gain. A 90° tip-up pulse then returns the

magnetization to the longitudinal axis. The length of the refocusing train determine

amount of T2 weighting in the resultant image. Spoiler gradients are used after the tip-up

and inversion pulses (figure 40) to dephase any remaining transverse magnetization

before the imaging sequence.
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Figure 40. The T2 preparation portion of the pulse sequence. r■ 1 is the initial 90°
excitation pulse, followed by a train of composite 180° pulses and a -270° ‘tip-up”
pulse that returns the T2-weighted magnetization to Mz. All the pulses in the T2
preparation portion are non-selective. Imaging sequence (not shown) is added after the
tipup pulse to provide localization and to produce the desire image. The sequence is
preceded and followed by an inversion pulse pair for rotation of magnetization into and
out of the transverse plane to spoiled any residual magnetization.

The imaging acquisition includes a spectral-spatial pulse for slice selective excitation

followed by 2D multi-slice spiral readout (figure 41). A RF cycling scheme was used to

-
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mitigate the effects of T1 recovery between T2 preparation and the spiral readout. A
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Figure 41. The spectral-spatial pulse
(shown as r■ 3) and the 2D spiral readout
implemented after the T2-preparation
Sequence.

chemical shift-selective saturation

(CHESS) pulse was used to

guarantee equal T1 recovery

across all echoes acquired. A

quantitative map of T2 relaxation

time can be calculated once a

sufficient number of data sets at

appropriate echo times have been

acquired.

B) Characterization of prostate cancer with T2 mapping

a. MRI/MRSI/DTI/T2-mapping protocol

All studies were performed on a GE 3T scanner (GE Healthcare, Waukesha, WI) using

body coil for excitation and a Medrad inflatable endorectal coil (Medrad, Pittsburgh, PA)

filled with Flutech T14" (F2 Chemicals, UK) in conjunction with a pelvic phase array

coil for signal reception. Flutech T14 is a fully fluorinated, colorless, odorless, non-toxic

fluid with a magnetic permeability similar to tissue and thus is an ideal substitute for air

to inflate the endorectal coil. 3T MRI and MRSI protocols have been described

previously in Chapter 4. The MRI consisted of sagittal localizer, high-resolution T2

weighted FSE oblique axial and coronal images, and T1-weighted SE axial images.

º
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MRSI data was acquired with an MLEV-PRESS sequence that allowed the acquisition of

completely upright citrate resonance at TE of 85ms with a 0.157cc nominal spatial

resolution. A DTI sequence based on EPI with 6 diffusion gradient directions was used.

Oblique axial DTI-EPI images were acquired in 2.5 minutes with a FOV = 24 cm, 256 x

128 matrix, 4mm thick slices, and b-value of 600, with 8-10 slices typically to cover the

prostate. A magnetization prepared sequence utilized non-selective composite180 pulses

and MLEV phase cycling followed by multi-slice spiral acquisition as described above

was used for T2 quantification. Images at six different echo times were acquired (TE = 6,

25, 43, 81, 156, and 305 ms) with FOV = 24 cm, 128 x 128 effective matrix, TR = 2s,

4mm thick slices, at identical slice location as the DTI acquisition. Total acquisition time

for all six sets of images was 4.5 minutes. Custom developed software was used for the

processing of MRSI data, calculation of DTI parameters, and mono-exponential fitting of

the six echo times data for calculation of quantitative maps of T2 relaxivity. Regions of

prostate cancer were identified by concordance between biopsy results, T2-weighted MRI

abnormality and elevated choline/reduced citrate on MRSI. Regions of benign prostatic

tissue were identified by normal appearing prostatic tissue on T2-weighted MRI and

normal prostatic metabolism (high level of citrate and low level of choline).

b. Results

Artifact free, high quality T2 and diffusivity maps were obtained from ten prostate cancer

patient MRI/MRSI exams (figure 42). Reduced T2 and directionally invariant average

diffusivity <D-, as well as reduced citrate and elevated choline, were observed in regions

of biopsy-proven prostate cancer as compared to regions of healthy prostate peripheral



zone (figure 42). The mean T2 value in region of prostate cancer for all ten patients was

79.8 + 14.0 ms and the mean T2 value in region of normal prostatic tissue for all ten

patients was 131 + 30.1 ms. The difference in T2 value between regions of prostate

cancer and normal prostatic tissue was significant (p = 0.0001). The mean “D- was 1.35
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Figure 42. Sixty-one year old prostate cancer patient with biopsy proven cancer
(G3+3, Left lobe). High-resolution T2-weighted FSE images (upper left) and
MRSI (lower left) showed decrease signal intensity in the T2-weighted image and
elevated choline and reduced citrate in region of prostate cancer. <D> maps (upper
right) and T2 maps (lower right) also demonstrated decreased ‘DX (Cancer: .154
mm2/s vs Healthy: 2.17 mm2/s) and T2 (Cancer: 94.5 ms vs Healthy: 177 ms)
relaxation time in region of cancer compared to region of healthy prostate
peripheral zone.

+ 0.23 x 10°mm’■ s in the regions of prostate cancer and 1.94 + 0.23 x 10°mm’■ s in

regions of normal prostatic tissue, and the difference in “D- between cancer and normal

regions was significant (p = 0.00002). The CC/C ratio was also significantly different (p

= 0.02) between the regions of prostate cancer (1.6) and normal tissue (0.6).
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Figure 43. Scatterplot shows the distribution of the ‘D’ values and T2 relaxation
times from both the regions of prostate cancer and regions normal prostatic
peripheral zone. A significant correlation was observed between “D- and T2
relaxation in the prostate.

c. Discussions

Acquisition of artifact free, multiple T2-weighted images for T2 mapping required

considerable amount of time since relative long TR needed to reduced T1-weighting.

Imaging artifacts for EPI based imaging sequence in area of high magnetic susceptibility

are particularly undesirable for multi-parametric imaging. By filling the inflatable

endorectal coil with a susceptibility matched fluid and utilizing a parallel imaging DTI

EPI sequence and a T2-prepared sequence with fast multi-slice spiral readout, it was
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demonstrated that artifact free DTI data and high quality T2 maps can be acquired in the

prostate at 3T in seven minutes.

The T2 values obtained in both normal prostatic peripheral zone and prostate cancer in

this study were similar to that observed in prior study at 1.5T [82]. It has also been

shown at 1.5T by our study (chapter 6) and others [6, 82] that significantly lower ‘D-

can be observed in regions of prostate cancer compared to normal prostatic peripheral

zone. In this study, the differences in both T2 and <D> between prostate cancer and

normal prostatic peripheral zone were observed at 3T in the same patients for the first

time. In addition, this study also demonstrated for the first time a significant correlation

between T2 and <D> in both normal and cancerous prostate tissue (figure 43). Based on

this correlation, it appears that T2 relaxation time and <D> offered similar information

related to the presence of the ductal morphology. However, T2 relaxation time and <D>

may offer different information depending on the differences in micro-structure and

water environment. With the small b-values (600–1000 x 10° s/mm3) used in prostate

DTI studies, prostate DTI primarily investigates the changes in extracellular water

diffusion. While T2 relaxation time may be sensitivite to not only changes in

extracellular space, but overall tissue environment. Thus with both T2 mapping and DTI,

it may be possible to not only increase the specificity of anatomical T2-weighted MRI for

localizing tumor, but also to differentiate prostate cancer of different type or grade (for

example: solid tumor vs diffused disease). Further studies comparing DTI parameters

and T2 to step-section histology from radical prostatectomy specimens will be necessary

º
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to establish the utilities of these MR techniques for in vivo characterization of prostate

CanCCT.
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Chapter 8: Summary

With the availability of 3T whole body clinical MR scanners, the potential now exists for

improving SNR, improving spatial resolution and/or reduction of scan-time using these

higher field systems for MRI/MRSI exams as compared to those performed currently on

1.5T scanners. Prostate MRI/MRSI exams have become an important clinical tool for

staging, treatment planning and monitoring of prostate cancer patients [36, 97-99]. Other

MR modalities such as DTI, T2 mapping, and DCE have also been shown to provide

useful information for in vivo characterization of prostate cancer [6, 7, 82]. This

dissertation project sought to take advantage of the improvement possible at higher field

(3T) and these new MR methods to develop a multi-parametric prostate MRI/MRSI exam

to provide anatomic, metabolic, and morphological assessment of prostate cancer in vivo.

Challenges such as the J-modulation changes for citrate resonance at higher field, more

severe magnetic susceptibility induced magnetic field inhomogeneities, and increased

chemical shift misregistration as compared to 1.5T make robust acquisition and analysis

of prostate MRI/MRSI data challenging at 3T.

To reduce the effect of magnetic susceptibility, the use of a custom rigid endorectal coil

or the prototype Medrad inflatable coil filled with Flutech T14 "to obtain good quality

high resolution prostate MRI was demonstrated. A MLEV-PRESS sequence

incorporating phase-modulated frequency selective spectral-spatial refocusing pulses, a

non-selective refocusing pulse train and VSS pulses was developed and tested for

acquisition of high resolution (0.157 cc voxel resolution) prostate MRSI at 3T. The high

(
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bandwidth SSRF pulses provided good spatial selection, reduction of chemical-shift

misregistration, robust suppression of lipid and attenuated refocusing of water. The non

selective refocusing pulse train provided J-refocusing of the citrate resonance and

allowed the acquisition of completely up-right citrate doublet of doublet at an echo time

of 85 ms. In ten prostate cancer patients examined at both 3T at 1.5T, a 2-fold increase in

SNR for prostate MRSI was demonstrated at 3T over 1.5T.

Another obstacle for MRI/MRSI exams at 3T is the prohibitively long acquisition time

required to acquire large volume 3D spectral data sets using conventional phase-encoding

in all three dimensions especially at the high spatial resolution possible at higher field.

The increase in SAR and T1 relaxation time also can make the scan time required for

MRSI even longer and prohibit the acquisition of other MR sequences. In this project,

flyback echo-planar readout trajectories were designed and implemented in the MLEV

PRESS sequence to provide up to 16-fold reduction in scan time, robust data acquisition

and reconstruction of prostate MRSI data. High-quality MRSI data acquired in 8.5

minutes were demonstrated in nine prostate cancer patients using the modified pulse

Sequence.

Diffusion tensor imaging and T2 mapping can provide morphological information based

on the movement of water molecules and their tissue environment. Robust acquisition of

DTI data and T2 mapping in the body has been difficult to achieve due to motion,

magnetic susceptibility and obtaining accurate T2-weighting. DTI-SSFSE studies were

included in this project to develop a method for the acquisition of non-distorted DTI
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parameter maps. Studies with this technique demonstrated significant differences in DTI

parameters between regions of prostate cancer and normal prostate peripheral zone.

Initial T2 mapping study at 3T was performed on ten prostate cancer patients using a

magnetization prepared sequence followed by 2D multi-slice spiral readout. DTI-EPI

acquisitions utilizing parallel imaging technique (SENSE) were also included in this

dissertation project. Both T2 maps and DTI parameter maps showed significant

differences between regions of prostate cancer and normal prostatic tissues. A significant

correlation was also observed between T2 and <D> in these patients.

With the developments presented in this work, a prostate MRI/MRSI/DTI/T2-mapping

exam became feasible at 3T. The initial data presented indicates an dramatic

improvement for prostate MR exams at 3T as compared to those currently routinely done

at 1.5T. The multi-parametric approach of using different MR modalities during the same

exam to acquire different and unique information to characterize prostate cancer may also

help to increase the usefulness and significance of this exam for the clinical management

of prostate cancer.
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