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ABSTRACT

Abstract of thesis entitled: Use of Dynamic Conirast Enhanced Magnelic
Resonance Imaging (DCE-MRI) on Head and Neck Cancer
Submitted by LEE Kar ho, Francis [or the Doctoral Degree of Philosophy in

Medical Imaging at The Chinese University of Hong Kong in May 2011

INTRODUCTION

Dynamic contrast enhanced magnetic resonance imaging (DCE-MRI) uses fast
imaging to capture the dynamics of mmage enhancement after the injection of a
contrast agent. With appropriate analysis methods, useful information can be
extracted to reflect the micro-vascular structure of body tissues. Physiological
information provided by DCE-MRI has already shown potential for use in cancer
management for tumor characterization. assessment of treatment response and
evaluation of treatment induced complications. However, this technique is difficult to
perform in the head and neck and there is insufficient evidence to support its
widespread clinical use at this time. The aim of thc thesis is to firstly cvaluate
technical issues influencing DCE-MRI and secondly use the optimized technique in

pilot clinical studies in patients with head and neck cancer.



METHOD

The technical issues examined in the thesis were related to flip angle acquisition,
optimization of the pharmacokinetic model and measurement of arterial input
function (AIF). The pilot clinical studies in head and neck cancer patients examined
in the thesis were related to the differentiation of different types of head and neck
cancers, early prediction of tumor therapy local control, and assessment of radiation

injury to the salivary glands.

RESULTS

Technical evaluation of DCE-MRI.:

(1) With nomir;al T1 values and contrast influx tor head and neck lesions, flip angle
of 10 - 20 degrees was found to induce maximum image enhancement and
robustness of signal.

{(2) The original Tofls model was modified in this thesis to include the mathematical
term for contribution from the plasma volume v, and the rationale were supported \by
simulation data in the thesis. With typical contrast enhancement in head and neck
lesions, error of up to 53% for Kyus and 17% tor v, may result if the plasma
contribution was ignored.

(3) AIF extracted from the left and right carotid arteries were compared in 21 head

and neck cancer patients. Results showed no significant difference between the AlF
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extracted from either side. DCE-MRI parameters obtained from repeated scans in
individual patients were more reproducible when the AIF was measured individually

instead of using a population-based AIF.

Clinical pilot studies:

(1) DCE-MRI on cancers in 63 patients were examined with histogram analysis.
Kirans, area under the curve (AUC60 and AUC90) showed significant differences
between undifferentiated carcinoma (UD)/squamous cell carcinoma (SCC) and
U[)llymphf:)ma. The mean AUC90 demonstrated the highest accuracy of 78% for
distinguishing UD/SCC, and the 75% percentile AUC90 provided the highest
accuracy of 97% for distinguishing UD/lymphoma.

(2) DCE-MRI was conducted in 17 patients with SCC before and at 2 weeks after
start of therapy. Changes in the 25% percentile and the mean ks after two wecks of
treatment showed a significant correlation with local failure.

(3) Irradiated parotid giands of 20 patients with nasopharyngeal carcinoma were
scanned with the DCE-MRI protocol before and after completion of radiotherapy.
Baseline v, vp and the posi-treatment rise in v, correlated significantly with parotid

gland atrophy.
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CONCLUSIONS

The results of this thesis showed that DCE-MRI is a feasible technique to
perform in the head and neck and results from pilot clinical studies showed a
potential role for DCE-MRI in tumour characterization, predication of cancer

treatment response and radiation injury,
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CHAPTER 1 — INTRODUCTION TO THE USE OF DYNAMIC CONTRAST
ENHANCED MAGNETIC RESONANCE IMAGING (DCE-MRI) IN HEAD AND

NECK CANCER

1.1 Introduction

Magnetic resonance imaging (MRI) is a non-invasive and non-ionizing medical
imaging modality. It provides three-dimensional images of the human body with
excellent image contrast for soft tissues and bones. MRI is capable of acquiring
images with different image contrast by adjusting the repetition time (TR) and echo
time (TE) in the pulse sequence. Different pulse sequences may also be devised to
generate images with different temporal and spatial resolution, by means of adjusting
parameters such as the order and timing of gradients, radiofrequency excitation
pulses and data acquisition. MRI is thus a highly flexible imaging modality and
offers a wide spectrum of image information.

Conventional MRI offers morphological information on the patient’s anatomy,
and is the basis of clinical MRI examinations. The development of functional MRI
has provided another potential area of MRI usage. Functional MRI 1s a special type
of MR acquisition technique that, with appropriate analysis methodology, can extract
information pertaining to physiological or biological activities in human or animals.

Magnetic Resonance Spectroscopy (MRS), Diffusion-Weighted Imaging (DWI) and
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Dynamic Contrast Enhanced (DCE-MRI) imaging arc examples of functional MRI.
With the advent of new MRI technologies, such as fast acquisition sequences and
phase array coils, images of adequate quality can be acquired at a larger volume and
at a faster speed. These will benefit dynamic functional MR imaging which needs
high spatial and temporal resolution. New technologies have increased the potential
clinical application of functional MRI.

Dynamic Contrast Enhanced MRI (DCE-MRI) is the study of the dynamics of
contrast agent after it has been injected into the human body. In general, contrast
agent enhances MR image intensity, and the level of enhancement 1s higher in tissues
with accumulated concentration of contrast agent. Tissues with high vessel density,
permeability and leakage space usually demonstrate a rapid and high level of
enhancement. These can be shown by images acquired with high spatial and
temporal resolution before, during and after contrast injection. With appropriate
DCE-MRI analysis, information can be generated from these images to reflect
vascular and cellular structure of the tissue.

One major application of DCE-MRI is in oncology. Tumor growth is known to
be associated with increase in the number of blood vessels and a change in vessel
structure (Carmeliet and Jain, 2000). The degree of change in the vascular properties
may indicate tumor aggressiveness, and this may have clinical implications.

DCE-MRI has shown potential in tumor characterization, treatment outcome
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prediction and treatment response monitoring. Studies on therapeutic anti-angiogenic
drugs may also use DCE-MRI as a tool to monitor treatment efficacy.

Studies with different clinical applications have been published on the use of
DCE-MRI in different types of cancer, especially in the breast (Turnbull, 2009;
Tuncbilek N., Tokatli F Altaner S, et al., 2011; Loiselle C.R., Eby P R., Peacock S.,
et al., 2011) and prostate (Franiel T., Hamm B., Hricak H., 2011; [sebaert S., De
Keyzer F., Haustémmns K., et al, 2011; Bonekamp and Macura, 2008).
Comparatively, DCE-MRI of head and neck cancers was less extensively examined.
The DCE-MRI technique itself is also undergoing a process of migration towards
quantitative analysis and pharmacokinetic modeling to replace qualitative assessment
of images or enhancement curves. Therefore, a substantial amount of work is
necéssary to realize the DCE-MRI for head and neck cancer. Technical issues related
to the processing and analysis of DCE-MRI, which may be unique for the application
in the head and neck region, have to be addressed. The ultimate objective is to
establish a standardized and practical protocol which is simple and reliable to
implement. The protocol can then be used to generate reliable data to support a wider
clinical use of the emerging technique,

In this thesis, a number of major technical issues on DCE-MRI in head and neck
cancers are identified, and results of studies on these issues are presented. Important

aspects examined include: (1) the optimization of acquisition protocel, with emphasis
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on the choice of flip angles in the spoiled gradient echo sequences lor data
acquisition during contrast enhancement, the effect of signal-to-noise ratio and
acquisition duration on the estimation of DCE-MRI parameters; (2) the effect of
arterial input function (AlF) on the analysis outcome; (3) the use of different analysis
techniques, which is compnsed of area under concentration curve (AUQC),
pharmacokinetic models proposed by Tofts and Kermode (1991), and by Brix (1991);
and the reproducibility of these DCE-MRI parameters.

Results from the abovementioned issues were applied to devise an optimal
DCE-MRI technique in the head and neck region. The optimized DCE-MRI
technique was then implemented to study the uscfulness of DCE-MRI in: (1)
characterization of head and neck cancers; (2) early prediction of tumor therapy local

control and (3) assessment of radiation complications in the parotid glands.

1.2 Physics and Development of MRI

The clinical application of MRI began in the 1970’s. However, the scientific
foundation was established well before this. Early in the century, Sir Joseph Larmour
discovered the relationship between angular frequency of atom precession and
magnetic field strength. Furthermore, it was shown that the energy of the rotating
atom could be increased through resonant absorption of radio waves at the same

frequency. In this way, atoms could be excited to a higher energy level. Alter
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excitation, the atomic nuclei returned to the original energy level by the process of
relaxation, and radio waves at the precession frequency were emitted. In 1946, Felix
Bloch and Edward Mills Purcell exploiied this phenomenon, and developed
instruments to measure the emitted radio waves for detection of magnetic resonance
in liquids and solids {Bloch, Hansen and Packard, 1946; Purcell, 1946). This laid the
foundation of nuclear magnetic resonance (NMR) spectroscopy, which has proven its
usefulness in the area of chemistry and physics until now. For such invention, they
shared the Nobel Prize in physics in 1952,

In 1971, Raymond Damadian showed that nuclear magnetic relaxation times of
protons in tissues and tumors were different (Damadian, 1971). Protons are abundant
in human body since water and fat contribute a large proportion of body volume.
This initiated the study of magnetic resonance on cancer disease. In 1973, Paul
Lauterbur designed a new imaging technique that utilized magnetic gradients to
produce a two-dimensional image by back-projection. The technique was based on
the Larmour precession principle that the frequency of the proton, and thus the
emitted radio waves after proton excitation, was proportional to the magnetic field.
‘The magnetic field varied at different physical location due to the presence of the
magnetic gradient. Radio waves emitted by excited protons were collected by
receiving coils, By frequency spectrum analysis, the origin of the radio waves could

be determined, and thus generated an image that represented the density of atomic
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nuclei in the anatomy. Sir Peter Manstield further developed the gradient system and
the mathematical analysis of the received radio signals to improve the imaging
technique. Paul Lauterbur and Sir Peter Mansfield were awarded the 2003 Nobel

Prize in Medicine. Their work formed the basis of clinical MRI nowadays.

1.3 Physics and Development of DCE-MRI

With the advancement of MRI technologies, three-dimensional MR images could
be acquired in seconds with acceptable spatial resolution. This was achieved by the
invention of phase array coil that increased acquisition speed, and also fast imaging
pulse sequences such as spoiled gradient echo, echo planar imaging. etc. MRI with
high temporal resolution has provided the right conditions for dynamic image
acquisition. Dynamic acquisition in resolution of seconds enabled examination of
fast changes by the use of MRl The examination of the dynamic distribution of
contrast agent was one application which has been realized and attracted increasing
academic and clinical interest.

The development of DCE-MRI was stemmed from the wide spread clinical use
of MRI contrast agent to enhance image contrast. Gadolinium-based agent is the
most commonly uscd, and has been widely employed in clinical practice for over 20
years. Gadolinium ions (Gd3+) are formed into molecule complexes after attachment

to other ligands. Complexes of gadolinium ion are paramagnetic and cause
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shortening in proton relaxation times after intravenous injection into the human body,
thus causing the enhancement in images. There are a number of attributes of
Gadolinium contrast agents that made theimn safe and practical for use: they arc stable
in aqueous solution at physiological pH such that no free Gd3+ ions arc present; they
are manufactured to bear at least one free site for coordination of water molecules,
and fast exchange of water molecules enable relaxation of extensive number of
protons in the vicinity of the contrast molecule; chelation 1s conducted during the
production process to detoxify the agent. The contrast agent used in this thesis, called
Gd-DOTA (gadolinium 1.4,7,10-tetraazacyclododecane-1.4,7.10-tetraacetic acid), is
a simple ligand and is relatively small in size (~500 Da). The agent crosses the
endotheiial walls of blood vessels, especially the leaky vessels of tumor.

The action of the contrast agent is manifested by water proton Tl and 12
shortening. In general, due to the fast inflow and accumulation of contrast agent in
tumor, affected tissues show a faster and higher image intensity enhancement than
most normal tissues in I'l-weighted images, while a reduction of signal is shown in
T2-weighted images. The latter is caused by susceptibility-based T2 shortening effect
of the contrast agent. With this effect, the contrast molecule alters the local magnetic
environment in its vicinity, and causes additional signal dephasing in nearby protons.
Susceptibility-based ecffect is relatively long ranged and may extend for a few

millimeters depending on the sensitivity of the acquisition sequence. T2-weighted
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imaging is usually used to study cerebral blood volume: contrast agent confined in
blood vessels due to blood brain barrier induces a substantial and observable signal
reduction which could be used to deduce blood volume.

The retaxivity-based effect by T1 shortening of contrast agent results in image
enhancement in Tl-weighted images. The etfect is short ranged and aifects only
protons in the immediate vicinity of the contrast agent. The induced signal change is
therefore more localized, and areas of high contrast con  tration could be identified
with better spatial resolution. The magnitude of enhancement is much more
pronounced than that induced by T2 shortening effect when there is leakage of
contrast agent into extravascular extracellular space (EES). T1-weighted DCE-'MR!
is thus more widely used in cancer imaging, where the presence of high vessel
densify and cxtravascular leakage of contrast agent in malignant fissues give a
substantial image enhancement at regions of the tumor. 11-weighted and
T2-weighted DCE-MRI require different acquisition and processing techniques. and
their analysis outcome bear different physiolegical implications. Studies in this thesis
were focused on the T1-weighted DCE-MRI method for head and neck cancers.

Cancer development is closely related to its vascular blood supply. In the early
stage of cancer, malignant lesions are usually avascular. Oxygen afld nutrition
necessary ftor the growth of the tumor is supplied by ditfusion. As the tumor grows

bigger in size, typically above 200 um in diameter. oxygen and nutrients supplied by
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diffusion is no longer adequate to meet the demand of the umor. Neovasculature is
required in the tumor by extended growth from existing vessels. This process of new
vessel development is induced by the release of angiogenic factor. namely the
vascular endothelial growth factor (VEGE), by tumor cells. These tumor capillaries
are usually highly heterogeneous in morphology, and extremely coarse in structure,
These vessels are also irregularly constricted, dilated and distorted with twisting and
sharp bends, which causes them to be leaky. Aggressive tumors such as glioblastoma
tend to bear leaky and irregular vessels, and vessels in slow growing benign tumors
tend to be more regular. Also, cells in tumors are usually irregularly arranged and
thus less compact than that of normal tissues, which then leads to a larger EES. Both
of these properties in tumor tissues allow a more rapid and larger influx of contrast
agent into tumors after contrast injection, and also a faster outflux of contrast at the
washout phase. These are manifested in the contrast enhancement profiles. With
appropriate analysis. DCE-MRI can provide information pertaining to the vascular
and cellular properties of tumor, which could infer tumor characteristics and be
useful clinically.

The analysis ot DCE-MRI has evolved. At present, a varicty of analysis methods
are available, ranging from simple qualitative assessment of DCE-MRI images or
pattern of enhancement, to elaborate compartmental models with transfer constants

between compartments to represent the dynamics of contrast agents. Most early
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DCE-MRI studies adopted the qualitative approach. For example, contrast
enhancement time curve pattern were analyzed to differentiate between malignant
and benign tumors. With this approach, the demand on the processing software is
minimal, and the capability to display the enhancement-time curves on pixels or
within the region of interest (ROI) is sufficient for the analysis. The advantages of
this method are the simplicity and robustness. Yet it is not quantitative and may be
subjective in interpretation. Accuracy of such methods is thus expected to be limited.

A semi-quantitative method to yield parameters that described thc shape of
contrast enhancement curve has also been employed in a number of studies. 1ime to
peak, enhancement slope, signal enhancement ratio and washout rate are the
parameters generated from the analysis. Semi-quantitative method is more objective,
and it is refatively simple to implement. However, these parameters may be
susceptible to differences in scanner configurations, calibration, signal gain, T1 of
tissues, etc. Therefore the method may not always provide reproducible results when
the same subject is scanned with different scanners or at different times. Inter-subject
and inter-center comparisons are thus more difficult. Moreover, the generated
parameters bear no biophysical meaning. A better way to perform quantitative
‘assessmcnt is to deduce thc contrast concentration from the signal intensity, and
obtain the quantitative DCE-MRI parameters on the contrast concentration time

curve. This will eliminate the difference between scanners and tissue T1 values, and
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the area under concentration curve (AUC) becomes one of the popular DCE-MRI
parameters. However, an accurate determination of Tl is necessary, and extra data
must be acquired to achieve this.

In the 1990’s, several research groups proposed pharmacokinetic models that
described the dynamics of injected contrast agent in human tissues. These
researchers proposed models with identified contrast-accessible compartments, and
devised mathematical formulae to describe the rate of exchange between the
compartments. From these models, contrast concentration curves obtained from
patients could be fitted into the models and physiologically relevant parameters couid
be deduced to reflect the compartment size, transfer constant and the clearance rate
of the contrast agent. Several major pharmacokinetic models for DCE-MRI were
propased by Tofts & Kermode (1991), Brix (1991) and St. Lawrence and Lee (1998).
These models differed in the compartmental design, underlying assumptions and
complexity, and there was increased interest to compare these models for DCE-MRI
in oncology. Due to the complexity in the analysis and processing procedures,
technical issues such as the extraction of arterial input function (AlF) and the optimat
scan parameters are essential to optimize the technique. ‘This is also one of the major
areas of research pursued by many groups aimed at improving DCE-MRI in recent

years.

Despite of the lack of a standardized analysis method, certain guidelines on the
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use of DCE-MRI in cancer were proposed. The National Cancer [nstitute (NC1) of
the United States has issued recommendations on the acquisitions for DCE-MRI
image in oncology. The recommendations were based on thc discussion in two
consensus workshops, namely the ‘Dynamic Contrast Enhanced Magnetic Resonance
Imaging Workshop® in 1999 and the *Future Technical Needs in Contrast Enhanced
MRI of Cancer Workshop® in 2000. A number of recommendations were proposed
on data acquisition and processing of DCE-MRI, with the aim of improving the
reproducibility and reliability of the technique.

in 2005, the Pharmacodynamic/Pharmacokinetic Technologies Advisory
Committee, Drug Development Office, Cancer Research in the United Kingdom
made further suggestions on the processing of DCE-MRI, by inclusion of arterial

input to cater for intcr- and intra- patient differences due to cardiac dynamics (Leach,

Brindle and Evelhoch, 2005).

1.4 Background of Head and Neck Cancer

Head and neck cancers originate from the upper aero-digestive tract, including
the lip, oral cavity, nasal cavity, paranasal sinuses, pharynx, and larynx. About 90%
of head and neck cancers are squamous cell carcinomas (HNSCC), which originates
from the mucosal lining of these regions. According to the statistics from the Hong

Kong cancer registry (2007), head and neck cancer accounted for about 12% of all
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cancers in the territory. Mortality was about 15 per 100,000 populations. Head and
neck cancers often spread to the lymph nodes of the neck, and this is a common
manifestation of the disease at the time of diagnosis. Head and neck cancer is
strongly associated with certain environmental and lifestyle risk factors, including
tobacco smoking, alcohol consumption, occupational exposure, and certain strains of
viruses. Head and neck cancers are usually aggressive in biological behavior (Ridge
J.A., Glisson B.S., Lango M.N et al., 2011).

Patients who present symptoms suspicious of a cancer in the head and ne;ck
region are usually referred to a doctor for a full medical history, physical exam,
blood tests, endoscopy and direct clinical examination. Imaging then follows to
further confirm the disease and to determine the extent of the tumor for disease
staging.. Biopsy is a more definite confirmation of the malignancy, and is usually
done either by endoscopic biopsy or fine needle aspiration.

Head and neck cancer is highiy curable .if detected early. However, tumors
presented at a late stage often have p;)E)r prognosis. Treatment methods include
surgery, chemotherapy, radiation therapy or a combination of these. Strategy of
disease management is decided upon the information available from radiological,
clinical and pathological tests. An optimal strategy will result in good tumor control
and survival, as well as reduced side effect. After treatment, follow up of patients at

regular intervals ensures control of disease, and helps to devise further treatment
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actions if the primary treatment does not resolve the discase completely. Follow up is
usually conducted by physical examination, endoscopy or imaging. In HNSCC, the
rate of tumor recurrence is about one-third, and an early prediction of recurrence or
residual tumor will enable oncologists to devise alternative and more effective
treatment to increase the treatment efficacy (Koch, Brennan, Zahurak, et al., 1996).
In this respect, DCE-MRI shares a role in head and neck cancer for detection,
characterization of tumor, and early prediction of recurrent and residual tumor. The
technique may aiso be useful in the evaluation of treatment side effect for nearby
normal organs, which is usually affected during treatment due to the proximity of the
organ to the tumor. NE\;V drugs acting against angiogenesis of tumor have also been
introduced in the treatment of head and neck cancers. DCE-MR! may be useful in the
evaluation of action path and efficacy of these drugs, although this is not the focus of
this thesis. A number of technical issues were addressed to facilitate the use of
DCE-MRI in head and neck cancers: optimization of acquisition parameters,

selection of reliable arterial input function and evaluation of the analysis method.

1.5 Literature Search on Application of DCE-MRI
A literature review was conducted on the use of DCE-MRI on human studies of
cancer. The keywords ‘Dynamic contrast MR’ were used for searching in PUBMED.

Only studies involving T1-weighted DCE-MRI on the study with human patient were
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ncluded, and a total of 542 publications were identified. As shown in Figure 1.1, a

growing number of publications were released on the topic.
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Figure 1.1:  Number of DCE-MRI publications over the decade.

By classification according to disease sites, it is shown that the majority of the
DCE-MRI publications were studies on breast and prostate cancers. Publications on
these two disease sites accounted for almost half of the total number. Studies in the
head and neck region also gained increased interest, but only contributed to less than

10% of the overall publications.
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Figure 1.2:  Number of publications according to disease sites.

Publications on DCE-MRI of the head and neck region have focused on tumor
characterization (Jansen, Schoder, Lee, et al.,, 2010; Newbold, Castellano,
Charles-Edwards, et al., 2009; Asaumi, Yanagi, Konouchi, et al., 2004; Asaumi,
Yanagi, Hisatomi, et al., 2003; Chang, Li, Jerosch-Herold, et al., 2008; Fischbein,
Noworoslski, Henry, et al., 2003; Unetsubo, Konouchi, Yanagi, et al., 2009; Van
Cann, Rijpkema, Heerschap, et al., 2008; Konouchi, Asaumi, Yanagi, et al., 2003;
Yang, Wang, Xian, et al., 2009; Oberholzer, Pohlmann, Schreiber, et al., 2008;
Hisatomi, Asaumi, Yanagi, et al., 2007; Tezelman, Giles, Tunca, et al., 2007;
Asaumi, Hisatomi. Yanagi, et al., 2005), treatment response evaluation or prediction
(Machiels, Henry, Zanetta, et al., 2010; Kim, Loevner, Quon, et al., 2010; Hoskin,

Saunders, Goodchild, et al., 1999), technical issues (Shukla-Dave, Lee, Stambuk, et
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al., 2009; Kim, Quon, Loevner, et al., 2007), evaluation of treatment complications
(Juan, Chen, Jen, et al., 2009) and correlation with other functional imaging
techniques (Bisdas, Seitz, Middendorp, et al., 2010; Bisdas, Baghi, Wagenblast, et al.,
2009; Tunca, Giles, Saimaslioglu, et al., 2007). It is also noted that the more recent
published studies on head and neck region used pharmacokinetic models, showing

progressive acceptance of quantitative analysis method for DCE-MRI data.

1.6 Summary

DCE-MRI in head and neck is a challenging research area. Until now, there is
very limited clinical evidence in support of DCE-MRI in the characterization,
prediction of treatment response and assessment of treatment complications for
cancers of this region. Technical issues have to be addressed to enable reliable
DCE-MRI in this particular part of body. it is the objective of this thesis to provide

further scientific and clinical evidence to facilitate its application.



CHAPTER 2 - OVERVIEW OF DCE-MRI PROCESSING AND TECHNICAL

CHALLENGES

2.1 Introduction

This chapter provides an overview on the various technical aspects of
DCE-MRI acquisition and processing. The types and properties of MR contrast agent,
which forms the physical basis for image enhancement dynamics, is first discussed.
The two pharmacokinetic models which were used in the studies of this thesis, and
outline of the processing steps are described. Subsequent section then describes the
international effort to standardize the DCE-MRI techniques. Finally the major
technical challenges for the application of DCE-MRI in the head and neck region are
discussed. This also summarizes the technical issues that will be addressed in the

studies of this thesis.

2.2 Contrast Agents

Delineation of normal anatomy and lesions may sometimes be difficult in MR
images from patients due to the limited intrinsic image contrast. MR contrast agents
have been used to enable a better visualization of these structures. These agents are
injected into the vein of the patient, and they are known to accumulate in regions of

high vessel density. Generally, contrast agents alter the relaxation of nearby
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molecules or local magnetic field homogeneity, and manifest their effect as changes
in the signal intensity of images. Contrast agents can be classified according to their
magnetic properties and biophysical distribution. The most commonly used agents,
which are gadolinium(Gd)-based, are paramagnetic and enhance spin-lattice and
spin-spin relaxation of molecules. Additionally, a high concentration of contrast
agent, which usually occurs in highly vascular tissues, reduces local magnetic field
homogeneity. Thus the presence of contrast agent shortens the T1, T2 and T2* of the
nearby tissues. The effect can be visualized as positive enhancement in Tl- or
negative enhancement in T2- or T2*-weighted MR images. Gd-based contrast agents
are available with a range of molecular sizes, and this determines the biophysical
distribution of the agent: small-size agents can readily cross the endothelium and
enters into the extravascular space, while large-size agents are confined to the blood
pool.

Several other types of MR contrast agents were being developed, such as the
Ultra Small Particulate Iron Oxide (USPI0O). This agent causes T2* shortening and is
readily taken up by macrophages. The agent is specific to lymphatic tissues and thus
may be valuable in the identification of metastatic lymph nodes (Oghabian,
Gharehaghaji, Amirmohseni, et al., 2010). Other agents such as micro-bubbles,
manganese-based contrast agents, etc were investigated in an attempt {o improve

specificity and sensitivity of discase detection.
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Despite the variety of contrast agents available in clinical or experimental
setting, clinical safety is the common concern of these agents. Most contrast agents,
including the popular Gd-based contrast agents, are toxic. A process called chelation
i1s necessary during production to enable the formation of large stable organic
complex around the gadolinium molecule, This reduces the toxicity that could resuit
from direct exposure to gadolinium. Also, accumulation of such chemicals in the
body is hazardous and agent molecules are climinated from the body by excretion
through the kidney. Therefore, patients with compromised kidney function are
usually contraindicated for the agent. The Food and Drug Authority of the United
States has issued information regarding the risk of Nephrogenic Systemic Fibrosis
(NSF) or Nephrogenic Fibrosing Dermopathy (NFD) for patients who received
Gd-based contrast agents (FDA Public Health Advisory 2006).

The contrast agent, gadolinium 1,4,7,10 — tetraazacyclododecane - 1.4,7.10 -
tetraacetic acid, abbreviated as Gd-DOTA (Dotarem, Guerbet, Paris, France) used in
the studies of this thesis is a common type of Gd-based MRI contrast agent. it has
been validated to be safe in human, and has been released in Europe for human use
since 1989,

Gd-DOTA is a small molecular size contrast agent (~500 Da). After intravenous
injection into human, it induces short-ranged relaxivity effect due to dipole-dipole

interaction between the large magnetic moment of paramagnetic ions in the contrast
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agent and the tissue water protons. Assuming a fast exchange ot water molecules in
the extracellular and intraceliular space, relaxation process in different water
compartments within a single image voxel of human tissue can be described by a
single T1 value. Therefore, presence of contrast agent in the vascular and
extracellular compartment of human tissue simply shortens the tissue T1. and causes
an enhancement in 1'l1-weighted image intensity. The magnitude of enhancement is
related to the concentration of contrast agent. The presence of contrast agent also
shortens the T2 and T2¥*, which can be shown as negative enhancement in images.
However, since relaxivity-based enhancement imaging is thc focus of this thesis,
such effect will be ignored in the T'!-weighted images obtained in the studies.

The small Gd-DOTA molecules can cross the endothelium of the blood vessels
and enters into the EES. However, it is blocked by blood brain barrier and ceil wall

of tissue cells.

2.3 Dynamic Contrast Enhanced (DCE)-MRI and Pharmacokinetic Models

Contrast agent in MRI enhances vascular lesions at the region of interest. and it
has been widely used clinically for the detection of cancer. The process of
enhancement, after appropriate analysis, yields further information related 1o the
vascular structure of the tumor. In cancerous tissues, uncontrolled increase in

microvascular density usually occurs due to excessive need of oxygen and nutrients
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for tumor growth, and such process is called angiogenesis. Tumor growth depends
heavily on vascular supply, the density and characteristics of these tumor vessels are
different from that in normal tissues (Folkman, 1995). Rapid growing tumor blood
vessels are structurally irregular and leaky. Therefore, contrast agents such as
Gd-DOTA, diffuse rapidly through the endothelium into the EES. By inspecting the
image enhancement-time curve, a significant difference in contrast agent dynamics
can be shown as compared to normal tissues. Figure 2.1 shows typical enhancement
time curves for lesions and normal muscular tissues. Theoretically, the dynamics of
contrast agent can be mathematicatly analyzed by biophysical compartment models

for quantitative DCE-MRI data analysis.

Typical DCE-MRI curves —— Tumor
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Figure 2.1:  Typical contrast enhancement time curves for tumor and normal

muscular tissue.



DCE-MRI generally yields information related to the blood volume, blood flow,
endothelial permeability, vessel density and extravascular space of tumors. Cancer
biology theories have suggested that increased tumor vessel permeability may reflect
tncreased level of angtogenesis, and may aiso contribute to tumor cell spread in
distant metastasis (Knopp, Weiss, Sinn, et al., 1999). On the other hand, cancer
therapies such as radiotherapy and anti-angiogenic drugs induce damage of tumor
vasculature, and this subsequently results in tumor cell death and shrinkage of tumor.
In view of these, DCE-MRI provides early indication of tumor aggressiveness and
therapy response. This may be a valuable adjunct to morphelogical images in the
management of cancer.

Currently, the DCE-MRI analysis methods that are available are presented with
varying degree of complexity. Qualitative analysis is the simplest method and
involves visual inspection and classification of image enhancement pattern. Patterns
of image enhancement curves can be classified for diagnostic purpose. An example
of such method is an early study for differentiating the types of breast tumors: slow
initial enhancement and wash-out represented benign lesions, and rapid initial
enhancement and wash-out represented malignancies (Daniel, Yen, Glover, et al.,
1998).

Semi-quantitative analysis has been developed to improve consistency and

comparability of results. Simple parameters to describe the course of image
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cnhgncement, such as enhancement slope, maximum enhancement, time to peak,
wash out rate, etc are derived by simple measurements or curve fitting method.
DCE-MRI studies have been conducted with this method of analysis, with positive
results for characterization (Asaumi, Yanagi, Konouchi, et al., 2004) and prediction
of treatment outcome for head and neck cancers (Hoskin, Saunders, Goodchild,. et al.,

1999). Despite these encouraging results, there are a number of shortcomings with'
this method. Firstly, the semi-quantitative parameters carry no biophysical meaning.
Interpretation 1s thus empirical and the change in these parameters may not be easily
explained or cormrelated with- biological ﬁndings. Secondly, variations in the
parameters due to scanner calibration, contrast injection rate and patient cardiac

output are not catered for and this may contaminate the data and hinder inter-patient

and inter-center comparability. A more elaborated and practical analysis method is

needed.

In the 1990’s, a number of phanpacokinetic models were proposed by
researchers for the modeling of contrast dynamics in the tumors. These
pharmacokinetic models hypothesized tissues as a number of compartmental spaces:
the extracellular space, the vascular space and intracellular space. MRI contrast
agents cannot enter intracellular space because of their size and inertness, a two
" compartment model, with the necessary transfer rate equations describing the

diffusion of contrast agent between the compartments, serves to describe the
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cxchange dynamics. Buckley (2002) compared three commonly used DCE-MRI
models: St. Lawrence and Lee’s model (St Lawrence and Lee, 1998), Tofts and
Kermode model {Tofts and Kermode, 1991; Tofts, Brix, Buckley, et al., 1999) and
Brix model (Brix, Semmler, Port, et al., 1991} in terms of the processing outcome.
The latter two models were chosen to be studied in this thesis because of model

stability and practical acquisition time.

2.3.1 Area Under Curve

As shown in Figure 2.1, the contrast concentration time curves are distinctively
different in tumors and in normal tissues. The rapid initial build up of contrast
concentration in tumors results in substantially larger area under curve. the area
undér curve (AUC) at this initial period of contrast enhancement, which is usually
chosen to be within about 100 seconds afier contrast injection, has been employed
clinically as a simple and robust DCE-MRI parameter (Evelhoch J., 1999). The
parameters AUC60 and AUC90 used in this thesis are the area under curve for the
lesion or the organ of interest at the initial 60 and 90 seconds. These are normalized
by the AUC of the contrast concentration curve extracted from the artery supply. By
doing this, the variations at different acquisitions, due to difference in cardiac output,

injection timing, scanner receiver gain, ete, can be removed.
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2.3.2 Tofts and Kermode Model

The two-compartment model represents the dynamic transfer of contrast agent
between the compartments of plasma and the extracellular-extravascular space (EES).
The model is graphically represented in Figure 2.2.
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Figure 2.2: The compartmental model proposed by Tofts and Kermode.

The model expressions that describes the dynamic distribution of contrast

agents are,

d("c = krmn.« (Ce - Cp )
ar (2.1]
C,=Cyv, +Cpy, 2.2]
f - Km{:-—r'}
C)=K,,, jc,,(:')e dre,C (1)
0 §2.3}

where C,, C, and C,, are the contrast concentration of the total volume of tissue, EES
and plasma, respectively. The input of the system is given by the contrast

concentration measured at the feeding artery of the tissue of interest, which forms the
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basis of the arterial input function (AIF) to be discussed later in this thesis. By fitting
the measured contrast concentration curve into the mathematical model, the unknown
parameters can be estimated. Table 2.1 tabulates the 3 major parameters estimated

from the curve fitting and their physiological meanings.

Parameter  Physiological meaning

Kirans Blood plasma flow per unit volume of tissue. In situation of high blood

flow, kyuns is the permeability surface area product per unit volume of

tissue.
Ve EES volume per unit volume of tissue.
Vp Blood plasma volume per unit volume of tissue.

Table 2.1: Physiological meaning of the DCE-MRI parameters in the Tofts and

Kermode model.

There are several major assumptions in the model:

1. Perfect mixing of contrast agent in the compartment: capillary flow is sufficient
to replenish loss of contrast agent into the lesion.

2. The only pathway of depletion of contrast agent from leston is via the capillaries.
Active transport of the contrast agent is not involved. Only diffusion, which is
proportional to concentration difference, is involved. At equilibrium, plasma

contrast concentration is equal to that in the EES. Diffusion from neighboring

27



voxels is also ignored.

3. Parameters to be determined are constant during the time of acquisition.

4, Fast exchange of ail mobile protons so that tissues relax with a single T1 value,
and that Gd-DOTA has a constant relaxivity. T2 effect of contrast agent is
neglected.

5. Extraction fraction of the EES is sufficiently low to avoid flow-limited situation.
Otherwise the estimation is a mixed effect from permeability and blood flow. In
the case where flux across the endothelium is flow limited,

6. Kuwn =FpU—Het) pg oo by (2.4]

7.  And otherwise in the permeability limited situation:

k. =PSp

trans (PS << F) [25]
9. where ¥ is the blood flow, PS is the permeability surface area product, p is the

tissue density, Het is the haematocnt proportion.

2.3.3 Brix Model

The model s composed of two compartments (central and peripheral

compartment) and it is graphically represented in Figure 2.3.
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Figure 2.3:  The compartmental model proposed by Brix.

Input to the system is assumed to be a continuous injection of contrast agent at a
constant rate within a known period of time. In the original model, the curve fitting is
carried out directly on the signal intensity-time curve, instead of the derived contrast
concentration time curve. The advantage is simplicity in data acquisition and
processing with the omisston of Tl estimation. However, the drawback is the
inaccuracy involved in DCE-MRI parameter estimation. For low baseline T1, and
also for a high contrast concentration, the relationship between contrast concentration
and signal intensity is not linear. Contrast concentration-time curve was used instead
in the studies of this thesis for the parameter estimation of the Brix model so as to
give a better representation of the dynamic especially for high contrast concentration.
The mathematical representation of the contrast dynamic is represented in the

following equations.

C (1) = A" —1)e "' —ule*" —1je ) [2.6]
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1
V=
[k (kyy — k) [2.8]

The parameters to be estimated in Brix model, as well as their physiological

meaning, are shown in Table 2.2,

Parameter  Physiological meaning

A Paramcter related to the tissue type, infusion rate and a combination of
other constants
ks, First order transfer rate constant of contrast agent from the central

compartment to the peripheral compartment

ke First order rate constant of the climination of contrast agent from the

central compartment

Table 2.2: Physiological meaning of the DCE-MRI parameters for the Brix

model.

in addition to the assumptions 1-4 listed in the previous section for Tofts’ model,
the following assumptions are also considered in the Brix model:
1. Zeroth order input of contrast agent into plasma (equal to the infusion rate) is

assumed. A first order elimination rate of contrast agent is also used.
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2. Transfer rate in and out of the peripheral compartment is the same.
3. Signal enhancement contribution by plasma compartment in the pixel is

neglected.

2.4 Overview on DCE-MRI Processing

DCE-MRI involves a number of processing steps after data acquisition to
generate the parameters for clinical application. The steps generally include image
preparation, contouring, T1 calculation, contrast concentration curve derivation and

parameters extraction. Details of the steps are discussed below.

" 2.4.1 Visual Inspection of Images

The images used in the DCE-MRI processing should be free from artifact in
order to generate reliable results. In the first place, the pulse sequence should not be
susceptible to artifact. Echo planar imaging which creates substantial artifact in
air-tissue interface should be avoided. Other common artifacts that may still
contaminate the images are motion artifact and pulsation artifact. This may be
partially avoided by appropriate selection of phase encoding direction. However,
artifact should still be censored. Visual inspection is a simple and reliable means to
identify image artifacts. Images with significant artifact at the area of interest should

be discarded.
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2.4.2 Image Alignment

Multiple images acquired in DCE-MRI are processed. Misalignment amongst
these images may be present due to patient movement, and this will affect accuracy
of the DCE-MRI resuit. Images are aligned manually or automatically by image
registration software. Ideally, this should be able to correct for misalignment in 6
dimensions: transformation in the x, y and z direction, together with the rotations
(roll, yaw and pitch). Moreover, deformable registration may be necessary if the
patient anatomy is deformed. Anatomy deformation in the head and neck region may
be contributed by swallowing, changes in neck flexion angle, mandible movement,
etc. These may affect areas around the laryngeal region or airway that renders
significant misalignment for nearby tumors or organs of interest. Deformable
registration is attempted by research groups and software vendors (Tokuda J..
Mamata H., Gill R R, et al., 2011; Fallone B.G., Rivest D.R., Riauka T.A., et al,
2010). Despite the attempt, reliable and accurate non-rigid registration software is
still not available. Therefore, if the misalignment is critical and uncorrectable, the

images should be discarded.

2.4.3 Contouring

The whole of the tumor and organ of interest should be contoured, as well as the

arterial blood supply to the area of interest. The carotid arteries are important source
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of oxygenated blood for head and neck tumors (Bailey, Johnson, Newlands, 2006),
and should be able to represent the influx of contrast into the tumor. The contoured
artery is used to generate the arterial input function (AIF) for subsequent DCE-MRI
processing. AlF is important to cater for the variation in contrast cnthancement due to
cardiac variations, and other machine specific variants. The issue of AIF is further

explained in subsequent chapter.

2.4.4 T1 Map Generation

T1 should be estimated to facilitate derivation of contrast concentration from
signal intensity. A number of methods exist for T1 estimation, including inversion
recovery prepared imaging (Bluml 8., Schad L.R., Stepanow B., et al., 1993} and
variable saturation technique (Fram E.K., Herfkens R.J., Johnson G.A., et al., 1987).
Different methods differ in terms of acquisition pulse sequence, acquisition time and
processing algorithm, and their relative merits and demerits are discussed in more
detail in chapter 3. Nonetheless, the outcome should be the same. An example of the

T1 map derived in the studies of this thesis is shown in Figure 2.4.
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Figure 2.4: A sample T1 map.

2.4.5 Contrast Concentration Curve Derivation

Contrast agents are known to alter the spin-spin relaxation rates of tissues, and
thus induce a change in T1. The non-linear relationship between contrast
concentration and signal intensity is described by the Bloch formula [2.10]. Using
the derived T1, the signal intensity-time curve for each pixel is transformed into
contrast concentration-time curve, which is then used in subsequent pharmacokinetic
models.
T,,—T,

= > 2.10
RaiTaoTa 1 ]

The relaxivity constant is termed R.,. C is the contrast concentration, T1 is the

tissue T1 value at the presence of contrast, 11 is the baseline tissue T1.
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The relationship between contrast concentration and relative signal increase is
plotted in Figure 2.5 for different baseline values of T1. As shown in the figure, the
relationship is approximately linear at small concentration of contrast or large T1.
This approximation has been exploited in an effort to omit the estimation of T1 in
DCE-MRI processing (Judd, Atalay, Rottman, et al., 1995}, thus simplifying the data
analysis and eliminate variation in outcome due to uncertainty in T1 estimation.
Indeed, the Brix model made this approximation in the original article that proposed
the model. However, the range of contrast concentration and 11 encountered in
different regions of interest may not meet the requirement of this assumption. The
baseline T! for head and neck lesions and parotid glands are about 900 ms and 500
ms respectively, according to data suggested in this thesis. Moreover, tumor contrast
concentration at peak enhancement exceeds 1mM, resulting in shortened 'I'1 of
approximately 100ms. As shown in the plot of Figure 3.1, the relationship of signal
intensity and contrast concentration over this range is curvilinear. Quantitatively, an
error of up to 3% in the derived contrast concentration may occur by assuming a
linear relationship between contrast concentration and signal intensity with baseline
T1 equal to 900ms. The error increases to over 7% with baseline Tl cqual to S00ms.
Derivation of T1 for individual patient is therefore a necessary procedure in the

DCE-MRI of the head and neck region.
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Figure 2.5:  Plot of contrast concentration versus relative signal increase.

2.4.6 DCE-MRI Parameter Estimation

The derived contrast concentration curves are fitted into the model equations to
estimate the DCE-MRI parameters. Method of mathematical fitting includes
nonlinear least square method (Murase K., 2004), simulated annealing (Marsh R.E.,

Riauka T.A., McQuarrie S.A., 2007) and other novel curve fitting algorithm

[}
LS
.

(Sansone M., Fusco R., Petrillo A., etal, 2011).

1 4

An example for the parameter maps of a particular image slice of a patient,
taken from the results in the studies of this thesis, is shown in figure 2.6. The

parameters from the Tofts and Kermode model, Brix model and the AUC are

included.
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(8) (h)

Figure 2.6:  Parameter maps of (2) Keans, (b) Ve, (€) Vp, (d) A, (€) ka1, (f) ket (8)

AUC60, (h) AUC90.

37



2.5 General Requirement of DCE-MRI and Etfort of Standardization
Since the development of quantitative DCE-MRI in the early 1990’s. different
protocols have been used to perform DCE-MRI data analysis. Protocols differed in
data acquisition, processing and analysis method, thus making published data
difficult to compare and apply across different centers. Also, quality of data could
not be guaranteed with non-standardized protocol. Therefore at the beginning of this
century, a number of clinical institutions attempted to provide guidelines to
standardize DCE-MRI. The recommendations issued by the National Cancer Institute
(NCT) of the United States outlined proper data acquisition protocol for DCE-MRI in
oncology (Evelhoch, Garwood, Vigneron, et al., 2005). The two fundamental
guidelines, namely the ‘Dynamic Contrast Enhanced Magnetic Resonance Imaging
Workshop® in 1999 and the ‘Future Technical Needs in Contrast Enhanced MR1 of
Cancer Workshop’ in 2000, recommended:
1. 3-dimensional DCE-MRI images should be acquired to cover the entire tumor.
2. Data with a minimum temporal resolution of 30 seconds, for a period of at least
90-150 seconds after contrast injection should be acgquired. Spatial resolution
should be optimized with sufficient resolution for heterogencity analysis and
adequate signal to enable voxel-wise processing of DCE-MRI data.
3. Power injector should be used to inject contrast agent, with saline flush after the

injection.
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4. Acquisition pulse sequence should not be susceptible to artifact.

5. Data and processed results should be highly rcproducible. T1 should be
measured with the same spatial resolution as the DCE-MRI data. Processed
DCE-MRI results should be independent of scanner system and contrast dose. A
quantitative analysis method that takes into account the var‘iation of these
attributes should be adopted.

In 2005, the Pharmacodynamic/Pharmacokinetic Technologies Advisory
Committee, Drug Development Office, Cancer Research in the United Kingdom
suggested the inclusion of cardiac output measurement or arterial input function (AlF)
to cater for inter- and intra- patient differences due to cardiac dynamics (Leach,
Brindle and Evelhoch, 2005). The scan field of view (FOV) theretore should also
include the blood vessels appropriate for derivation of AIF.-

It is shown in later chapters, that the acquisition protocol used in this thesis is

constructed to conform to these requirements.

2.6 Major Technical Challenges of DCE-MRI

The objective of DCE-MRI is to generate reliable parameters that can reflect
vascular properties of the tissuc of interest. These results should yield clinical
inference or prediction of treatment outcome. To achieve this, standardization of

protocol, validation and reproducibility assessment of the data are essential. In the
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previous session the international effort to standardize practice of DCE-MRI has
been discussed, and the aim of this thesis is to examine an optimal and practical
protocol in the head and neck rcgion. In the subscquent chapters the technical
problems that are crucial and specific to the application in the head and neck region
will be described and investigated.

The acquisition of DCE-MRI data is the first part ot the process. Spoiled
gradient echo sequences with muitiple flip angles are used to determine the T'1 of the
tissue of interest. Di Giovanni et al (2010) demonstrated a hcavy dependence of the
accuracy for DCE-MRI parameters on T1 estimation error. Dale et al (2003) stated
that the selection of the appropriate flip angles is essential for T1 estimation and
during dynamic data acquisition, and that the optimal flip angles depend on the
intrinsic T1 of the tissue of interest. This implied that optimization is required for
different parts of the body and tissue types. The optimization of flip angles for
DCE-MRI in the head and neck region has never been reported, and this is explored
in this research project. Details of thc study and resuits are discussed in chapter 3.

Another important factor related to data acquisition is total scan duration of the
dynamic acquisition data. Reducing scan duration results in less data processing and
therefore improves computational efficiency. However, over-truncation of data in the
contrast wash out phase potentially reduces the accuracy of estimated DCE-MRI

parameters. Few studies have probed the effect of scan duration on the estimation of
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* DCE-MRI parameters, except by Yue et al (2010) who showed an increased stability
for Tofts’ model with increased scan duration. The effect of scan duration on
parameter estimation accuracy and precision for typical head and neck lesions, with
both the Tofts and Kermode model and Brix model, is studied in chapter 3.

Increased signal-to-noise ratio (SNR) can be achieved by increased field
strength and the use of optimal receiver coil. However, assuming that the best
equipment on hand is employed. signal can only be increased at the expense of
spatial and temporal resolution. This is usually achieved via increased voxel size and
number of excitation averages. ROI analysis can be employed in place of pixel-wise
analysis to increase the SNR., albeit at the lost of informati(‘)n on parameter
heterogeneity. Dale et al (2003) analytically investigated the effect of noise in the
data to estimated Kqrans by propagation of error. In chapter 3 of this thesis. the eftect
of SNR on other DCE-MRI parameters will be further explored.

AlF is the functional representation of the contrast concentration in the blood
supply to the area of interest. It serves as the input function for the contrast dynamic
models to generate the DCE-MRI parameters, and is also used to normalize the
variation in contrast input to the tissue of interest. These variations are the results of
differences in injection timing, injected contrast dose, kidney function and cardiac

output of patients. An optimal AIF should be a genuine representation of the contrast

concentration from the supplying artery. However, this 1s difficult in the head and
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neck region since the supply artery is usually small, and signal intensity may be
contaminated by flow artifact. Besides, temporal resolution needs to be sufficiently
high to account for the fast inflow of contrast into the vascular system. Chapter 4
described the effort to obtain an optimal AlF for DCE-MRI processing in head and
neck region.

Finally, the DCE-MRI data generated in this thesis are validated by phantom.
Reproducibility of the in-vive data was also evaluated. These are important
assessments on the integrity of the data and results. The assessment also provides the

technical validation for the clinical utilization of the data.
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CHAPTER 3 —IMAGE ACQUISITION

3.1 introduction

Data acquisition is important in DCE-MRI, and it affects substantially the quality
of the DCE-MRI results. Data acquired for DCE-MRI are used for two major
processing steps: T1 estimation and DCE-MRI parameter estimation, In this chapter,
the technical issues in data acquisition are discussed and investigated. The objective
of the investigation is to arrive at an optimal protocol of data acquisition for
DCE-MRI in the head and neck region. The choice of flip angles was known to
influence substantially the outcome of 11 estimation (Dale B.M., Jesberger J.A.,
Lewin J.S., et al., 2003), and thus will be investigated. As for DCE-MRI parameter
estimation, the quality of the data acquired during dynamic acquisition is essential.
Several factors that may influence the data guality are the choice of tlip angles,
signal-to-noise ratio (SNR) (Dale B.M., Jesberger J.A., Lewin I.S., et al., 2003) and
scan duration (Yue C., Li D., Shen Z., et al., 2010}. These factors will be investigated

in the subsequent sections of this chapter.

3.2 Tl Determination and Validation
3.2.1 Introduction

Tt determination is an essential part of DCE-MRI data processing. The
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estimated 11 is used to derive contrast concentration from signal intensity. and this is
then used for subsequent pharmacokinctic modeling.

Two major methods for T1 determination are available: inversion recovery
prepared imaging and variable saturation technique. The former uses inversion
recovery pulse and signal acquisition at different delay times. Difference in net
magnetization recovered after different delay times, which depends on the relaxation
rate, results in different stgnal intensities. T1 can therefore be deduced with good
accuracy (Bluml S., Schad L.R., Stepanow B., et al., 1993). The disadvantage of this
method is the long inversion recovery (delay) time for each signal acquisition,
especially for high values of T1. The total time for typical pulse sequences to
determine a Tl map of matrix size 128 x 128, with 4 inversion recovery times,
exceeds 10 minutes.

‘The wvariable saturation technique is a more practical method for TI
determination. With the use of different excitation flip angles, the signal intensity is
related to T1 by the Equation [3.1}, Multipie flip angles are used to acquire data for
T1 estimation. Spoiled gradient echo sequences with low flip angles are preferable
with the short acquisition time, and the practicality of the method is shown by Dale
et al (2003). Typical acquisition time with this technique. for a matrix size of 128 x
128 and 4 flip angles is about 1 minute.

In order to yield reliable resuits, the number and range of flip angles used in the
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spoiled gradient echo sequences have to be optimized for tissue T1 and contrast
concentration in head and neck tumors and organs of interest (Dale, Jesberger, Lewin,
et al.,, 2003; Evelhoch, 1999; Schabel and Parker, 2008). Images acquired with the
use of 2 or more flip angles can be used to determine 11 for each pixel by curve
fitting. Theoretically, in the absence of image noise, T1 can be determined with high
accuracy at a minimal number of small flip angles. With the presence of image noise,
more flip angles have to be used and the optimal range of flip angle has to be
determined. Study on this issue by simulation is presented 1n this chapter. Validation
of the derived acquisition protocol was conducted by the use of a T1 phantom and

in-vivo data.

3.2.2 Effect of Different Number of Flip Angles on T1 Estimation
3.2.2.1 Method

Monte Carlo simulation was performed by the usec of sofiware written in
Interactive Data Language (ID1., Boulder, CO, USA). The aim of the simulation i1s to
examine the use of 3, 4, 5 and 6 flip angles in the range of 2-30 degrees to yield
gradient echo intensities for 'l estimation. The following elaborated Bloch formula
(Haase A., Frahm J., Matthaei D., et al., 1986) was used which denotes the

incorporation of random noise in the simulation:
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where S;(o;) is the simulated gradient echo intensity,

i =0 to 2, to simulate estimation of'l’] by 3 flip angles, ap =2°% a; = 15°, a; = 30°
i=0to 3 for 4 flip angles, ag = 2°, a, = 10", a; = 20°, a3 = 30"

i=0to4 for 5 flip angles, ap = 2°, 0y = 9", 4y = 16", @3 =23 °, 4 = 30°

i=01t05 for 6 flip angles, ag = 2°, 0 =8°, 02 =13 a3 = 19", 0y = 24", 05 = 30"

j =0, 999, depicting 1000 sets of simulated data for each of the above 4 simulation
scenarios. Ry is the Gaussian random number assigned to the simulated data,
representing the random noise component encountered in gradient echo images. The
standard deviation of the random number was chosen such that the signal to noise
ratio (SNR) at the peak of enhancement for the sequence with 30 degree flip angle is
20. This is approximately the noise level encountered in the gradient echo images
acquired in the present studies.

My is the proton density and was arbitrarily chosen; TR= 2.7ms is the repetition
time, and was chosen to be short and practical for implementation in a 1.57T scanner.

T1yp is the 1'1 value to be cstimated.
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Tl for each simulated data was estimated by mulliple starting point
Marquardt-Levendag curve fitting (Ahearn, Staff, Redpath, et al., 2005), which was
implemented by in-house developed software written with 1DL. ¥or each simulation
scenario (3, 4, 5 and 6 flip angles), the coefficient of variation (C.V.) for the T1

estimation was obtained by analyzing the statistics of the simulated T1 estimation.

3.2.2.2 Results

The simulation resuit is plotted in Figure 3.1.

C.V. of Tl estimation for different number of flip angles
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Figure 3.1:  Coefficient of variation for T1 estimation with different number of
flip angles.
A reduction in C.V., representing a higher precision of T1 estimation, was
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achieved with increasing number of flip angles. The use of 5 flip angles provided
similar results as compared to the use of 6 flip angles. The use of 4 flip angles
provided slightly worse results in terms of precision, but attained similar results to
the use of S or 6 flip angles at low T1. Further reducing the number of flip angles to
3 gave worse results over the whole range of T1 as compared to the use of 4 flip

angles. The use of 4 flip angles was considered optimal.

3.2.3 Effect of Different Range of Flip Angles on T'] Estimation
3.2.3.1 Method

A Monte Carlo simulation similar to section 3.2.2 was performed. Instead of
using different number of flip angles, different ranges of flip angles were used. Three
scenarios were examined, with flip angles in the range of 2 - 10°, 2 — 30°, 2 ~ 60"
respectively. Four flip angles evenly spaced within the ranges were assigned, thus the
indexed flip angles in the elaborated Bloch formula [3.1] became 2, S, 8 and 10 for
the range of 2-10 degrees; 2, 10, 20 and 30 for the range of 2-30 degrees. 2, 20, 40
and 60 for the range of 2-60 degrees. Curve fitting, 'I'l estimation and data analysis

similar to that described in section 3.2.2 was performed.

3.2.3.2 Results

Result of the simulation is shown in Figure 3.2,
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C.V. of T1 estimation for different flip angie ranges
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Figure 3.2:  Coefficient of variation of T1 estimation for different ranges of flip

angles.

It was shown that tlip angles in the range ot 2 - 30 degrees demonstrated lower
C.V., thus higher precision for T1 estimation, than the other two ranges over all

values of 'I']. This is therefore considered the optimal range used in the DCE-MRI

acquisition protocol.

3.2.4 Phantom T1 Validation

3.2.4.1 Method
The protocol was used in 1.5T MR scanner (Philips Medical System, Best, the

Netherlands) with the head and neck SENSE coil. Optimized flip angles (repetition
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time, TR = 2.7 ms; echo time, TE = 0.9 ms: slice thickness, TH = 4 mm; matrix size
= 128 x 128; field of view, -FOV = 230 mm; number of acquisitions, NSA = 4, 4 flip
angles, ao = 2°, a; = 10°, ('12 = 20° a3 = 30°) was validated by the use of Eurospin
MR[ T1 phantom. The phantom is made of a cylinder with 10 regularly spaced holes

designed to allow the insertion of liquid gels containers of different predetermined

T1 value.

3.2.4.2 Results

Figure 3.3 showed the estimated Tl map. The standard T1 values at the
scanner room temperature, as specified in the manual of the phantom, and the

estimated T1 by the acquisition protocol are shown in Table 3.1.

Figure 3.3:  Estimated Tl map of the Eurospin MRI T'1 phantom.

50



manufacturer), the estimated T1 and the estimation error.

Test Object Standard 11 (ms) Estimated 11 (ms) Error %

A 1278 1315.5 2.934

B 828 774 -6.522

C 1385 1354 -2.238 u
D 1068 1028.5 -3.699

E 506 560 10.672

F 329 357 8.511

G 992 921 -7.157

H 822 914.5 £1.253

1 664 685 3.163

J 221 228.5 3.394

Mean Error % 203 £ 6.78%
Table 3.1: Standard T1 of the test objects (provided by the phantom

The mean error of the T1 estimation is about 2%, with a range of -7.2% (o

10.7%. This is in accordance to the range of error reported by Chang et al. (2008)

that used multiple spoiled gradient echo sequences for T1 estimation.
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3.2.5 In-vive T1 Validation
3.2.5.1 Method

T1 estimation was turthcr validated in human subjects. A total of ten head and
neck cancer patients were selected to undergo the DCE-MRI image acquisition. T
map was obtained after data processing. ROIs ot subcutaneous fat and muscles were
contoured on these patients.

On the other hand, the reproducibility of T1 ¢stimation was also assessed in
these human subjects. T'he ten patients were scanned once more after 2 weeks, before
chemoradiation therapy and after the start of a targeted therapy drug, Cetuximab. The
drug 1s assumed to induce minimal effect on normal tissues and organs. T1 map was
again generated and the subcutancous fat and muscles on each scan were contoured.
The region of interest for the subcutaneous fat and muscles were chosen to ensure
reproducible location at the two scans. In the study of this thesis, reproducibility is

-assessed by the two parameters: the within patient coctficient of variance (wC'V) and

reproducibility. The two attributes indicated the degree of variation of the DCE-MRI
parameters that would be expected from a group of patients, and from individual
patients respectively. The expressions for the two attributes are:

w(CV = Zdﬁ !

- )

>d'
reproducibility = 2.77 x [ 13
proc . PN (3.3]




where d is the difference between the two scans. n i1s the number of lesions in the
study. sis the mean of the parameter. If a significant correlation is observed
between d and the average value of the two scans. a logarithmic transformation has

to be performed and the two reproducibility parameters become:

Jz:-ti:
wCV =10" -1 13.4]

reproducibility = ! [3.5]

3.2.5.2 Results

The mean T1 of the subcutaneous fat and muscles were 270.6 £ 71.6 ms and
880 + 160 ms respectively, which are in agreement with previously published in-vivo
data in 1.5T scanner. Duewell et al. (1993) reported mean 'l of 310 ms for
subcutaneous fat and 980 ms for muscle. The resulting reproducibility of the T1 for
subcutaneous tat and muscles are. 29.6% and 17.7% respectively. and for the wCV,

10.7% and 6.4% respectively

3.2.6 Discussion
Spoiled gradient echo pulse sequence was used in the acquisition protocol with
a reasonable scan time of about 1 minute. The optimal number of flip angles was

determined to be 4, and the optimal range is 2-30 degree. The flip angles thus used to
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estimate T'1 are 2, 10, 20 and 30 degrees. The pulse sequence was validated by the
use of a T! phantom, and the average T1 estimation error was about 2%. In-vivo
validation showed that the derived T1 for subcutaneous fat and muscles were similar
to published values, and the T1 cslimatign was reproducible with reproducibility for
subcutaneous fat and muscles being 29.6% and 17.7% respectively. The resultant
optimal flip angle was in agreement with that suggested in Wang et al (1987) for

cases of short acquisition time and short TR.

3.3 Dynamic Data Acquisition "
3.3.1 Introduction

Dynamic acquisition pulse sequences are used to acquire high temporal
resolution images for DCE-MRI analysis after contrast injection. These images
represent the dynamical change in contrast concentration during the period of interest.
An optimal dynamic pulse sequence should generate images with: sufficient
temporal and spatial resolution, sufficient signal-to-noise ratio; adequate image

.

coverage. The spatial resolution and field of view should be chosen as the same as
that in the spoiled gradient echo pulse sequences for T1 estimation.

With the short acquisition time, spoiled gradient echo is used during dynamic
acquisition after contrast injection. The optimal flip angle used for the dynamic

acquisition pulse sequence was examined. The flip angle was chosen such that for
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typical T1 values and contrast concentration in head and neck region, the signal

increase was maximized after contrast injection. Moreover, Bl-field inhomogeneity '

exists that causes error in excitation flip angles. The signal change should be
&

relatively constant with flip angles, so that sensitivity to flip angle errors can be

reduced (Brookes, Redpath, Gilbert, et al. 1999).

Signal-to-noise ratio (SNR) in dynamic images is usually limited due to the
short acquisition time. Assuming that the best equipment on hand is employed. a
higher SNR in the images can be obtained by sacrificing the spatial resolution.
Contrast concentration curves averaged over the whole ROl can be used instead of
pixel-wise analysis, and the averaging will reduce the noise level. The disadvantage
of this method is the removal of the heterogeneity information of the derived
parameters. In general, better SNR leads to better accuragy and precision of
estimated DCE-MRI parameter, and different parameters have different sensitivity to
SNR. The following discussed the impact of SNR on parameter estimation.

Another important aspect that influences the data quality is the scan duration.
Increased scan duration of dynamic images reduces the efficiency of the data
acquisition and processing. However, acquiring data for a longer period of time
would increase the amount of information, and the accuracy of the cs:fimatcd

DCE-MRI parameters could be improved. While reducing the scan duration beyond

a certain level could result in unstable estimation of the DCE-MRI parameters, a
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compromise is required between the scan duration and the quality of the parameter

estimation. This issue will also be examined in this chapter.

3.3.2 Optimal Flip Angle for Dynamic Data Acquisition
3.3.2.1 Method
The relationship of flip angles, signal increase and contrast concentration is

depicted in equations [3.6] to [3.7].

R(6) = —Lln[1 1-{4+ B) J

("(r) s R'| (f) - RH]
R, 3.7]
4= S(/) —.S({)) B= 1 - El, ™
where M,sina ] - El,cosa and El =e ,

The relaxivity constant R,y was taken as 4.39/s/mM, which was reported for
in-vitro samples at 37°C and 1.51 magnetic field (Fischbein N.J., Noworoslski S.M..
Henry R.G., et al., 2003). C(t) is the contrast concentration at time t. TR = 2.7ms and
is the repetition time. Ryp=1/T1y where 11 is the baseline 1'1. a is the flip angle, Mg
is the proton density and was arbitrarily chosen. S(t) is the signal intensity at time t,
which is the signal intensity after contrast enhancement in this simulation. S(0) is the

baseline signal intensity. Thus the signal increase is represented by [S(1)-S(0)}/S(0).
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Plots of the signal increase with respect to flip angles tor different T1 and contrast
concentration are generated. The range ot T'l was chosen to be 200, 300, 400, 500,
600, 700, 800, 900 and 1000 ms, and the contrast concentration was chosen to be 0.2,
0.5 and 1 mM. These values were selected to represent the typical values
encountered in head and neck DCE-MRI. Plots of signal increase versus flip angles
are generated at discrete flip angles spaced 2 degrecs apart, within the range of 2 to
24 degree, and the range contains the angle that yield the maximum signal increase.
The plots are examined for flip angles that give the maximum signal increase, and

are used for determination of the optimal flip angle for dynamic data acquisition.

3.3.2.2 Results

Plots of signal increase with respect to flip angles for ditterent 1'l and contrast

concentration arc shown in Figure 3.4 10 3.6.
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Figure 3.4:  Plot of signal increase with respect to flip angles for different T1 with
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Figure 3.6:  Plot of signal increase with respect to flip angles for different T1 with
Ct=1ImM.

From the above figures, the flip angle that induces maximum signal increase

depends on T1 as well as contrast concentration. The higher the T1 and the contrast

concentration, the higher is the flip angle to‘generate maximum signal increase. For

the range of T1 between 200 and 1000 ms and contrast concentration of 0.2 — 1 mM,

signal increase is maximized for flip angles of about 8 — 20 degrees. However, at

lower flip angles, the signal increase is highly sensitive to change in flip angles. This

is shown by the rapid falloff of signal increase when the flip angle is reduced to less

than 10 degree. A small error in flip angle may induce a large difference in signal

increase, which is not desirable. A flip angle of 20 degree is therefore chosen.
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3.33 Effect of Signal to Noise Ratio on DCE-MRI Parameter

3.3.3.1 Methods

Monte Carlo simulation using in-house developed softwarc was used to
illustrate the effect of noise on parameter estimation. Artificial contrast concentration
time curves were generated mathematically using the 2 modcl equations, from the
model proposed b'y Tofts and Kermode, and from the model by Brix described in
chapter 2. Typical values of kyans, Ve and v, for lesions and normal parotid glands
were used in Tofts and Kermode model to construct the curves. Similar contrast
dynamic curves were constructed by the Brix model with typical values of A, ko and
k;) for lesions and parotid glands. Parameters used for lesions were: Kypyns=1.197
min’!, v.=0.665, vp=0.093, A=50, k,=0.004 sec’!, k2, =0.022 sec'. Parameters used
for parotid glands were: Kyan=0.886 min”, v.=0.421, vp=0.044, A=37.7, ky=0.006
sec’!, k2y=0.02 sec™.

Gaussian distributed random noises, with SNR levels of 3, 6, 12 and 24, were
added to the curves. These SNR levels were typically encountcred in contrast
concentration curves in the images acquired with the established protocol. One
thousand contrast concentration curves for each of the 4 SNR levels, were generated
for each combination of DCE-MRI parameters. These curves were used for
DCE-MRI parameter estimation. The estimated results were used as statistics to

calculate the accuracy (mean percentage deviation of estimated value from the
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expected value) and the precision (coefficient of variation expressed in percentage)

of the DCE-MRI parameters.

3.3.3.2 Results

The results of the simulation data, expressed in: accuracy (precision), are shown

in Table 3.2 and Table 3.3.

SNR =24 SNR =12 SNR =6 SNR =3
Kirans 0.8 (9.1) 0.4 (18) 2.3 (32) 0.3 (53.9)
Ve -0.5 (4.3) -1.2(7.3) -2.9(13.5) -4.9 (22.7)
Vp 2.1 (38) 7.2(37.2) 29.3 (85.8) 60.8 (102.7}
A 13.0(15.2) 11.3 (15.1) 14.4 (15.1) 14.1 (18.1) :
ket 33.7(0) 33.7 (0) 30.7 (9.9) 25.3 (24.6)
k2 0.1 (7.6) -1 (8.3) 2.1(12.9) a 5.3(17.8)
Tabie 3.2: Results of parameter estimation in simulated parotid glands. Results

are expressed as accuracy (precision). Accuracy = [mean % deviation (estimated

value - expected valuc)|. Precision = (% coefficient of vanation).
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SNR =24 SNR =12 SNR -6 SNR =3
Kicans 1.2 (8.5) 0.6 (12.1) 1.5(22.3) 3.9 (37.4)
Ve -0.1 (3.4) -0.1(5.1) -0.6 (9) -0.9 (15.9)
Vp -2.3 (26.1) -0.2 (34.6) 3.7(55.7) 10.4 (89.1)
A 0 (0) 0.5(3.4) 1.9 (6.4) 6.5 (13.5)
K -6.4 (8.6) 5501 -3.2(17.4) -1.9 (25)
k2 3.5(3.5) 3.4 (5.1) 4.3 (8.1) 8.4 (10.7) ‘
Table 3.3: Results of parameter estimation in simulated tumors. Result; :r:

expressed as accuracy (precision). Accuracy = |mean % deviation (estimated value -

expecied value)}. Precision = (% coefficient of variation).

Results showed a trend of reducing precision with increasing noise tor all
parameters. Accuracy of parameter estimation, denoted by mean estimation error,
improved with reduced notise for all parameters except ky. vp is the most susceptible
to noise, and it demonstrated a large percentage coeflicient of variation (>60%) at
low SNR. The parameters Kyans and v, demonstrated the highest accuracy at different
levels of SNR, achieving less than 5% deviation from the expected value. The
parameters ky) and A demonstrated the highest degree of robustness (<20% in
percentage coefficient of variation) in terms of precision for parameter estimation at

different SNR levels. Similar observations are shown in the simulation for tumors
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and parotid glands.

3.3.4 Effect of Scan Duration on DCE-MRI Parameter
3.3.4.1 Method
'

DCE-MRI curves from the RO! of undifferentiated head and neck carcinomas
from 13 patients were taken to examine the effect of scan duration on DCE-MRI
parameter. Contrast concentration curves of acquisition duration ranging from 231
sec to 371 sec, in discrete spacing of 7 sec, were used for curve fitting to estimate the
DCE-MRI parameters. The baseline value for each DCE-MRI parameter was chosen
to be the estimated paramecter from the contrast concentration curve with scan
duration = 371 sec. The estimated parameters from curves with difference scan
duration were normalized by this baseline value. The averaged and the standard
deviation of the normalized estimated values were obtained. Besides, curve fitting
was considered unsuccessful if one of the following criteria was met: (1) Mean
fitting absolute error > 0.5 or, (2) Estimated vcand vp <0Oor>10r,(3)  Kyans. A,
ke and ky, < 0. Repeated measures ANOVA tests were performed for each DCE-MRI

parameters 10 identify whether there was any ditference in parameters induced by a

difference in scan duration.
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3.3.4.2 Results

The percentage of unsuccessful curve fitting is shown in Table 3.4. The

S

normalized estimated values for each DCE-MRI parameters are plotted against the

scan duration in Figure 3.7. The standard deviations are shown as error bars in the

plots.

Scan duration (sec) 340-371 305-340 270-304 231-269
Tofts and Kermode 0 0 0 0

Brix 3.1% 9.2% 9.2% 15.4%

Table 3.4: Proportion of DCE-MRI curves that failed curve fitting.
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Statistical tests showed that the parameters of the Tofts and Kermode model

estimated from reduced scan duration were not significantly different from the

baseline value. For the Brix model, the parameter A estimated from different scan

duration was not significantly different trom the baseline value. For the parameter k.
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estimated values with scan duration less than or equal to 280 sec were significantly
higher than the baseline value (p < 0.05). while for k3, estimated values with scan
duration less than or equal 10 259 sec were significantly lower than the bascline value
(p < 0.05).

Results also showed that curve fitting was successtul tor the Tofts and Kermode
model at reduced scan duration down to 231 sec. The Brix model did not show such
stability, and the proportion of failure in curve fitting increased with reduced scan
duration, Failure in curve fitting approached 10% at scan duration of 305 sec or
lower.

In general. the Tofts and Kermode model demonstrated a higher stability than
the Brix model, except tor the parameter of v, As evident from the plots in Figure
3.7, v, varied substantially at different scan duration. signifying the instability of the
parameter. Other than this, scan duration down to 231 sec seemed to be sulficient for
use in Tofts and Kermode. if Brix model is employed. reduced scan duration created

increased curve fitting failure and signilicant change in the estimated parameters.

335 Discussion
Results revealed thit by using flip angle of 20 degrees in the dynamic
acquisition, the signal increase due to accumulation of contrast agent is maximized.

while the sensitivity of signal increase to flip angle error is reduced. Schabet and
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Parker (2008) attempted to search for the optimized flip angle for the different
gradient echo sequences in the dynamic acquisition of DCE-MRI. In one of the
sequences that they have studied, which was similar to the sequences used in this
study in terms of TR, TE, temporal and spatial resolution, they arrived at an optimal
flip angle of about 20 degrees, which agreed to the result in this study.

Reduction of SNR in the dynamic acquisition reduces precision and accuracy
for DCE-MRI parameters. v, is the most susceptible to noise, and it demonstrated a
large percentage coefticient of variation (>60%) at low SNR. The parameters Kiuns
and v, demonstrated the highest accuracy at different levels of SNR, achieving less
than 5% deviation from the expected value. The parameters k;, and A demonstrated
the highest degree of robustness (<20% in percentage coefficient of variation) in
terms of precision for parameter estimation. .

With reduced scan duration, the Tofts and Kermode model demonstrated a
higher stability than the Brix model, except for the parameter of v,. Scan duration
down to 231 sec seemed to be sufficient for use in Tofts and Kermode. I Brix model
is employed, reduced scan duration created increased curve fitting failure and
significant change in the estimated parameters.

Few studies have investigated the effect of SNR and scan duration on
estimation of DCE-MRI parameters. Yue et al (2010) has reported on the effect of

noise and scan duration on DCE-MRI parameters for cranial lesions, using a standard
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pharmacokinetic modcl which is similar to the Tolts and Kermiode model explored in
this thesis. Their result showed that reduced SNR or scan duration incrcased the
instabilily and estimation bias. However, they showed a better stability for the
parameter of v, than the parameters of Kyans and Kep (Kep ~ Kirans/Ve). This is in contrary
to the result of the present study. One possible reason may be the difference in the
range of DCE-MRI parameters, which was swmled for cranial lesions instead of head
and neck lesions. Another possible reason may be the lower noise level hypothesized
in their study, which may improve the stability more substantially than the other two
parameters. However, the exact reason for the discrepancy would require further

investigation.

3.4  Summary

The issues pertaining to data acquisition for the DCE-MRI of the head and neck
region were examined. The optimal flip angles used in the spoiled gradient echo
sequences was determined to be 2, 10, 20 and 30 degrees. T1 estimation was
validated to yicld good accuracy and reproducibility.

The Nip angle for the dynamic acquisition was chosen to be 20 degree to yield
good signal increase as well as less sensitivity to flip angle errors. Reduced SNR in
the dynamic acquisition was shown to reduce precision and accuracy in the

estimation of all paramcters. The parameters Ky and v demonstrated the highest
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accuracy even at low SNR. v, is the most susceptible to noisc in estimation precision.
The parameters kz; and A demonstrated the highest degree of robusiness in terms of
precision for parameter estimation at different SNR levels. The results showed the
celiability of cerlain DCE-MRI parameters. namely the Kygans. Veo A and kzp in
situation of low SNR. Pixel-wise analysis is thus possible for these parameters. IFor
other paramﬂchrs that are less robust, such as v, ROl analysis is more appropriate.
Otherwise methods have to be sought to increase the SNR.

With reduced scan duration. the Tofls and Kermode model demonstrated a
higher stability than the Brix model, except for the parameter of v,. Scan duration
down to 231 sec seemed to be sufficient for use in Totts and Kermode. If Brix model
is employed, reduced scan duration created increased curve fitting failure and

significant change in the estimated parameters.
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CHAPTER 4 — IMAGE ANALYSIS

4.1 Introduction *

In this chapter. factors related to the analysis process of DCE-MRI were
investigated. The Arterial Input Function (AlF), which is an important component in
the DCE-MRI parameter estimation, was examined for the effect on parameter
estimation by: 1) the use of the left and right neck artery for extraction of AlF: 2) the
use of population-averaged AIF versus individual-AlF; and 3) random noise and
systematic error in the AlF. These issues have been scarcely examined in the head
and neck region (Dave et al., 2009), and the results are expected to be instructive tor
subsequent analysis process of DCE-MRI.

This chapter also demonstrated the effect on the omission of the plasma
contributien to the overall contrast concentration in the Tolts and Kermode model.
Mathematically the plasma contribution is represented by the contrast concentration
in the plasma compartment multiplicd by the plasma volume fraction (C, x v,). The
omission of such contribution was actually proposed in the onginal Tofts and
Kermode model, since it was assumed that the vascular compartment was relatively
small and could be neglected in most situations. In addition, the result from the
previous chapter showed that v, is highly sensilive to noise, and thus showed a

limited reliability for clinical use. Despite this, the omission of this term in the
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parameter estimation process may result in biased estimation of the other two
DCE-MRI parameter of the model, namely the K, and v.. The rcsults presented in
this chapter aims to demonstrate the effect.

‘The final section of this chapter illustrates the assessment of reproducibility for
the DCE-MRI parameters. This serves as an indicator for the quality of the

DCE-MRI parameter generated in the studies of this thesis.

4.2 Data Acquisition Protacol

The data acquisition protocol is desived from the results of the previous chapter.
The protocol is used in the study of this chapter, as well as the subsequent clinical
studies described in chapter 5-7. Patients were scanned in a 1.5T MR scanner
(Philips Medical System, Best, the Netherlands) with the head and neck SENSL coil.
Four 3D Tt-weighted gradient echo images were performed with different flip angles
to generate the T1 map (repetition time, TR ~ 2.7 ms; echo time, TE - 0.9 ms; flip
angle, a = 2, 10, 20, 30°% slice thickness, TH = 4 mm; matrix size — 128 x 128; field
of view, FOV = 230 mm; number of acquisitions. NSA = 4). Dynamic gradient echo
images were then acquired at a time resolution of 3.5 s for 106 time points (repetition
time, TR = 2.7 ms; echo time, TE = 0.9 ms; flip angle, « — 20"; slice thickness, TH =
4 mm; matrix size — 128 x 128; FOV = 230 mm; number of acquisitions, NSA = 1).

The imaged volume extends from the superior border of sphenoid sinus to cervical
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C4 level.

The contrast agent (Dotarem Gd-DOTA, Guerbet, Paris, France) at a dose of 0.2
ml/kg was injecled intravenously with a power injector at a rate of 3 m¥/s, which
commenced at 20 sec after the start of the dynamic sequence. Saline was used to
flush the contrast agent at the end of the injection to ensure that all contrast agents
were delivered. The injection speed was chosen to be practically repeatable with

sufficient temporal resolution to capture the rising slope of enhancement.

4.3 Image Analysis Protocol

By the use of the acquired data, T'l estimation and confrast conccntration
derivation are performed as described in chapter 3. Besides the lesion and organ of
interest, the lefl and right carotid arteries (either internal carotid or common carotid,
depending on the location of the tumor and image coverage) were contourcd. These
arteries are important sources of oxygenated blood for head and neck tumors (Bailey.
Johnson, Newlands, 2006), and should be able (o represent the influx of contrast into
the tumor. For each contoured artery, the ROI occupied a volume of 14Imm’,
corresponding (o one hundred pixels within the artery. The averaged contrast
concentration curve within this ROl was taken to represent the AlF. A consistent
ROl size was adopted, and a single researcher contoured the AlF to cnsurc

consistency. AlFs that did not match the following critcria were considered
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artifact-prone: 1. No well defined first and second pass peak. or 2. Presence of
significantly abnormal spikes or troughs in the contrast concentration curve. These

AlFs were excluded from the analysis.

4.4 Arterial Input Function
4.4.1 Introduction

Artenial Input Function (AlF) is an important technical component in the
analysis process of DCE-MRI. AIF is the functional representation of the contrast
concentration from the blood supply for the area of interest. It serves as the input
function for the contrast dynamic models to generate the DCE-MRI parameters, and
is also used to normalize and compensate for the variation in contrast input to the
tissue of interest. These variations are caused by differences in injection timing,
injected contrast dose, kidney function and cardiac output of patients. Adequate
signal, image coverage, lemporal and spatial resolution are prerequisites for AIF of
good precision and accuracy. While these attributes cannot be maximized under the
condition of limited signal, a compromise has 10 be made. Cheng (2008) performed a
simulation study and showed that an accurate, high temporal resolution AlF is
essential for the estimation of v, in the Tofts and Kermode model. However he also
stated that bi-exponentially-fitted AIF with compromised temporal resolution may be

sufficient for v, estimation with an underestimation in kyun. Therefore, an oplimal
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AlF depends on the method of generation and also the aim for the DCE-MRI model.

Efforts were made in the past by researchers to obtain simple and reliable AIFs
to reflect the true blood supply to the tissue of interest. Early pharmacokinetic
models used simple mathematical functions to represent the AIF. The initial Tofts’
model (Tofts and Kermode, 1991} used bi-exponential function to simulate AlF. The
benefit of such method i1s the simplicity and regularity of the function. However, it
fails to accurately represent the initial rapid surge of contrast in blood flow. Also, the
cardiac variation between patients has not been adequately addressed. A number of
other solutions have been proposed to tackle thc problem, including the use of
reference tissue method (Yang, Karczmar, Medved, et al.. 2009), and other
mathematical functions that atiempted to provide adequate representation of the
patient specific AIF (Lavini and Verhoeft., 2010).

Despite these efforts, most studies used AlFs that were directly measured from
patients. Some other researchers have advocated the use of individual-AlF or
population-averaged AlF. The former strategy suggests that palient-to-patient
variation was substantial and AIF should be taken from individual scans to better
represent the arlerial supply, The laler strategy recommends a population-averaged
AIF to simplily data processing workflow. Population-averaged AlF may also be less
susceptible to measurement error, which is usually a problem in the measurcment of

arterial blood supply due to the presence of fluid turbulence and flow effect. The use
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of population-averaged AIF may thus improve reliability of the DCE-MRI
parameters. Dave et al (2009) reported a study on the use of population-averaged AIF
versus individual-AlF in the DCE-MRI of neck node metastasis. Although they did
not show any significant difference between the parameters determined by cach
method, over 10% diffcrences between the parameters were observed. Calamante et
al (2000) suggested that the closer the AlF was to the true arterial supply, the more
accurate will be for the dynamic modeling. However, the closer the AlF is to the
imminent blood supply, the narrower will be the vessel, and then the problem of
partiai volume effect comes into play. In summary, the choice on the use of
population-averaged AIF or individual-AlF is unsettled for DCE-MRY in the head
and neck region.

The issue of AIF is unique in the head and neck region duc to the small size and
large number of feeding vessels to the region of interest. The carotid artery is the
major blood supply in this region. The size and location of the artery allows for a
convenient and relatively reliable source of AIF extraction. The branch ipsilateral to
the tumor or organ of interest is commonly chosen to extract the AllF. However.
midline-crossing tumors may be supplied by the artery on both sides. AIF extracted
on the two sides may be different due to obstruction of unilateral vessels by
malignancies, rendcring the DCLE-MRI results unseliability. There is a lack of

evidence to demonstrate the similarity of the AlF extracted from either side of the
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neck in patients with head and neck cancer. In short, publications on AlF in this
region are very limited. A number of issues regarding AIF in the head and neck
region were identified and examined in the subsequent sections: the effect of using
bilateral artery for the AIF; and the effect of using population-averaged AIF versus
individual-AlF for data processing. Finally, the effect of random noise and
systematic error in the AlIF on DCE-MR! parameters was demonstrated by

mathematical simulation.

4472 Difference between Bilateral ALF

4.4.2.1 Method

To examine the difterence in the left and right carotid artery in DCE-MRI, ten

e,
patients with nasopharyngeal carcinoma were scanned with acquisition protocol
described in section 4.2. L'T-AIF and R't-AlF were obtained for each patient scan by
contouring the lett and right carotid artery at the same level of the cervical neck. The
area under curve for the initial 60 and Y0 seconds of the AlF (AUC60AIF and
1AUC90AIF) were recorded and compared between LT-AIF and R'T-AllF for cach

patient. Mathematical correlation was conducted between the pairs of AlF to

examine the'similarity of LT-AlF and RT-AlF for each patient.
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4422 Results

Of the 21 patients scanned. 3 were exciuded due to the presence of artifact. The
mean difference in AUC60AIF and AUC90AIF between the LT-AIF and RT-AIF
were 12.1 + 9.3% and 10.3 £+ 8.2% respectively. Correlation between the pairs of All
is 0.979 £ 0.023. AlF taken in the carotid artery on either side of the neck region
were similar. AIF could be extracted on either side where artifact was not present or

the vessel was not distorted by nearby lesion.

443 Study on the Use of Population-Averaged AlF versus individual-All
443.1 Mecthod

A population-averaged AlF was obtained from 73 scans of patients with head
and neck cancer. AlFs on the left and right carotid arteries for all of these scans were
extracted, and a total of 146 AlFs were obtained. Twenty-cight AlFs were identified
to be contaminated by artifact, and thus a total of 118 AIFs remained. These AlFs
were summed together for each time points and then divided by 118, thus the
population-averaged Al¥ was obtained. On the other hand, ten patients with
nasopharyngeal carcinoma were scanned with the protocol twice (2 weeks apart)
before treatment. AlFs were extracted from the 20 scans, and these Alls were termed
individual-AlFs. DCE-MRI parameters for the parotid glands were generated with

the population-averaged AIF and the individual-AlF. The reproducibility of the
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DCE-MRI parameters, which described the expected difference in the parameters
estimated between the two scans, was assessed. Mathematical expression of the
reproducibility was given in section 3.2.5.1 in Chapter 3. The mean difference
between the pairs of parameters (generated by population-averaged AIF and the
individual-AIF) was also examined. Test for significance of difference in the

parameters generated by these two methods were conducted by pair-wise t-test.

4.43.2 Results

The population-averaged AIF is shown in Figure 4.1.
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Figurc 4.1: Population-averaged AIF.

The reproducibility for the DCE-MRI parameters, gencrated by
population-averaged AlF and individual-AlL, is shown in Table 4.1. Difference in

the parameters generated by popuiation-averaged AlF and the individual-AlF is
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shown in Table 4.2. Pair-wise t-test showed no signiticant difference (p > 0.05) in all

parameters generated by the two AlFs.

Individual -AlIF

-
Population-averaged AlF

Kirans £ 66% +91.1%

Ve + 58% + 81.2% |

Vp £ 86% + 168.1% _ ‘
AUC60 + 53% £ 90.3%

AUC90 + 53% * 86.7%

Table 4.1:

Reproducibility of the DCE-MRI parameters for the parotid glands.

Parameters Mean + s.d. Maximum difference

Kirans 6.1 £ 26.6% 47 8% :
Ve 6.8+ 17.8% 35.5“/;

Vp 20.6 £ 50.3% 142.9% -
AUC60/90 16.7 + 12.;% 40.1% -
Table 4.2: Difference in the DCE-MRI parameters for lht; __parotid glands

generated by using population-averaged AlF and individual-AlF.

Results showed that the use of population-averaged AllY degraded the
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reproducibility of the DCE-MRI parameters as compared w the usc of
individual-AlF. Differences induced in the DCE-MRI parameters, by the use of
population-averaged AfF as oprposéd to that of individual-AlF, were about 6 - 21%
on average. The results suggested that individual-AlF is favorable in terms of
reprg)ducibili{y of the estimated paramelters. Use of population-averaged AlF should

also be cautious in view of the potential error induced in the DCE-MRI parameters

estimated by this method.

444 Effect of Random Noise and Systematic Error in the AIF
4441 Method

Monte Carlo simulation by the use of software written in Interactive Data
Language (IDL, Boulder, C(O), USA), was carried out to examine the effect on the
reproducibility of DCE-MRI parameters by random noise and systematic error in the
AIF. It was assumed that two major types of errors exist in AlF, namely random and
systematic error. Random crror refers to the random noise observed in images, and
magnitude of such error depends on pulse sequences, scanner hardware, volume of
RO\, etc. Systematic error can be caused by artitact, and in the casc of AlF, this error
is contributed in a large part by partial volume effect due to the small size of the

vessels where the AIF s extracted.

The simulation involved a ‘standard’ contrast concentration curve for head and
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neck lcsions, which was constructed mathematically by incorporating typical
DCE-MRI parameters into the Tofis and Kermode model. The population-averaged
AIF obtained in section 4.3 was used as a standard Al¥, in which random noise and

systemic error were added to simulate error-contaminated AIF. The magnitude of the

added random noise was chosen to yicld SNR at the peak of enhancement to be 5, 10,

20, 30 and 50, and these were the level of noise typically encountered in the images
of this study. Systematic error in AlF, which simulated thc; partial volume etfect. was
mimicked by reducing the overall magnitude of contrast concentration curve by 15%
and 30%. One thousand simulated AlFs were generated for Monte Carlo simulation
in each combination of random noise and systematic error. Curve fitting for
parameter estimation was conducted with the use of these simulated AIF. The

statistics of the estimated parameters was then used to calculate the reproducibility.

4442 Results
The results of the Monte Carlo simulations, expressed in terms of
reproducibility of the generated parameters, arc shown in Figure 4.2. Lower

reproducibility represents less variation and this better quality of the derived

parameters.
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Figure 4.2: Monte Carlo simulation results for reproducibility of Kians, Ve and v,

Simulation results showed that random error affected more substantially the

reproducibility of kyans than the systematic error, while the reverse is true for v and

-

vp. In practice, this implied that if Kans is the primary objective of the analysis,
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random noise should be reduced in the images. This could be achieved by using AlFs
obtained from a larger ROI, or other means to enhance the arterial input signal. On
the other hand, if v. and v, were the primary objectives, sources of systematic error
in AlF may need to be reduced. This could be achieved by selecting voxels at the
center of the artery for the AlF, instead of on the rim ol vessels to reduce the partial

volume effect.

445 Summary

AIF is important in DCE-MRI processing, and is necessary to cater for the
variation in the contrast input and generate reproducibility results. Results shown in
this thesis suggested that bilateral AIF are not diftferent, thus the lefi and right carotid
arteries could be used for DCE-MRI processing. Individual-AlF was preferred over
population-averaged AIF in terms of reproducibility of the estimated paramctcrs.
Finally, both random noise and systematic error in AIF atfected the DCE-MRI, and
their relative importance depended on the DCE-MRI parameters that were used.

Very few previous publications have reported on the above issues, except for
several that have studied the difference between population-averaged AIF and
individual-AlF. The results shown in this study demonstrated a ditference of 6-21%

between the DCE-MRI parameters estimated by the use of population-averaged AlF

and individual AIF. This is in accordance to the results reported by Dave et al (2009).
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Pair-wise t-test showed that the difference, however, were not significant. This also
agreed with the reports by Dave et al (2009) and Wang et al. (2008). However,
results in this study suggested that reproducibility of DCE-MRI parameters was
degraded by the usc of population-averaged AlF. This is in contrary to that suggested
by Parker ct al. (2006). There are a number of differences between the two studies,
which may contribute to the discrepancy in result. Firstly, the region of interest in the
study by Parkcr et al. is the abdominal and pelvic region, and respiratory motion is
substantial in this part of the body. Population-averaged AlFs may alleviate this
problem while motion artifact may contaminate the individual AIF. Secondly, the
semi-automatic extraction of AlF depicied in Parker's study may increase the
variation of the AIlFs collected, thus contributing to the comparatively higher
variation in the estimated DCE-MRI parameter generated by the individual-AlF. The
present result suggests the advantage of individual-Al¥F over population
averaged-AlF. This may generally be explained by the high complexity of blood
flow in the head and neck region, rendering considerable variation in blood supply
between patients and between scans. Such variations are catered by AlF obtained

from individual scans.
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4.5 Inclusion of the Vascular Contribution for Total Contrast Concentration in lofts
and Kermode Model
45.1 Method

Values of kyups, Ve and v, typical for head and neck lesions were fitted into the
expression by Tofts and Kermode model to reconstruct contrast concentration curves.
Three values, representing the lower, medium and higher range of each parameter
were chosen to demonstrate the effect at these scenarios. The values assigned 10 Kgyns
are (low: 0.6 min"'. medium: 0.8 min™', high: 1.2 min™), v, (low: 0.4, medium: 0.5,
high: 0.6), vp (low: 0.05, medium; 0.075‘,‘high: 0.1). T'wenty-seven combinations
were thus generated. Gaussian noise was added to the 27 simulated curves and
parameter estimation was conducted in simitar fashion to the above sessions. The
error of the estimated parameters, as compared to the originally assigned values, was

obtained. The error for each curve fitting in arbitrary unit was also recorded.

4.5.2 Resuits and Discussions

Kirans Ve Vp Error (est. Kyuns) Error (est. v.) it error
Low Low Low 27.6% 7.2% F 0.306
Medium 36.7% 11.7% 0.312
High 53.1% 16.7% 0.323
Low Medium  [ow 25.9% 4% 0.314
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Medium 31.1% 7.8% 0.317
High 31.5% 11.6% 0.330
Low High Low 20.6% 3.4% ().3—2'?‘
Medium 31.1% 5.3% 0.327
High 31.1% 8.5% 0.336
Medium Low Low 19% 6.9% 0.302
Medium 33.5% 11% 0.307
- High 46.2% 16.9% 0.313
Medium Medium Low 14.3% 4.5% 0.304
Medium 39.1% 7.1% 0.329
High 33.9% 4.5% 0.345
Medium High Low 13% 3.4% 0.309
Medium 20.5—% - 6.3% - 0.314
High 23.6% 9.2% 0.325
High Low Low 17.6% 6.2% 0.301
Medium 30.2% _—Flﬁ(;; 0.304
High 40.0% 14.5% 0.308
High Medium Low 15.4% 3.0% 0.327
Medium 50.4% 4.0% 0.333
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High 43.1% 9.3% 0.326

High High Low 10.4% 3.4% 0.304
Medium 16.7% 6.3% 0.310
High 34.9% 7.8% 0.330
Table 4.3: Error of parameter estimation for each simulation and the curve fit
Error.

Omission of the term C,v, in the curve fitting induced error of up to 53.1% in
Kyans. Error in the estimated v, may cxceed 10%. The error increased with higher
values of v, or lower values of kyans O ve. Curye fitting ervor is higher with higher
values of v, In summary, omission of v,Cp in the estimation expression induced
substantial error in kyms cstimation, and atso induced increased error in curve fitting

for scenario in the head and neck lesions.

4.6 General Assessment on tile Reliability of DCE-MRI Parameters
4.6.1 Method

Reproducibility is an important attribute to describe the reliability of the
DCE-MRI data. It is also a general indicalor on the quality of the DCE-MRI
processing. Paramf;:ters that are reproducible improve the clinical usefulness of the

data, which stems from the fact that small changes are detectable that may represent
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therapeutic effect, or a difference in thc vascular properties of the lesions.
Reproducibiiity studies and parameters used to describe the attributes were
summarized in published papers (Laking., West, Buckley. et al., 2006; Marcus,
Marcus, Cucu, et al., 2009).

The reproducibility of tumors and the parotid glands were assessed. A total of §
lesions were included. The lesions were scanned twice at 2 wecks apart before
treatment. In addition, 20 parotid glands from 10 nasopharyngeal carcinoma patients

were scanned at 2 weeks apart before chemoradiation treatment.

4.6.2 Results and Discussions

The results of the study are shown in Table 4.4 and 4.5.

Parameters wCV Reproducibility

Kerans + 14% (+ 0.244 min™") + 39% (+ 0.676 min™")

Ve + 5% (+ 0.028) + 14% (+ 0.078)

vy + 23% ( 0.040) +63% (+ 0.111) :

A B + 11% (+ 4.258) + 30% (£ 11.795) ‘

Kel + 23% (+ 0.107 sec’) + 64% (= 0.296 sec™)

ka1 ;6% (+ 0.012sec™) + 17% (£ 0.033 sec';)h -
AUC60 + 12% (+ 0.046) ;33% (£ 0.127)
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AUC90

+ 15% (£ 0.131)

+42% (2 0.363)

Table 4.4: Reproducibility result for head and neck lesions.

Parameters wCV Reproducibihty

Kyeuns + 24% (+ 0.220 min™") + 66% (+ 0.594 min'") -
Ve £ 21% (£ 0.081) + 58% (+ 0.224)

Vp + 31% (£ 0.012) + 86% (+ 0.033)

A + 23% (+ 8.8) -44 to +78% (-16._697 to +29.707)

ke + 39% (& 0.245 sec’™) A 10 +149% (-0.375 to +0.933 sec™")

kay + 14% (+ 0.037 sec™) -31 to +43.9% (-0.081 to +0.116 sec™)
AUC60 + 19% (£ 0.048) +53% (£ 0.133) -
AUC90 £ 19% (+ 0.110) £ 53% ( 0.305) :

Table 4.5; Reproducibility result for the parotid glands.

Reproducibility results of DCE-MRI in head and neck lesions reported in this

thesis is comparable to those values of other tumors obtained by Galbraith et al (2002)

and Roberts et al (2006). Results for parotid glands are comparable to those obtained

from muscles in the same report, and also similar to the results on normal muscles

and fat from: Padhani et al (2002) and results on normal muscles by Eveloch et al

(2004). Technically, DCE-MRI parameters generated from pharmacokinetic models
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showed comparable reproducibility with those parameters generated from model-free
analysis (e.g. AUC60 and AUC90). The tformer is more complex and
computationally intensive than the later. However, it provides better physiological

meaning, in accord with the suggestions from Roberts et al (2006).

4.7 Conclusion

Kesults shown in this chapter on AlF suggested that 1) bilatcral AlF were not
different, thus the left and right carotid arteries could be used for DCE-MRI
processing; 2) Individual-AlIF was preferred over population-averaged AIF in terms
of reproducibility of the estimated parameters; 3) both random noise and systematic
error in AlF affected the DCE-MRI. and their relative importance depended on the
DCE-MRI parameters that were used.

‘The second part of this chapter showed that omission of the term C,v, in the
curve {itting induced error of up to 53.1% in Kyans. Error in the estimated ve may
exceed 10%. The error increased with higher values of v,,. or lower valucs of kypns or
ve. Curve fiting error was higher with higher values of v,. The effect of omitting
vpCp in the estimation expression is thus substantial in the head and neck lesions.

The reproducibility of the DCE-MRI parameters generated in the studies of this
thesis was comparable to those reported in other literatures. This guaranteed the

quality of the data and the processing in these studies.
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CHAPTER 5 - DCE-MR! TO DIFFERENTIATE HEAD AND NECK

MALIGNANCIES

5.1 Introduction

Head and neck cancer most commonly originates trom the upper acrodigestive
tract, including the lip. oral cavily. nasal cavity. paranasal sinuses, pharynx. and
larynx. The majority of head and neck cancers are squamous cell carcinomas
(1INSCC), originating from the mucosal lining of the head and neck region. Ditferent
types of head and neck tumors are characterized by the originating anatomical site,
and also the originating cell type. Tumor types differ in their clinical presentation.
prognosis, treatment outcome and available (treatment options. Therefore.
charac;terization of tumors helps to guide selection of treatment and predict survival.

Malignant tumors in the head and neck region are diagnosed by physical and
radiological examinations, panendoscopy, and are usually confirmed by biopsy.
Functional imaging offers a non-invasive method 1o provide physiological
information to characterize the primary tumor. A number of functional imaging
techniques were under investigation for use in head and neck cancers. Ditfusion
wetghted MR imaging (DWI) has been used to ditferentiate different tumor types in
the head and neck region (Fong, Bhatia, Yeung, et al., 2010). Positron e¢mission

tomography (PE'T) with the use of different tracers is used to assess tumor hypoxia
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(Nehmeh, Lee, Schroder, et al.. 2008) and (umor cell proliferation (Menda. Ponto.
Dornfeld, et al., 2009) in head and neck cancer. Besides providing further
information on the tumor physiology, these imaging techniques are also means to
gutde selection and development ot future targeted treatment drugs.

DCE-MRI is potential candidate of functional imaging to provide benefit in the
management of head and neck cancers. There are a number ot published reports on
DCE-MRI of head and neck lesions with qualitative analysis (Escott. Rao. Ko. et al.,
1997, Tezelman, Giles, Tunca, et al., 2007; Alibek, Zenk, Bozzato, et al:. 2007, Baba,
Furusawa, Murakami, et al., 1997; Hisatomi, Asaumi, Konouchi, et al., 2002). These
reports investigated the shape of dynamic contrast enhancement curve for diagnostic
purpose. Other reports on analysis of enhancement curve, such as the use of
enhancement ratio and slope (Hoskin, Saunders, Goodchild. et al., 1999: Asaumi,
Yanagi, Konouchi, et al., 2004; Asaumi, Yanagi, Hisatomi, et al., 2003; Fischbein,
Noworolski, Henry, et al., 2003. Noworolski, Fisc!lbein, Kaplan, et al., 2003;
Konouchi, Asaumi, Yanagi, et al., 2003; Baba, Yamashita, Onomichi. et al.. 1999;
Gickel, Schnabel, Deimhing, et al.. 1996: Oysu. Ayanoglu, Kodaili, et al.. 2005.
Tomura, Omachi, Sakuma, et al., 2005; Ariyoshi and Shimahara, 2006; Hisatomi,
Asaumi, Yanagt, et al., 2007) characterized tumors in a more quantitative manner. {n
general, tumors that demonstrated high enhancement ratio and slope cormresponded to

vascular and active tumor and these tumors responded better to treatment because of
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better perfusion and less hypoxic and necrotic regions. In comparison,
pharmacokinetic modeling of the tracer kinetics. which generates DCE-MRI
parameters with a better defined physiological meaning have not been reported as
extensively in the head and neck (Kim. Quon, [.oevner, et al.. 2007, Machieis, Henry.
Zanetta, et al., 2010; Jansen, Schéder, Lee, et al., 2009: Shukla-Dave, Lee and
Stambuk. 2009). and has not been reported in relationship to the characterization of
different tumors.

The study investigated the use of DCE-MRI in head and neck cancers tor
differential diagnosis of three histological types of head and neck cancers: squamous
cell carcinoma (SCC). undifferentiated carcinoma (UD) and lymphoma. These three
tumors differ in tumor aggressiveness and response to radiothcrapy both ot which are
factors shown to be influenced by tumor vasculanty. Therefore, it was believed that
differences may be found in the DCE-MRI parameters amongst these types of tumors.
Data were analyzed by the use of area under curve (AUC) of contrast concentration,
and the phammacokinetic models proposed by Tofts and Kermode (1991) and Brix
(1991).

DCE-MRI parameters parameters potentially useful for differentiation of tumor types
were identified. Heterogeneity of these parameters within the lesions was analyzed
by the use of histogram analys%.

The DCE-MRI parameters were tested for significant difference amongst the
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three types of lesion. These parameters were examined with Receiver Operator
Characteristics (ROC) curve analysis to caiculate the sensitivity and specificity for

differentiating one type of lesion against the others.

5.2 Methods
52.1 Patients and Data Acqusition

63 patients with histological proven malignant head and neck lesions, with 26
undifferentiated carcinomas (all nasopharyngeal region), 28 squamous cell
carcinomas (10 hypopharynx, 10 tonsil, 2 retromolar trigone, 2 oesophageal, 1
supraglottic , 1 larynx, 1 nasal cavity, 1 maxiliary sinus) and 8 lymphomas (1 parotid,
1 maxilla, 2 tonsil, 1 tongue base, 2 nasopharyngeal, | oral cavity; 6 low grade and 2
high grade) underwent DCE-MRI scanning at the time of their staging MRI]
examination. The local research ethics committee approved the study, and patients
were entered in the study after informed consent. Patients were scanned in a 1.5T
MR scanner (Philips Medical System, Best, the Netherlands) with the head and neck
SENSE coil. Four 3D Tl-weighted gradient echo images were performed with
different flip angles to generate the T1 map (repetition time, TR = 2.7 ms: echo time,
TE = 0.9 ms; ﬂi[.) angle, o = 2, 10, 20, 30°; slice thickness, TH = 4 mm; matrix size =
128 x 128; field of view, FOV = 230 mm; number of acquisitions, NSA = 4).

Dynamic gradient echo images were then acquired at a time resolution of 3.5 s for
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106 time points (repetition time, TR = 2.7 ms; echo time, TIZ — 0.9 ms; flip angle, a =
20°; slice thickness, TH = 4 mm; matrix size = 128 x 128; FOV = 230 mm: number
of acquisitions, NSA = }). The imaged volume extends from the superior border of
sphenoid sinus to cervical C4 level.

The contrast agent (Dotarem Gd-DOTA, Guerbet, Paris, France) at a dose of 0.2
mb/kg was injected intravenously with a power injector at a rate of 3 ml/s, which
commenced at 20 s afier the start of the dynamic sequence. Saline was used to flush
the contrast agent at the end of the injection to ensure that all contrast agents were
delivered. The injection speed was chosen to be repeatable with sufficient temporal
resolution to capture the rising slope of enhancement.

To reduce motion artifact, patients were reminded not to swallow during
scanning time. Motion of the patients during scan was monitored and corrected if

necessary. [mages with substantial artifacts were excluded.

522 Data processing

A number of processing steps are involved to generate the DCE-MRI after data

acquisition.

52.2.1 Visual Inspection of Images

Visual inspection is a simple and reliable means to identity image artifacts.
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Common artifacts that can easily be identified are motion artifact and pulsation

artifact. Images with significant artifact at the area of interest were discarded.

5.2.2.2 Image Alignment

Misaligned images arc aligned by the use of SPM software provided by the
Wellcome ‘I'rust Center for Ncuroimaging in the United Kingdom, with
non-deformable affine registration. The alignment procecss was intended to correct
for patient motion between the scans. The 6 correctable dimensions of an affine
'rigid-body’ transformation are: transformation in the x, y and z direction, roll, yaw
and pitch. The image alignment software minimizes the sum of squared ditterences
between the scans and the necessary corrections were determined. Image alignment
was implemented accordingly.

In the neck region, patients may swallow during scans. This may affect areas
around the laryngeal region or airway that renders significant misalignment for
nearby tumors or organs of interest. This type of image misalignment is termed
non-rigid deformation. At present, reliable non-rigid registration software is not
available to rectify swallowing distortions. Instructions were given to patient to avoid
swallowing during the scans. Otherwise, if the induced misalignment was serious and

uncorrectable, the images were discarded.
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5.2.23 Contouring

Primary tumors were contoured on the 'l -weighted post contrast images. An
experienced radiologist contourcd the primary tumor of ¢ach patient. The contours
were than manually transferred to the spoiled gradient echo images for processing.
based on the references from the T1 weighted images. For consistency, contouring
was performed by a single radiologist. The lefi and right carotid arteries (either
internal carotid or common carotid, depending on the location of the tumor and
image coverage) were contoured. These arteries are important source of oxygenated
blood for head and neck tumors (Bailey, Johnson, Newlands, 2006), and should be
able to represent the influx of contrast into the tumor. The contoured artery is used to
generate the AlF for subsequent DCE-MRI processing. Finally, the parotid glands on
both sides of several patients were contoured for the clinical study described in

subsequent chapter.

5.2.2.4 I'l Map Generation
h
T1 was estimated pixel by pixel by the 4 spoiled gradient echo images using the
Blach formula, Equation [5.1] described the relationship between signal intensity and

the 't for spoilcd gradient echo sequence at steady state (Bernstein, King, Zhou,

2004).
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_IR
sin(e) - (1 —e T1 ) TE
S=K- p . TR . e_‘l‘:.

1 — cos(a)e T1

5.1)

Where S is the signal intensity, K represents a constant related to the receiver gain
and other scanner specific parameters. p is the proton density, TR is the repetition
time, T1, a is the flip angle, TE is the echo time. The T1 estimation algorithm was
implemented using IDL (Interactive Data Language, RSI, Boulder, CO, USA). T

map for the tield of view was determined.

5.2.2.5 Contrast Concentration Curve Derivation

Using the derived 11, the signal intensity-time curve for each pixel was
transformed into contrast concentration-time curve. Contrast agents are known to
alter the spin-spin relaxation rates of tissues, and thus induce a change in T1. The

relationship of T'! and contrast concentration is shown in equation |5.2].

_ T - Ty

RelTwT: l5-2J

The relaxivity constant R, was taken as 4.39/s/mM. C is the contrast
concentration, T1 is the tissue T'1 value at the presence of contrast, Tlg is the

X

baseline tissue T1.

98



5.2.2.6 DCEk-"."Rl Parameter Estimation

The resultant contrast concentration dynamic'curve for each pixcl was used as
input for the DCE-MRI modeling, with pharmacokinetic models from Tofts and
Kermode (1991) and Brix (1991). Kirns, ve and v, from the Tofts® model and A. ks,
and kg from the Brix model were estimated for every pixel using multiple starting
point Marquardt-l.evendag curve fitting (Ahearn, Staft, Redpath, et al., 2005). In
addition, the area under the contrast concentration curve for the initial 60 seconds
(AUC60), and the initial 90 seconds (AUC90) were taken. Details of the parameter
estimation was described in the previous chapter, and the estimation was performed
with in-house developed software implemented using IDL (Interactive Data
Language, RSI, Boulder, CO, USA). The mean of these parameters were taken and
compared between the different types of tumors. The parameters that yield
significant difference amongst the tumors were selected for histogram analysis,
which generates the mean, 25%, 50%. 75% and 95% percentile value of each lesion

to characterize the heterogeneity of the lesions.

5.2.3 Statistical analysis
Kruskal-Wallis test for different DCE-MRI parameters were performed to
determine parameters with significant difference {p<0.01) amongst the three different

types of lesions. DCE-MRI parameters that showed significant differences
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underwent further Receiver Op°erator Characteristic (ROC) analysis to determine the

sensitivities and specificitics with the highest degree of accuracy. Also, a cutoff

vatue was chosen that maximized specificity while optimizing the sensitivity.

LY

5.3 Results

The mean DCE-MRI parameters for the 3 types of tumors are shown in table

5.1.

uD SCC Lymphoma
Tofts Kuans (min’) 1262061  0.78 £ 0.47 0.59 + 0.18
Ve 0.65+0.16 0.64+£0.13 0.54+0.17
Vp 0.11£0.12  0.08 £0.06 0.07 + 0.03

Brix A 49324 12.07 38921095 37.13+6.08 —
ka (10"/sec) 0.39+0.08  0.51 £0.20 0.47 + 0.25
koy( 107 /sec) 023+0.02  0.22 +0.02 0.22 £ 0.02
—Semi-quantitative AUC60 0.31£0.11 0.23£0.10 0.21 £0.05
AUC90 0.74+028  0.54+0.21 0.50 + 0.09

Table 5.1: Mean and standard deviation of the DCE parameters for UD, SCC and

lymphoma.
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There were significant differences (p < 0.01) in the kyans, AUC60 and AUC90
between UD and SCC and between UD and lymphoma, but no parameters showed a
significant difference between SCC and lymphoma. The mean and the values at the

25%, 50%, 75% and 95% percentile for these DCE-MRI parameters are shown in

Figure 5.1,
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4 BSCC ; 08 @ 5CC
~ 0! ot e O Lymphoma
= 16 T T
=
E g 05 ¢ = =
*5 204 '
{z! <03 |
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18 S -—Msce
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Figure 5.1: Bar charts of Kyans, AUC60 and AUC90 for the three types of lesions.

ROC analysis was performed and results of the parameters that demonstrated
the greatest accuracy and sensitivity for differentiation of the tumors are shown in
tables 5.2 and 5.3. Figure 5.2 shows the average histogram for the kymns, AUC60 and
AUC90 of UD, SCC and lymphoma. Sample images of the parameter maps of Kyyns,

AUC60 and AUC90 and the corresponding T1 image, are shown in Figure 5.3.
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Parameter  Accuracy Sensitivity  Specificity  Cutoff
% % value
UD/SCC Mean 0.784 68% - 88% 0.616
AUC90
UD/Lymphoma 75% 0.973 100% 2;8_.5_% 0.754
AUC90

Table 5.2: Parameters with the maximum accuracy for differcntiation of tumors.

Parameter  Accuracy Sensitivity  Specificity  Cutoff
%o % value
UD/SCC 25% 0.695 36.7% 100% 0.071
AUC60
Lymphoma/UD  75% 0973 88.5% 100% 0.754

AUC90

Table 5.3: Parameters with maximum sensitivity at 100% specificity.
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Figure 5.2: Histogram averaged over patients for cach type of lesions for Kegns,

AUC60 and AUC90.
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Figure 5.3: Sample images of the Kkyms, AUC60 and AUC90 and the

corresponding T1 image. Red arrow denotes the location of the lesion.
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5.4 Discussion

Relatively few research studies have reported results using DCE-MRI
parameters from head and neck cancers generated using pharmacokinetic models and
quantitative analysis (Machiels, Henry, Zanetta. et al., 2010: Janscen, Schéder. Lee. et
al., 2009; Shukla-Dave. Lee and Stambuk, 2009) and none have used the tool to
distinguish between UD, SCC and lymphoma. In this study, kym.. AUC60G and
AUC90 showed significant differences between UD/SCC and UBD/lymphoma but
none of the parameters showed a significant difference between SCC/lymphoma.
DCE-MRI parameters generated by the Brix model did not demonstrate significant
difference amongst the lesion types. which suggested its limited potential for this
application. The parameter that showed the highest accuracy was the AUC90,
yieldiﬁg 78% and 97% respectively for differentiation between UD/SCC and
UD/lymphoma. When measuring functional parameters, tumor heterogeneity can
influence the results and so methods which take into account heterogeneity in tumor
vascularity, such as histogram analysis (Hayes, Padhani and Leach, 2002; Jackson,
O'Connor, Parker, et al., 2007; Yuh, Mayr, Jarjoura, et al., 2009) are becoming a
recognized method to assess cancers. Results from histogram analysis concur with
this view, whereby using AUC90 values obtained from 75% and 25% percentile
obtained results with the maximum accuracy and sensitivity.

The Kians value in this study for UD was significantly higher than the other two
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types of tumors. Since K 15 in part related to vascular permeability. this may infer
that vessels in UD have a higher permeability than the other two types of tumors.
Another biomarker which is related to vascular permeability (Senger, Water, Brown,
et al., 1993), is vascular endothelial growth factor (VEGF). interestingly the rate of
positive/high expression in VEGF for UD has been reported to range trom 45.7-80%
(Guang-Wu, Sunagawa, Li. et al.. 2000; Pan. Kong, Lin, et al., 2008; Li. Hu, Qiong,
et al., 2008) and the upper limit of this range for UD is greater than that of SCC
(Mineta, Miura, Ogino, et al., 2000; Vipa, Boonchu, Juvady, et al., 2008 Bandoh,
Hayashi, Takahara, et al., 2004; Sawatsubashi, Yamada, Fukushima, et al.. 2000}
(24.1-50%) or lymphoma (Gratzinger, Zhao, Marinelli, et al., 2007; Hazar, Paydas,
Zorludemir, et al., 2003; Mainou-Fowler, Angus, Miller, et al., 2006 ; Gratzinger,
Advani, Zhao, et al., 2010} (0-60%). The kyans results therefore appear to correlate
with the VEGF data.

In addition to Kians. AUCSs in the study were significantly higher in UD than in
SCC and lymphoma and both of these parameters have been suggested as primary
end points for DCE studies on anti-vascular therapies (Leach, Brindle, Evelhoch, et
al., 2005). Compared to Kkyuns, AUC has no biological specificity but is rather a
measure of amount of contrast delivered to and retained‘ by tumor in a given time
period. The ROC analysis reveals that AUC90 yiclds better accuracy and sensitivity

than Kygys in the differentiation of tumors. This may be due to the fact that AUC is
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more robust because of its relative simplicity in the process of parameter extraction.
This is supported in a study by Galt.)raith et al (Galbraith. Lodge, Taylor, et al., 2002),
which showed that AUC has a better reproducibility than kipps.

Limited number of c‘ases in the lymphoma group is the major limitation of our
study. Difficulty in recr.uitmt:nl 1s the .reason 'for such limitation. Despite the
weakness, we do pot expect a major dilfference in study outcome if more cases are
recruited. There was a relatively narrow range of DCE-MRI values fo.r lymphoma as
compared to SCC in the present series. This d;ta is likely to be reproducible with a
larger sample size.

‘; Apo‘ther.functiogléll MRI technique, diffusion weighted imaging (DWI), has
shown significant differences amongst all three.of these cancers. Using the apparent
.diﬂ’u.sion‘ coefficient (ADC) as the DWI biomarker (Fong, Bhatia, Yeung, et al..
" 2010), it was [bi.lnd that the ADC value of UD was in betweeI} that of lymphoma
(lower ADC) and SCC (higher AD("), which is \a'differel?t trer;d to that seen with -
DCE-MRI wi1erc it is SCC \;hich has panimeters that are in between UD (higher
k,,’m,- a;d AUC) and lymphoma (lower k:m,; and AUC). For 'i_dentiﬁcation of cancer

. groups it is clinically useful to set the specificity to 190% while trying to maintain a

'high sensitivity and by - doing so it appears that DCE' and DWI produce

complementary information with DCE of value in distinguishing lymphoma from
UD and DWI for distinguishing lymphoma from SCC. -
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5.5 Summary

In this study, we analyzed the DCE-MRI] data of undifferentiated carcinoma
(UD), squamous cell carcinoma (SCC) and lymphoma with the use of quantitative
analysis and pharmacokinetic modcling. Results identified several parameters that
showed significant difference between UD/SCC and Ub/lymphoma, namely Kians.
AUC60 and AUC90. However, no parameters showed a difference between SCC and
lymphoma. The highest accuracy for DCE-MRI was obtained by taking into account
tumor heterogeneity to analyze different percentile values obtained from a histogram.
DCE-MRI parameters identified in this study may prove its clinical utility to assist
differentiation of different types of head :and neck tumors. Of all DCE-MRI
* parameters thle AUC90 was shown to produce the highest accuracy, which would be
an advantage in routine clinical practice because of its relative simplicity in the
process of parameter extraction compared to the model based parameters such as

klrlms-
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CHAPTER 6 - PILOT STUuDY FOR EARLY FPREDICTION OF TREATMENT
FAILURE IN HEAD AND NECK SQUAMOUS CELL CARCINOMAS USING

DCE-MRI

6.1 Introduction

Head and neck cancers are usually treated with radiotherapy or chemotherapy,
or a combination of both, but treatment failures are not uncommon amongst these
patients. A study (Koch, Brennan, Zahurak, et al., 1996) of 110 patients with
squamous cell carcinoma in the head and neck region (HNSCC) reported 35%
patients had locoregional persistent tumor or recurrent disease after treatment. Some
prognostic factors, such as tumor stage, histology. grade, patient age and
co-morbidity helped identify patients at higher risk of treatment failurc. Despite this,
variation in outcome exists for patients with similar factors. Additional information
from functional imaging may improve prediction of treatment outcome for individual
patients. If this information is available in the early phase of treatment, it may help
physicians to alter treatment, or identify patients at higher risk of treatment failure so
they can undergo more intensive post—treatment monitoring,

Zahra et al (2007) published a review that summarized the articles on the use of
DCE-MRI for prediction of treatment response and survival of various types of

tumors. For head and neck lesions, the enhancement ratio (Oysu, Ayanoglu, Kodalli,
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et al., 2005), the enhancement slope (Tomura, Omachi, Sakuma, et al., 2005) and the
pretreatment Ky, from the Tofts and Kermode model (Kim, Locvner, Quon, et al.,
2010), have shown to correlate with tumor residual and recurrence.

In this study, DCE-MRI was performed using pharmacokinetic modeis by Tofts
and Kermode (1991) and Brix et al. (1991)and also using the contrast concentration
curve to obtain area under the curve (AUC) for prediction of treatment failure in
HNSCC. DCE-MRI was performed before treatment and at 2 weeks after start of
chemoradiation or radiotherapy. The timing of the second scan was chosen such that
it was at the early stage of treatment. Early changes in DCE-MRI parameters, which
may predict treatment response, are clinically useful to guide continuation of present
treatment or alternation to other more effective management scheme. Baseline
pre-treatment DCE-MR/! parameters and the early change in DCE-MRI parameters
during the course of treatment were correlated with treatment outcome. It was
expected that parameters with high correlation could potentially be useful clinically
to predict treatment failure before or at an early stage of disease management. In
addition, hetcrogeneity of the DCE-MRI parameters at the primary tumor site was
analyzed. There were reports that methods which take into account spatial Tk
heterogeneity of DCE-MRI parameters, such as histogram analysis (Yu?h‘ Mayr,
Jarjoura, et al., 2009; Hayes, Padhani and Leach, 2002; Jackson, O’Connor, Parker,

et al.. 2007), could influence the predictive power of the DCE-MRI parameters (Rose,
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Mills, O'Connor, ¢t al., 2009).

6.2 Methods
6.2.1 Patients

Patients with primary head and neck squamous cell carcinoma (HNSCC)
without prior treatment were recruited. The local research ethics committee approved
the study, and patients were requested to sign the informed consent prior to the scan.
These patients received chemo-radiation or radiation alone. Patients underwent
regular clinical and radiological follow up after treatment. Treatment outcome at the
primary site was assessed at one year with subsequent follow up, and patients were
divided into the local control (LC) and local failure (LF). l.ocal failure in the
HNSCC site was determined by histological confirmation of SCC (biopsy or surgical
resection) or when there was a serial increase in size on follow-up. Local control in
the primary site was determined by histological confirmation (surgical resection) or

by follow up for at least 1 year from the start of treatment.

6.2.2 Image Acquisition and Dala Processing and DCE-MRI Parameters
DCE-MRI data was acquired and processed according to the protocol described
in the chapter 5. Maps of the DCE-MRI parameters, including Kyaps, Ve, Vp from the

Tofts and Kermode model, A, ki, ki from the Brix model, AUC60 and AUC90 were



generated.

Baseline DCE-MRI parameters averaged for all pixels in the tumors were
obtained. Histogram analysis was performed to obtain the 25%, 50%, 75% and 95%
percentile value of each tumor to characterize the heterogeneity. Changes in these

values between baseline and 2 weeks after start of treatment were also recorded.

6.2.3 Statistical Analysis

T-test on the baseline _DCE—MR[ parameters and change in DCE-MRI
parameters between the local control (LC) and local failure (LF) group were
conduc.ted. p<0.05 was chosen as the level of confidence. Parameters that
demonstrated significant difference between the two groups were used to evaluate
effectiveﬁess to predict treatment response. The cutoff value that provided the

maximum sensitivity and specificity to identify local failure was determined.

6.3 Results

6.3.1 Patient

DCE-MRI was performed at 16 primary sites in 16 patients. Mean follow up period
was 37.4 £ 11.0 months, range: 22-58 months, Three of the 16 (19%) patients
showed local failure during the follow up period. Patient details are shown in Table

6.1.



Local control Local failurg

Gender 11 males, 2 females 3 males

Site 5 hypopharynx, 6 fonsil, 1 2 hypopharynx, 1 cropharynx

larynx, 1 esophagus

Age 45-73 52-53

‘Table 6.1: Details of the recruited patients.

6.3.2 DCE-MRI Results — Baseline

The mean baseline DCE-MRI parameters are shown in Table 6.2.

Local control

Local failure

Kicans (min™') 0.760 + 0.466 0.633 + 0.283
Ve 0.606 + 0.129 0.632 + 0.053
Vp 0.077 +9.055 0.047 + 0.011
A 43.77 £ 15.61 3333+ 4.16
ke (107 sec™) 0.22 + 0.02 0.22 + 0.01
ka( 10 sec™) 0.48 +0.17 0.60 + 0.23
AUC60 0.232 + 0.101 0.191 = 0.080
AUC90 0.531 + 0.184 0.480 £ 0.176

Table 6.2: Mean baseline DCE-MRI parameters.
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The Kinps from the Tofts and Kermode model, A from the Brix model, AUC60
and AUC90 were lower in the LF group than in the LC group. However, there was
no significant difference in any baseline DCE-MRI parametcrs between the two

groups using mean or 25%, 50%, 75% and 95% percentilc values.

6.3.3 DCE-MRI Resutts — Changes After 2 Weeks

The percentage changes in mean DCE-MRI parameters are shown in Table 6.3.

Local control Local failure
Kicuns 10.7 £ 40.9 195.7 £ 205
Ve 240+ 225 0.7+194
Vp 236.7 + 355.5 642.0 + 835.7
A 22.5+223 31.3£15.7
Ket -25.6+22.9 21.3+32.2
k2 -4.6+13.5 48+7.0
AUC60 30.6+£ 303 97.0 +60.7
AUCS0 41,9+ 31.7 803+433

Table 6.3: Percentage change in DCE-MRI parameters.

Except for ke and kj), all DCE-MRI parameters showed a general trend of

increase after the start of treatment. There were significant differences between the
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LC and the LF group for the change in 25% percentile kyums, 75% percentile Kyans.

95% percentile kians and mean kg with p-values of 0.002, 0.03, 0.011 and 0.007

respectively after Bonferroni correction. Tumors in the local failure group

demonstrated a larger increase in kyqns as compared to those with local treatment

control. Data plot for these parameters are shown in Figure 6.1.
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Fig. 6.1: 25% percentile kyuns (upper left), 75% percentile kiyns (upper right), 95%

percentile Kiaps {lower left) and mean Kigny (lower right). Local control (A ) and local

failure group (Ill) are shown.

Amongst these parameters, the 25% percentile ky,,s demonstrated the highest

significance of difference between the 2 groups. Also, a maximum accuracy in
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differentiating patients with local failure from those with local control was obtained
by using this parameter. By choosing a cutoff value of 100% for the change in 25%
percentile Kkyqns, the sensitivity and specificity in prediction of local failure was

maximized. A sensitivity of 100% and specificity of 84.6% was obtained.

6.4 Discussion

This small pilot study evaluated DCE-MR! parameters obtained from Tofis
model and area under contrast concentration curve (AUC60 and AUC90) to predict
treatment outcome at the primary site of HNSCC in patients treated by
chemoradiation or radiotherapy alone. Quantitative and pharmacokinetic models
have been the trend and recommended tool of analysis for DCE-MRI data (Leach,
Brindle, Evelhoch, et al., 2005). The use of pharmacokinetic modeled DCE-MRI for
prediction of treatment outcome in the head and neck region, has to the authors’
knowledge only been reported by Kim et al (2010). That study showed that the
pretréatment Kuens in 33 metastatic cervical lymph nodes was significantly lower in
nodes that showed a residual disease after treatment than in those that responded. For
other types of cancers, reports have been published using pretreatment Ky, and
AUC as a predictor of t{reatment outcome. Zahra et al (2009) showed that a higher
pretreatment kns was related to better tumor regression in cervix cancer treated with

chemoradiation. George et al (2001) reported similar relationship between kyans and
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response to treatment in rectal cancer patients. Jarnagin et al (2009) showed that a
higher pretreatment AUC in primary liver tumors is correlated to better survival afier
chemotherapy. In general, higher baseline kyans or AUC, which implies better
perfusion or higher permeability of tumor vessels correlated with a better treatment
outcome. Our data is in accordance to this general trend, showing a higher average
kians and AUC in the LC group. However, significance was not reached for the
difference between the LLC and LF group, and a larger study is necessary to confirm
this trend in head and neck primary tumors.

This study further investigated the use of DCE-MRI in the early phase of
therapy for prediction of treatment outcome. Results showed that the change in Kyens
early in a course of treatment (2 weeks after the start of treatment) has the potential
to predict treatment outcome. Those patients who showed a significantly higher
increase in kK ans were more likely to fail treatment. A similar trend was observed in
our data for AUC60 and AUC90, despite the fact that significance was not reached.

Effective cancer treatment ultimately leads to the destruction of tumor vascular
structures, leading to a reduction in Knas for responding tumors (Pickles, Lowry,
Manton, et al., 2005). However, early in the course of treatment variable results have
been reported. A reduction in DCE-MRI vascular parameters has been shown when
using chemotherapy in two publications studying breast cancer, which demonstrated

a reduction in AUC and ks in responders carly after the start of treatment (Ah-See,

117



Makris, Taylor, et al., 2008; Johansen, lensen, Rydland, et al., 2009). On the other
hand, when using radiotherapy an early increase in Kyaa 18 usually observed in
tumors, which is believed to be mostly due to inflammation. Due to the offset of
these two effects (an increase in vascularity from inflammation and a decrease from
tumour vascular destruction)} it may be expected that an effective chemoradiation
therapy regime should induce a smaller rise in DCE-MRI parameters at the early
stage of treatment. This hypothesis is proposed to explain our results, which showed
that the increase was sigmficantly lower in the LC group than in the LF group.

Our data showed that the change in the 25% percentile k4, was shown to be
the best predictor for treatment failure. This suggested the importance of assessing
heterogeneity of a tumour. Rose et al (2009) proposed that spatial arrangement of
DCE-MRI parameters rhight carry essential diagnostic and prognostic information,
and spatial heterogeneity in DCE-MRI parameters has bgen shown to be useful to
predict tumor control and recurrence in cervical cancer (Yuh, Mayr, Jarjoura, et al.,
2009; , Prescott, Zhang, Wang, et al., 2010) and breast cancer (Pickles, Lowry,
Manton, et al., 2005). There has been no report on the use of heterogeneity analysis
on DCE-MRI to predict treatment response in head and neck cancer, and we believe
that our data is the first to show such potential for this cohort of patient.

Our study involved only a limited number of subjects, and only 3 patieﬁts

showed failure in local control. Level of significance for certain parameters to show
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a difference between the two groups is thus limited. Further investigation with a

larger study population may confirm potential of these parameters for prediction of

treatment response.

6.5 Summary

Results from this small pilot study showed that primary HNSCC with a smaller
increase in tumor perfusion at the carly stage of treatment, as represented by the
DCE-MRI parameter ki, were significantly more likely to fail treatment.
Heterogeneity assessment added value to the predictive power of the DCE-MRI
parameters. Results showed also a trend towards higher average kygns and AUC in
primary tumors that responded to treatment, although with the small numbers of
patients the results did not reach significance. DCE-MRI pararneter ks, derived
from pharmacokinetic models have the potential to be a marker to predict treatment

failure in HNSCC.

L3-
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CHAPTER 7 - DCE-MRI ON EVALUATION OF SIDE EFFECT FOR PAROTID

GLANDS

7.1 Introduction

The parotid glands lie within, or close to, the radiation field of many head and

« .

neck cancers and hence these glands are ofien unavoidably irradiated during
radiation trea&nenl (RT). Radiation injury to the parotid glands induces xerostomia
which has a significant impact on the patient’s quality of life. New developments in
radiotherapy have focused on using techniques such as conformal RT and intensity
modulated radiotherapy (IMRT) to reduce the radiation dose to the parotid glands,
while at the same time delivering sufficient dose to thc caneer targets (Kam, [.eung,
Zee, et al., 2007; Eisbruch, Ten Haken, Kim. etal., 1999),

However, even with these newer techniques it is not always possible to prevent
the glands from receiving a significant radiation dose. There is, therefore, interest in
finding other strategies for better protection of the organ. These require an
understanding of the process of radiation induccgd damage on a cellutar level.
Histological studies have been conducted in rats and rbesus monkeys, which showed
inflammation, edema, acinar cell degeneration and necrosis, vessel damage and

organ atrophy after irradiation (Stephens. Ang, Schultheiss, et al., 1986; Konings,

Faber, Cotteleer, et al., 2006). Similar studies are more difficult to perform on human
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subj.cts due to the invasive nature of obtaining parotid tissue samples and inability to

- ‘examine the whole gland. Therefore, an in-vivo tool to monitor radiation damage in

the paroltid on the cellular and vascular level would be valuable.

)
)

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is a
.d " ’
functional imaging technique that provides information on tissue perfusion through

dylr}amic‘ contrast analysis by compartment modeling or curve fitting. DCE-MRI
parameters, obtained using pharmacokinetic models such as those proposed by Tofts

and Kermode (1991) and Brix et al (199])-. provide data which can reflect

L

B J
physiological processes such as vascularity, vessel permeability and cellularity of the

-

examined tissue. DCE-MRI has the potential to yield valuable in-vivo information

i
into ‘theﬁdamage that occurs in organs that are irradiated and therefore provides a -

L]

non-invasive method for studying the irradiated parotid glands. The focus of this

study was to use DCE-MRI to determine if radiation leads to any changes in the

. DCE-MRI parameters and if so to determine if there is any correlation with radiation

dose and the degree of parotid gland atrophy.

+7.2 Methods - \ - -

by

7.2.1  Patients

DCE-MRI data was retrospectively evaluated in a cohort of patients undergoing
v

radiotherapy - for nasopharyngeal carcinoma (NPC) who had been recruited for
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another DCE-MRI study which had been performed with ethical approval from the
local ethics committee and informed consent. All patients received baseline
DCE-MRI before treatment and at 3 months after treatment. The mean radiation dose
received by each parotid gland in each patient was obtained from the treatment
planning records. Patients were treated with IMRT at a dose of 70 gray (Gy) to the

gross tumor over a period of 7 weeks.

7.2.2 Image Acquisition and Data Processing and DCE-MRI Parameters

Image acquisition and processing were performed according to the protocol
described in the chapter 5. Maps of DCE-MRI parameters including Kirans, Ve. vp from
the Tofts and Ke;mode model, A, k), ko from the Brix model, AUC60 and A}UC_‘)O
were generated.

For each patient, both parotid glands were contoured on the T1 scan before and
after treatment. A single observer performed the contouring. Volume atrophy was
defined as the percentage reduction in volume of the parotid gland after radiotherapy.

The mean DCE-MRI parameters of each of gland were obtained for analysis.
Examples of the parameter images with the TIW contrast enhanced image are shown

in Figure 7.1.
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Figure 7.1: Parameter maps of (a) T1W contrast enhanced image, (b) Kians, (€) Ve
and (d) vy, (e) A, (f) ka1, () ke, (h) AUCG0, (i) AUC90.
* Right Parotid gland

** Left Parotid gland



7.2.3 Statistical analysis

Three objectives underwent statistical analysis. The first objective was to
identify a significant change in any of the DCE-MRI parameters afier radiotherapy
by the use of paired t-test. The second objective was to correlate any changes in
DCE-MRI parameters with radiation dose. The third objective was to correlate
baseline DCE-MRI parameters and post-irradiation change in DCE-MRI parameters
with parotid volume atrophy. For the last two objectives, Pearsons’ test was used to
test for any significant correlations. P-values were corrected by Bonferroni method
on multiple correlation tcsts. All statistical tests were conducted with the software

PRISM (La Jolla, CA, USA).

7.3 Results
7.3.1 Patients

The study comprised of 21 patients (16 males and 5 females with a mean age
49.0 + 9.9, age range: 30-62), with 42 parotid glands for analysis. The mean radiation
dose received by each parotid gland was 47.1 + 6.6 Gy. Concurrent chemotherapy
was also administered to the patients. The mean parotid gland atrophy was -32 +
20%. All AlFs extracted from the patients were visually inspected to contain clearly
distinguishable 1" and 2" pass of contrast in the contrast concentration curve. This

served as a quality assurance process to exclude artifact in the arteries. Also, we
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examined the reproducibility of the AIF and obtained reproducibility (signifying

range of variation with a 95% confidence interval) of about 30% for AUC60 and

AUC90 of AIF. The induced variation in DCE-MRI1 parameters is significantly less

than the change induced by radiation in this study.

7.3.2 DCE-MRI parameters

The mean DCE-MRI parameters before radiotherapy (baseline) and afier

radiotherapy (3 months post treatment) are shown in tabie 8.1. All DCE-MRI

parameters showed a significant rise after radiotherapy (p < 0.01).

Parameters  Baseline 3 months post-treatment  p-value

Kurans (1/min)  0.89 + 0.40 1.52 £ 0.33 < 0.0001
Ve 0.42£0.13 0.81£0.13 < 0.0001
vp 0.044 = 0.018 0.21£0.12 < 0.0001
A 37.7+8.33 138.2 £26.5 < 0.0001
ke (sec™) 0.056 + 0.015 0.040 + 0.008 <0.0001
ka; (sec™) 0.020 + 0.003 0.022 + 0.001 0.0033

AUC60 0.260 + 0.094 0.533+0.131 < 0.0001

Table 7.1: Summary statistics.
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733 Correlation of radiation dose with change in DCE-MRI parameters

Results showed there was a significant inverse correlation between percentage

change in ks and radiation dose (p = 0.0045), a higher radiation dose being
~

correlated with a smaller percentage change in kiyans. However, the correlation is

insignificant (p = 0.1695) when a possible outlier with higher percentage change in

K(ans 18 removed from the analysis. No significant correlation was found between the

other DCE-MRI parameters and radiation dose.

Kirans ¢ change vs mean parotd cland radiztion dose
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Figure 7.2: Plot of percentage change in keyans versus mean radiation dose received
by the parotid glands.
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7.3.4 Correlation of parotid gland atrophy with DCE-MRI parameters before and

after treatment

Parotid gland atrophy correlated with baseline v, and v, (p = 0.0008, 0.0003

respectively) and change in v, after treatment (p = 0.0022). Atrophy being less in

patients with a higher baseline v, and v, and lower percentage increase in v, after

radiotherapy (Figures 3 and 4). There was no correlation between parotid gland

atrophy and other DCE-MRI parameters
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Figure 7.3: Plot of percentage change in v, versus volume atrophy.
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Figure 7.4: Plot of baseline v, and v, versus volume atrophy.

7.4 Discussion

Human and animal studies have shown parotid gland volume atrophy and

reduced salivary production are both common in irradiated parotid glands (Kam,
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Leung, Zee, et al., 2007; Stephens, Ang, Schultheiss, et al., 1986, Bussels, Maes,
Flamen, et al., 2004) and the radiation dose delivered to the parotid glands correlates
with the loss of parotid function (Eisbruch, Ten Haken, Kim, et al., 1999). Other
animal studies have shown this change in salivary function is directly related to
histological changes (Stephens, Ang, Schultheiss, et al.,, 1986; Konings, Faber,
Cotteleer, et al., 2006). Degeneration, necrosis of acinar cells, and inflammation are
seen in the early stage of irradiation while later changes include organ atrophy and an
increase in the amount of connective tissue (Stephens, Ang, Schuitheiss, et al., 1986).

Imaging studies on irradiated parotid glands have been published, with an
emphasis on changes in salivary production (Blanco, Chao, El Naqa, et al., 2005) or
dosimetric sparing of the organ (Wada, Uchida, Yokokawa, et al., 2009). In this
study, we used DCE-MRI as a tool to investigate the effect of radiation on the
parotid glands. Despite the fact that no data on parotid function was available in this
study, atternpt was made to correlate the DCE-MRI result with parameters or
attributes that were closely related to parotid function. Radiation dose and volume
atrophy have been shown to relate to parotid function. Teshima et at (2010) showed
in radiation treated head and neck cancer patients that fractional reduction in parotid
gland volume was significantly correlated to reduction in saliva amount. The author
concluded that parotid volume reduction may predict irradiated saliva gland function.

On the other hand, acinar cell was known to contribuie the water and protein content
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of saliva, and acinar cell loss was one major cause of volume reduction in human

. parotid glands after irradiation (Lombaert, Brunsting, Wierenga, et al., 2008). Loss of
acinar cell thus resulted in reduction of parotid gland volume and ability of saliva
production. These studies provided evidence for the closc relationship between
volume atrophy and loss of function in parotid gland. In this way, if a relationship
between DCE-MRI parameters and atrophy could be shown, that implied a
possibility that DCE-MRI parameters may also be correlated with parotid function.
This will be useful clinically, although further DCE-MRI studies to include
functional data is necessary for confirmation.

The first objective was to determine if radiotherapy would cause any significant
change in the DCE-MRI parameters and if so whether there was any correlation with
radiation dose. The results of this study demonstrated that ail three DCE-MRI
parameters increased significantly three months after comple:icm of radiotherapy, as
compared to the baseline values. It is postulated that the increase in Ky may be the
result of the early inflammation and disruption of normal endothelium induced by
radiation. Such observations are reported in irradiated tumors at the initial stage of
radiation therapy (Zahra, Hollingsworth, Sala, et al., 2007; Ng, Goh, Milner, et al.,
2007). 1t is also known that later on, radiation subsequently damages the vessels and

reduces permeability and vascular density, which would be expected to lead to a

decrease in the kyans. The fact that a rise and not a fall in K, Was seen in this study
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s_uggests that the glands were still going through this earlier phase of damage at three
months after radiotherapy with inflammation and endothelium disruption being the
predominant feature. However, a weak negative correlation was found between the
percentage change in kyns and radiation dose, that is, higher radiation doses caused
less of a percentage rise in the kyqns. A possible explanation for this unexpected result
is that glands that received the higher dose were already starting to enter the later
phase of damage so that the effects of inflammation and endothelium disruption were
being counteracted by the later effect of vessel damage which cause a decrease in
permeability and vascular density and hence decrease in kyns Yet, our observation
was limited by the fact that radiation dose received by the parotid glands in our study
were quite large. A better correlation may be demonstrated in future studies between
DCE-MRI parameters and a wider range of radiation dose.

The v and v, also showed a rise after radiotherapy. In the case of v it is
postulated that the rise may have been be related to the increase in extra-cellular
extra-vascular space (EES) caused by serous acinar cell loss and edema. [n the case
of v, it is postulated that rise may have been be related to inflammation which
induces vasodilatation and so could increase blood volume. However, unlike the Kyruns
neither of these two DCE-MRI parameters showed a direct correlation with radiation

dose.

The second objective was to correlate parotid gland atrophy with DCE-MRI
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parameters. The study showed that there was a relationship between v, and v, but not
with the kyans. A higher baseline v, and v, was associated with less glandular atrophy.
The cause for this association with respect to v, is unclear but for v, it is possible that
glands with a higher plasma volume, meaning that the organ is better perfused,
would have greater protection from radiation injury. A greater percentage increase in
ve was observed in organs with greater atrophy which would be expected given that
organ atrophy and increased EES are results of increased radiation dose.

A similar study from Juan et al (Juan, Chen, Jen, ct al., 2009) has reported using
the Brix model which showed a correlation between DCE-MRI parameters and
radiation dose. They reported that the peak enhancement and time to peak were
correlated positively while the k., was correlated negatively to dose. They attributed
the decrease in k. to increased EES after ceil loss, which is in accord to our
observation of increased v, after radiotherapy. The ki, which is the Uansfér rate
constant between plasma and EES, also decreased after radiotherapy. This is in
contradiction to our observation of increased kyans. Part of the reason for this
discrepancy may be the difference in timing of image acquisition between the two
studies. Juan’s cohort of patients included RT-MR time varying from 2 to 43 months.
Our study imaged patients at baseline and at 3 months after treatment, which is
advantageous for describing the early RT effects.

The main limitation of this study is that without excision of the parotid gland
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the cellular cause for the DCE-MRI observations can only be postulated. Animal
studies would be needed to confirm the histological basis of the DCE-MRI findings.
Also, the present study only examined the effects of radiation at one time point soon
after treatment, with no corrclation with gland function. To study the correlation
between DCE-MRI parameters with late effect of glandular function, prospective
study with serial imaging and salivary flow measurement would be necessary.

In summary, the study incrcased knowledge on irradiated parotid glands from
the perspective of vascular change by the use of DCE-MRI. Baseline parameters
such as v. and v, that demonstrated significant correlation with organ atrophy
- showed potential of such parameters in predicting response after radiotherapy.
Treatment planning may make use of this information for tailor-made sparing

strategies with individual patients.

7.5 Summary

This study shows the potential of DCE-MR! to be a non-invasive tool for
examining radiation induced injury in the parotid glands at a cellufar level. A
significant increase in Kyans, Ve @and vp, A, kay and a reduction in kg have been shown
in the parotid gland three months after irradiation tfor the treatment of head and neck
cancer, The corrclation between greater glandular atrophy and a lower baseline v,

and v, and higher post treatment increase in v. shows the potential for using
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DCE-MRI for prediction and assessment of radiation damage to the organ.
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CHAPTER 8 — GENERAL DISCUSSION AND CONCLUSIONS

8.1 Summary of Results

The thesis has described the work on DCE-MRI, in particular the use of the
pharmacokinetic -modefs proposed by Tofts and Kermode, and Brix, and the
semi-quantitative metrics of Area Under Curve (AUC). The work was focused on the
application of th.e technique in the head and neck region. In the first part, major
technical 1ssues pertaining to the acquisition and processing of DCE-MRI data were
studied. from which results were generated to optimize the acquisition and analysis
protocol. Three pilot clinical studies tollowed suit to demonstrate the potential
clinical usefulness of the technique in the management of head and neck cancer. It
was expected that the work will add to the existing limited evidence on the technical
and clinical aspects of DCE-MRI in this specific part of thg body. Future work is
encouraged to be undertaken for the ultimate application ot DCE-MRI in clinical

usage.

8.1.1 Technical Studies
The first part of the thesis was focused on the technical issues of DCE-MRI that
was related to 1) data acquisition and 2) processing of the technique. The findings

were used to establish the protocol. and the protocol was applied on several
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applications in head and neck cancers. The acquisition protocol was studied in the
fiest place. Spoiled gradient echo pulse sequences with flip angles of 2, 10, 20 and 30
degrees were found to yield good reproducibility of T1 estimation. A flip angle of 20
degree was chosen for the dynamic acquisition as optimal to yield good
signal-to-noise ratio as well as to reduce sensitivity of paramcter estimation to {lip
angle errors. The T estimation was validated by phantom and in-vivo measurement.

The effect of signal-to-noise ratio (SNR} in the dynamic acquisition data on the
outcome of DCE-MRI was studied. A reduction in the precision of all the DCE-MRI
parameters, except Ky, due to increased level of noise was observed. v, is the most
susceptible to noise in terms of estimation precision. The parameters k;; and A
demonstrated the highest degree of robustness for parameter estimation at different
noise levels. Sufficient SNR is needed in the acquired DCE-MRI data, especially if
parameters sensitive to noise have to be employed. Noise reduction strategies include
using ROl analysis, or tradeott of image coverage and temporal resolution, etc.

On the other hand, scan duration is another data acquisition parameter that may
affect the processing outcome, and thus was studied in this thesis. Reduced scan
duration resulted in increased deviation of the estimated DCE-MRI parameters.
especially for ka and k. The estimation of v, became highly variable at reduced
scan duration. Parameter estimation for Brix model was increasingly unstable with

reduced scan duration. In summary. it was suggested that il Tofts and Kermode
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model was used for analysis, reducing scan duration would reduce the reliability of
vp. Otherwise, reducing the scan duration down to 231 sec does not create significant
issue to parameter estimation. For the Brix model, reducing the scan duration to 305
sec would result in about 10% failure in curve fitting. Also, the accuracy deteriorates
appreciably for the estimation of ke and ka; below this scan duration,

With the above results, an acquisition protocol was established, which could
complete data acquisition within approximately 7 minutes.

The DCE-MRI analysis process was further investigated, which included the
issues of 1) Arterial Input Function (AIF); 2) omission of the plasma contribution in
Tofts and Kermode model, and; 3) assessment on the reproducibility of the
DCE-MRI parameters.

Results showed that bilateral AIF from the carotid artery in the cervical neck
region were not substantially different, thus the teft and right carotid arteries could be
used for DCE-MRI processing. Individual-AlF  was preferred  over
population-averaged AIF in terms of reproducibility of the estimated paramcters.
Finally, both random and systematic error in AIF affected the accuracy and precision
of DCE-MRI. The relative importance of these errors depended on the DCE-MRI
parameter that was employed. If Kyays 15 the primary objective of the analysis,
random noise should be reduced in the images. On the other hand, if v, and v, were

the primary objectives, sources of systematic error in AIF may need to be reduced.
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Omission of the term C,v, in the curve fitting induced error of up to 53.1% in
Kians. Error in the estimated v, may exceed 10%. The error increased with higher
values of v, or lower values of Kyuns or ve. Curve fitting error was higher with higher
values of v,. The effect of omitting v,C, in the estimation expression was thus
substanttal in the head and neck lesions.

The reproducibility of the DCE-MRI parameters generated in the studies of this
thesis was comparable to those reported in other literatures. In general, the wCV of
the DCE-MRI paramcters studied in this thesis was 10-30% in head and neck lesions,
with better reproducibility for v, in Tofts’ model and ky; in Brix model. These results

guaranteed the quality of the data and the processing in the clinical studies that

followed.

8.1.2 Clinical Studies
The DCE-MRI protocol, which generated DCE-MRI parameters trom the ‘lofts’
and Kermode model and Brix model, and also quantitative parameters such as
AUC60 and AUC90, was validated for their clinical usefulness in 3 head and neck
clinical apphications: differentiation of lesion types, prediction of treatment fatlure
and asscssment of irradiated parotid glands.
Several parameters were shown to bear sigmficant difference between

undifferentiated carcinoma (UD) and squamous cell carcinoma (SCC), and also
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between UD and lymphoma. These parameters were Ky, AUC60 and AUCY0.
tHowever, no parameters showed a difference between SCC and tymphoma. The
highest accuracy for DCE-MRI was obtained by taking into account tumor
heterogeneity to analyze different percentile values obtained from a histogram. Of ail
DCE-MRI parameters the AUC90 was shown to produce the highest accuracy, which
could be an advantage in routine clinical practice because of its relative simplicity in
the process of parameter cxtraction compared to the model based parameters such as
Kicuns-

Results from a small pilot study showed that primary HNSCC with a smaller
increase in tumor perfusion at the early stage of treatment, as represented by the
DCE-MRI parameter kpans, were significantly more likely to fail treatment.
Heterogeneity assessment added value to the predictive power of the DCE-MRI
parameters. Results showed also a trend towards higher average ki and AUC in
primary tumors that responded to treatment, although with the small numbers of
patients the results did not reach significance. DCE-MRI parameter Ko, derived
from pharmacokinetic models had the potential to be a marker to predict treatment
fatlure in HNSCC.

The last clinical study showed potential of DCE-MRI to be a non-invasive tool
for examining radiation induced injury in the parotid glands at a cellular level. A

significant increase in all DCE-MRI parameters has been shown in the parotid gland
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three months after irradiation for the treatment of head and neck cancer. The
correlation between greater glandular atrophy and a lower baseline v, and v, and
higher post treatment increase in v. showed the potential for using DCE-MRI for
prediction and assessment of radiation damage to the organ.

In summary, the studies in this thesis demonstrated the effort to establish a
protocol for DCE-MRI of the head and neck region. The protocol has been validated
by in-vivo data in terms of reproducibility. Clinical application of the technique ha;
been demonstrated. The Kimns and ve from the Tofts’ model, and the AUC60 and
AUC90 secmed to bear the highest potential for clinical use, and the relative strength
of individual parameters depends on the specific application. AUCs are in general
simpler to generate, and is more robust as demonstrated by the reproducibility results.
Model generated parameters, despite the complicated means of parameter generation,

bear physiological meaning. It is also shown to be more sensitive to infer predict

radiation effect on parotid glands and for the prediction of tumor local control.

8.2 Future Work

This thesis demonstrated the potential of DCE-MRI for the management of head
and neck cancer. A number of future directions for the development of the technique

are proposed.
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8.2.1 3T DCE-MRI

With the matured technology and pulse sequences, 3’1 MRI scanners are gaining
popularity in clinical use. The major advantage ot increasing the magnetic field from
1.5T to 3T is the increased signal, which may improve the precision on the
estimation of DCE-MRI parameters. Moreover, new scanners are equipped with
better phase array coils, which further increase signal and imaging spced; faster
gradient equipped in new scanners also enable acquisition of dynamic data with
better temporal resolution. All these are advantages to explore the use of DCE-MRI
in the 3T environment.

A number of DCE-MRI studies were conducted in 3T scanners, and the
majority of them were focused on the application in prostate (Kozlowski, Chang,
Meng, et al., 2010) and breast cancer (Di Giovanni, Azlan, Ahearn, et al.,, 2010).
Relaxation parameters of tissues under the magnetic field of 3T are different from
that in 1.5T. Also, improved hardware may allow better spatial and temporal
resolution for the acquired data. Thus the optimal acquisition protocol may need to
be determined in 3T scanners, and a thorough investigation to fine tune the protocol
for 3T DCE-MRI in head and neck cancers would be required.

Kim et al (2010) predicted chemoradiation treatment response in head and neck
squamous cell carcinoma by DCE-MRI in 1.5T and 3T scanners. He did not showed

significant difference in the results using either 1.51 or 3'1". However, Marti-Bonmati
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et al (2008) suggested that DCE-MRI parameters in cartilage were difterent in 1.5T
and 3T scanners. This proposed the possibility that DCE-MRI parameters has to be
determined separately for 3T and 1.5T, and cross referencing the parameter values
may not be appropriate. Further clinical studies may need to be performed in both
1.5T and 3T scanners, to demonstrate the advantage of the latter to the former, and

also to establish the reference DCE-MRI values in 31T MRI for clinical use.

8.2.2 Flip Angle Uncertaintics

Spoiled gradient echo is a common pulse sequence for determination of 1'1 and
dynamic data acquisition in DCE-MRI. Flip angle uncertainties are induced by
heterogeneity of the Bl-field transmission. The issue is more pronounced in the
situation of uneven loading of the RF transmission coils, and in high field strength
where the standing radiofrequency (RF) wave eftect is more prominent (Ibrahim, Lee,
Abduljalil, et al., 2001). Variation in flip angies will result in erroneous
determination of T1, and in turn affects substantially the accuracy of DCE-MRI
parameters (Di Giovanni, Azlan, Ahearn, et ai., 2010). The common method to
correct for this problem is the determination of B1-field map to cater for ditferences
in RF transmission. However, this requires additional softwarc and manipulation of
images. Further studies may be needed to estimate the influence of such in the head

and neck region and devise optimal method of correction.
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823 AlF Extraction

AlF affects substantially the estimation of DCE-MRI paramcters. The quality of
AlF depends on the location of extraction and image quality. Difficulty to determine
the accurate T1 of the arterics also deteriorates the AIF. Quality of AIF affects the
estimation of DCE-MRI parameters, and it was shown in this thesis that
individual-AlF yielded better result than population-averaged AIF in terms of
DCE-MRI parameters reproducibility. The selection of the best AlF in the head and
neck region is challenging because of the numerous artery supplies to the lesions or
organs of interest, and also the smali size of the arteries invoived. At present, the
AlFs were selected manually, and this is a time consuming process which is also
prone to intra- and inter-observer errors. Research groups have proposed
auto_—segmentation of the artery for All extraction (Peruzzo D., Bertoldo A.,
Zanderigo F., et al., 201 1), albeit further validation is required for reliable application
in the head and neck region.

Other problems such as inflow effcct for the AIF has been shown to aftect result
of estimated DCE-MRI values (Garpebring, Wirestam, Ostlund, et al., 2011; Roberts,
Little, Watson, et al., 201 1). Further studics to devise methods for robust AIF in the

head and neck region are worthwhile to be pursued.
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8.24 Deformable Registration

Image registration software corrects for patient motion during the scan. This
will improve the contrast concentration data, and an accurate registration of the
images is essential if higher spatial resolution is to be pursued for DCE-MRI. At
present, rigid registration is the common type of method to correct for image
misalignment. Such method corrects for translation and rotation of the patient body.
However, non-rigid deformation, which results in the change in the shape of the
patient anatomy, may occur due to swallowing motion, change in neck flexion angle,
motion of jaws, tongues, etc. Correction of these is difficult but essential especially
when the tissue of interest is near to these areas. A number of research groups have
developed algorithm for deformable registration of head and neck images, which
were mostly used on CT images for adaptive radiotherapy (Al-Mayah A., Moseley J.,
Hunter S., 2010). Deformable registration for MRI, with the sub-millimeter accuracy

required in tumor assessment, requires substantial future research eftort.

825 Auto [.esion Segmentation

Lesion segmentation is often performed in DCE-MRI analysis if statistics on the
lesion is to be obtained. At present, lesion segmentation is performed manually by
radiologists or experienced researchers. Intra-observer and inter-observer vartation

exists, which may contribute to the uncertainty in DCE-MRI statistics. Software
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algorithms that can automatically segment lesions on MR images reduce the
workload and also improve consistency of the contours and the statistics. Prior effort
on head and neck tumor auto-segmentation (Lee I'. K., Yeung D.K., King A.D., et al.,

2005) needs to be explored further to improve accuracy and practicality.

8.2.6 Clinical Studies
The value of DCE-MRI on cancer management is revealed by evidence
generated from clinical studies. The studies presented in this thesis have shown the
potential of the technique for tumor characterization, treatment outcome prediction
and evaluation of irradiated parotid glands. Further studies which involve a larger
number of patients to confirm the clinical use in these areas are needed. Moreover,
other clinical applications that may be worthwhile to investigate with DCE-MRI
include: detection of metastatic nodal spread. biomarker for assessment of
anti-angiogenic drug effectiveness, tools to identify areas for dose painting in
radiotherapy, distinguishing of recurrent or residual cancer from post-irradiation
necrosis, prediction of patient survival, assessment of radiation injury to organs at
risk such as submandibular gland, temporal lobe necrosis, etc.
Lack of histological and functional data was another limitation of the studies. In
addition to biopsy information, it is also important to obtain histological slices for

direct correlation with DCE-MRI parameter maps. As shown in the clinical studies of

146



this thesis, heterogeneity of the DCE-MRI parameters within the tumors may provide
additional clinical information. Further studies with the use of histological
examination provide good validation of the heterogeneity information. On the other
hand, salivary production, which is ultimate indication on the functional integrity of
the parotid glands, is also needed in future studies for further confirmaon of the use
of DCE-MRI1 on the assessment of irradiated parotid glands.

The clinical utilization of DCE-MRI cannot be realized without a robust
implementation protocol and software. The thesis has suggestcd a data acquisition
protocol which is reasonably simple to implement. Processing software that is easy to
use, robust, efficiency and reliable has to be developed to facilitate a widespread

clinical use of DCE-MRI in the head and neck region.

8.3 Conclusions

This thesis investigated several important technical aspects of DCE-MRI, which
lead to optimized protocol for the technique in the head and neck region. Clinical
potential of DCE-MRI in the management of head and neck cancers have been
demonstrated by 3 pilot clinical studics. Future studies are encouraged to realize the

ultimate clinical application of DCE-MRI in the head and neck region.
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Monitoring therapeutic effect of cetuximab in the (reatment of nasopharyngeal carcinoma by DCE-MRI

>
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) F. K. Lee', B. Ma’, D, K. Yeung', and A. D. King'
'Deparunent of dingnostic mdiology and organ imaging. the Chinese University of Hong Kang. Hong Keng, China, People's Republic of, *Department of clinical
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Background

Dynamic contrasted enhanced MR1(DCE-MR1) is becoming a popular technique (o evaluate the therapentic effect of anu-angogenic and anti-vascular drugs for
the treatment of cancers. The potential of DCE-MRI to predict treatment outconke 1s attraciive as it can provide valuable information for treatment planning. In this
study, we attempied 10 use this technigque to monitor the thermpeutic effect of cetuxinab (Merck KgaA, Darmsiadt, Germany), an epidermal growth factor receptor
(EGFR) inhibitor, in the treatment of nasopharyngeal carcinoma (NPC). ‘The effect of this drug in combination with chemotherapy for NPC has been published” !
while this report describes the preliminary attempt (o examine the potential of the DCE wehnigue m the early detection of drug response.

Method

A total of 11 NPC patients underwent two DCE-MRI scans: | week belore the commencement of cetuximab treatment and | week afier, using o 1 ST Intera NI
scanner (Philips Medical Sysiems, Best, the Netherlands) with a head amd neck coal. The scanning parameters of the sequences used are shown i Table |

ti(‘.an . TRITEJu tlllwu" ) '\fl.’lln\ L\I (sec) ! [T

nTiw I"'I"L'"; .AXIAE. 2,?."'0.‘3!2 128x 128225 o i - ! - i
! IDTIW I"l't_lﬂﬁA-)zI_AI - __ _;fﬂ—f)';l'fi _ o _. . . ‘ _.J>_|21_i§.l'.’__h25 ._ i ) 1'
E T IW H‘b 20 AXIAL l:'fi‘-ﬂ-‘lﬂl} i' 128x128x25 1 .

i 'l'l\\nr f-T"F 10 AXIAL 270930 j 1285 128x25 . z

D TIW FFE 20 DYN AXIAL 274009720 128x 1 2825 1006 15

TIW+C SE AXIAL ] ‘482;‘11."' ‘rl"‘\’ul"x;(;#- h i_ — .

Table |: MRI scan parameters

Patients were administered with a single dose of gadolinium (otarem, Guerbet, France) by bolus ijection using a power injecton T maps were denved from the
four sets of FFE inages. The dynamic contrast concentration curves of each pixel were denved from the dynamie FFE inmges using the Ernst formula. The two
compartment model proposed by Tofts et al** was used to derive the dynamic parameter maps of Kinans, ve and vp The area uncler the contrast concentration
curve at the initial 60 and 90 seconds (AUCOD, AUCY0) of the dynamic scans were also obined. The prary lesions were conomred on the TIW+C SE image
by an experienced head and neck radiologist, and the averages of the acquired parameters within the lessons were obtaned

Results

The mean-ond standard deviation of the DCE parometers and the nbsolute porcentnge change of NPC before amd afer treatiment are shiown s Table 2 and 3,
respectively.

Klnms (ml!m!fmmp e {vp AUCED) (M sec) "ALICH) {mM see)
1.54 £ 0.86 07021 0191015 | 19772 + 471 4 47288 1 86O X
q e A L
Table 2° mean and st:lmlanl deviation of the DCE paranieters for pnmary NPC before cetaximab.
Tumor size Kirans ve vp | AUCO0 ALCYH)
]
Absolute % change 47+08 V1.8 + BR.Y i\-l?«t\l L1657 ¢ 325.2 1270+ 304 Aba S
i - —— L -

Tahle 3: Absolute percentage change in the t.nnhul paramelers nfter cetaxinb,

A substantial change was observed in the dynamic parameters of Kirans, ve, vp, AUCH6D and AUCYO. At the same nme no substantial change in lesion size was
observed inany of the 11 patients. The absolute percentage difference n lesion volumes between the two scams was 9. 7+0 B

Conclusions

We report the DCE parameters of primary NPC lesions. We observed a substantial amount of change in the DCE parameters alter commencement of cetuxinab
treatiment. Although the reproducibility of the parameters has to be verified in turther studies, these substantial changes i the parameters, which precede tumor
shrinkage, reveal the potential o use DCE-MRI1 1o monitor therapeutic effect of the drug from the perspective of vascular dynannes. The usetulness of the result
relies on the long term study on the prediciability of the parameters on the treatment outconw.
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Dynamic contrast enhanced magnetic resonance imaging analysis of different head and neck cancers

K-IE Lee', A, D, King', K-W. Yeung', B-Y. Ma’, K-IL. Yo', K. Bhatia'. and A. Ahuja’

'Depurtment of Diagnostic Radiology and Organ lmaging, Prince of Wales Hospital, The Chinese Uniy ersity of Hong Kong, Hong Kong, Hong Kong SAR. China,

People’s Republic of, "Departnrent of Clinical Oncology, the Chinese University of Hong Kong, Prince of Wales Hospital, The €Chinese Universaty of Hong Kong, Hong
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Objective: The aim ol the study wos o determine the characteristics of three head and neck eancers on dynamic contrast éhbanced magnetiv resomance imagimg

(DCE-MRD and 1o determine il there are any signilicant diflerences between them

Method:

= 24) and lymphoma {n ~ &) underwent DCF-MR1 ina 157 scanner belore treatment
2.7/0.9ms, 128 x 128 matrix, 25 shces, shice thickness = 4mm, FOV
included dynamic gradient echo acguisition with similar parnmeters and lip angle of 20, timw resolution of 3.5 sec for 371 sec.

France) was injected into the patients at 20 sec affer start ol the dynamic scan with s power injector it a speed of 3mlfsec,

54 cancer patients with hend amd neck cancers comprising of undifferentiated nasopharyngeal carcinoma ¢ UD) (n= 229, sqyuamous cell carcinoma (SCCH (n

he DOCE-MR1 protocol meluded gradient echo acquisiions (TR 11

23 x 23cm. NSA - 1) with different fhip angles (2/10:20/30) fr T determimation

It alse

Contrast agent (Dotarem, Guerbet,

Pharmacokinetic models were employed for

analysis, yielding parameters of k., vp and ve from the Tofls model'. A, ky and ks from the Brix model’.  Semi-quantitative analysis was also performed, generating

parameters ol area under curve of the initial 60 seconds and Y0 seconds (AUCOD and AUCY0 respectively), peak enbancemem and tink to peak

DCE parameters in the three groups of lesions were tested lor any signiticant difference using one-way ANOVA with Bonfesrom comection

I'he means of the

Results:  The DCE parameters of the different types of head and neck malignancies are tabulated below
) (R} SeC Lymphoma

Tofts K ( 1/min) 1197 1 0577 0.7 4+ D415 0 5‘1Iw~.—‘l]‘l Fi o o

v, 066510152 0.632 1+ 0,134 h5¥S2 0074 -

Vi - 0.093 ¢ 0 106 D73 £ 0049 GO6Y t_-(:l-lﬂ _
Rrix A{ach. Unil) S0.046 + 12381 IRYS5 + 11664 V1125 « G Usl

kal x 1 see) 0.386 + 0,086 0501 £0207 D.A65 ¢ 0251

Ka [ x 10 sec) i 0,;.15 £O01K 0221 £ (022 i 0 EZ_I-; om7 -
Semi-quantitative  AUCHD (normy. unit) 0,306 + 0.106 0225 20103 D205 1 0054

ALICH (noem. unit)

0743 £0.279

0538 2 G206

0449 1L gv3

Peak enhancement (arb. unit)

2,660 + D483

loob 1 0.754

T to peak (sec)

Wi+ 721

119 £ 70

* AUCSHD and AUVCH are nocmahized 1o that of the carotid artery

2405 L 0133

1505 « 1029

There was a significant difference between UL and SCC in the &g, AUC 60, AUCY0 and A (p< 0,01} and between LD and bymphoma k.. AUC 60 and ALICH (pe

0.01) and A (p< 0.05), but no sigmificant dilference between SCC and lymphoma

Conclusion:

l

There 1s a significamt ditference in DOE-MRT parameters of head and neck cancers which has the porential 1o allow MR1 1o discoiminate between NPC

and SCC or ymphoma, but not between Jymphoma and SCC. Further studies are required 10 detlenmine the physiological basis for these diffacnees.
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Dynamic contrast enhancement (DCE) MRI of par(;tid glands after radiotherapy
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Introduction:  Radiatiom injury vogws 1nthe pandd glands of panents being ireauhated Tor iesd amd peck cancer. Tinreasad comread enhamement i MR of paend plands afier sudngherapy has been reponted’ and s
rprove the sadersunding of tadintion inury we studied irther these chamges 8 comra enfancensent usang dynamn cosas enhancement MR1TIDCE-MRI
Method:  Eiphtecn nasophanmyeal varonoma pattents anderwent IO E-MREm a | 4T wanner (hinera, Philips Medial Syt Bes the Netherlamds ) betore zml al 1 imenths aben completion of radwtheapy. e

DCE-MRI prtocud ineudhed gradient ectes acguiisitions (TR/TE = 2 709ms, 128 1 120 matixn, 29 shoes, shoe thackness - dinmd with dilberent (Tip angles 4 200720000 L 1) delermusanon, dviamie gratdient ¢cho images

with time resedution of 3.5 sor for 171 sev.  Comiad agend {Dhmarem, Guerbed, Manoes was injocied o the patients &t 1 sec alter gan of dynamic sean with 3 powe igector a1 dmfev These panents ioveved slenaly

muniulaied) radiiberapy antd the mean adiation dises seceved by panstsd slands were recondied. D were analy sed using 1w pharmacobanetic models ioom Totts” and Bin' and wo - quamiiative analysis Comrelabion on

the pervemiage change ol paransclor means pre . aml post treatment wilh the nwean pasotd deind was voiddincied usisg twetaiod Pearan iea

Result:  The remult of the correlidion 1ess aid i plots of the significanily sorebsted parsimeters are shown below,
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Discussions & Conclusions:  Stgniboant correlation was showis Detwocn radision dose to the pavsidd aml perconiage change i the K, v, A amd AUCOE  These Toun piramacrs showesd an ncieass ales teatimes. bat
&

v
the perormage change shwwod 10 nwvene selitiomhip 1o the G, 10 bas boen shown in poeyius sepoas’” thay peemeabsliny is iunwes v incrcased at the begsnning of andithesapy, due 1o e it of il

Muhelium amk infl ation.  Uhinnately. rahatrn damages the vessels amd mbices peomeatndiny and vasoular densaty. No audy has yer deosmsdvatesd smidar e coune of events i pantid glamds, bat e ceimem data
wuggeds that (he dmuer eftect may be prve pronsioen with expossie in lower radiation dose, while o Jaget cehiagsm doss may idioe 2 gecater anid earkier namilesanm ol the Liter cllea moihs pan. liwiease ms 1w
probahly selated to the irnTease in exiraeliular exira-vasoular space (FES aler sonms aonian ool foes and edema, & previoos e has <o zhar higher sadiation deoses induce nsse suophy m panotid glaods’. which
may redece the imracellulan space within.  Thas may explain the inverse eelatumship of the change in v, wilh mdration dow,
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The parotid gland is an important organ at risk of
complications of radiotherapy for head and neck cancer. In this
study, we examined the potential of dynamic contrasit-enhanced
magnetic resonance imaging (DCE-MRI) for assessment of
radiation injury to the parotid glands. DCE-MRI was performed
before and 3 months after radiotherapy in patients treated for
head and neck cancer. DCE-MRI was analvzed using the
pharmacokinetic model proposed by Tofts and Kermode to
produce three DCE parameters: Apen, ¥, amd v,. These
parameters were correlated with the dose of radiation delivered
to the parotid glands and the degree of radiation-induced parotid
atrophy. The mean radiation dose received by the parotid glands
was 47.1 £ 6.6 Gy. All patients received concurrent chemother-
apy. There was a significant rise in all three parameters after
therapy (P < 0.0001). Baseline v, and v, and the post-treatment
rise in v, correlated with parotid gland atrophy (P = 0.0008,
0.0003 and 0.0022, respectively). DCE-MRI has the potential to
be used as a non-invasive technique for predicting and assessing

radiation injury in the parotid glands.  ©2011 by Radintion Revearch Suciety

INTRODUCTION

The parotid glands lie within or close to the radiation
ficld of many head and neck cancers, and hence these
glands arc often unavoidably irradiated during radiation
treatment. Radiation injury to the parotid glands
induces xerostomia, which has a significant impact on
the patient’s quality of life. New developments in
radiotherapy have focused on using lechnigues such as
conformal radiotherapy and intensity-modulated radio-
therapy (IMRT) to reduce the radiation dose to the

' Adddress for correspondence: Rm 1214, Block R, Queen Elizabeth
Hospital, Gascoigne Road, Kowloon, Hong Kong: c-mail: leekarhofte
hotmail.com.
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parotid glands while at the same ume delivering
sufficient dose to the cancer targets (/. 2).

Howcever, cven with these newer technigques, it is not
always possible 1o prevent the glands from receiving a
significant radiation dose. There is therefore interest in
finding other strategics for better protection of the
organ. These require an understanding of radiation-
induced damage on a cellular level. Histological studies
have been conducted in rats and rhesus monkeys that
showed inflammation, edema. acinar ccll degeneration
and necrosis, vessel damage and organ atrophy after
irradiation (3, 4). Similar studics arc more difficult to
perform on human subjects due to the invasive nature of
obtaining parotid ussue samples and inability to
examine the whole gland. Therefore, an in vivo tool to
monitor radiation damage in the parotid gland on the
cellular and vascular level would be valuable,

Dynamic contrast-cnhanced magnetic resonance im-
aging (DCE-MRI1) is a functional imaging technique
that provides information on tissue perfusion through
dynamic contrast analysis by compartment modeling or
curve fitting. DCE parameters obtained using pharma-
cokinetic models such as those proposed by Tofts and
Kermode (3) provide data that can reflect physiological
processes such as vascularity, vessel permeability and
ccllularity of the examined tissue. This technique has
been applied to the diagnosis, prognosis and evaluation
of treatment response in cancers of the breast (6, 7) and
prostate (8,,9), and efforts have been made to extend its
application to head and ncck malignancies (10 -12).
DCE-MRI1 also has the potential to yield valuable i vive
information on the damage that occurs in organs that
are irradiated and to provide a non-invasive method for
studying the irradiated parotid glands. The focus of this
study was to use DCE-MRI to determine whether
radiation cxposure leads to any changes in the DCE
parameters and if so to determine whether there is any
corrclation with radiation dose and the degree of parotid
gland atrophy.
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FIG. 1. Parameter maps of (pancl a) TIW contrast-enhanced
image, (panel b} £, ..., (panel ¢} v, and (panel d) v,. *Right paroud
gland, **left parotid gland.

! MATERIALS AND METHODS
Putients

The DCE data were evalualed retrospectively n a cohort of
patients uadergoing radiotherapy for nasopharyngeal carcinoma
(NPC) who had been recruited for another DCE-MRI study that
was been performed with ethical approval from the local ethics
commitlee and informed consent. All patients received baseline DCT-
MRI1 belore treatment and at 3 months after treatment. The mean
radiation dose received by cach parond pland in cach patient was
obtained from the treatment plunning records. Paticnts were treated

with IMRT at a dose of 70 Gy 1o the gross tumor over a period of

7 weeks.

Image Acquisition

Patients were scanmed in a 1.5-T MR scanner (Philips Medical
System, Best, the Netherlands) with the head and neck SENSE coil.
Images were acquired in the axisl orientation from sphenoid sinus to
approximately the C4 level. Four 3D T1-weighted gradient ccho images
were performed with different Mip angles 1o generate the T1 map
(repetition time, TR = 2.7 mas: echo time, TE = 0.9 ms; Mp angle, 2 =
2,10, 20, 30°; slice thickness, TH = 4 mm, matnx size = 128 x 12§,
field of view, FOV = 230 mm; number of acquisitions, NSA = 4).
Dynamic gradient echo images were then acquired at a time resolution
of 3.5 s for 106 times (repetition time, TR = 2.7 ms; echo time, TE =
0.9 ms: Nip angle, 2 = 20" slice thickness, TH = 4 mm, matrix size =
128 X 128, FOV = 230 mm: number of acquisitions. NSA — ). The
contrast agent (Dotarem, Guerbet, France) it a dose o 0.2 mlikg was

-injected intravenously with a power injector at a rate of 3 mlfs,
beginning at 20 s after the start of the dynamic sequence. lmimediately
alter the injection, the same amount ol suline was NMushed into the
syringe at the same injection rate

LLE ET

1L

Parotid Comteuring

For each patient, botb parotid glands were comaoured on the FIFRE20
scan before and after treatment. A single observer (FKL) performed
the contourng. Volume atrophy was defined as the percentage
reduction in volume ol the parond ghand alter radiotherapy.

Image and Data Processing

Images were exported Trom the scanner comsole 1o an offline
compuier for processing with in-house developed soltware. The T1
map was calculated by the use of the gradient echo images with the
Iirnst formula. The contrast concentration map was then caleulated
according to details described by Zhu e ad. (13). Analysis was based
on the pharmacokinetic moded desenbed by Tolls and Kermode (5).
which uses a two-compartment model to represent the dynamic
transfer ol contrast agent between the plasma and the extracellulas-
extravascular space (EES). Studies (/4) suggest that the arterial input
lunction (A1) gives a representation of the contrast mflux, and the
internal carotid artery was delincated manuaily for cach dynamic scan
to obtain the AIF. This artery was chosen because it s a major
artenal supply 1o the paroud gland and s large enough to avod
substuntial parual volume elfect. The term r,C,. represenning the
plasma contribution of contrast concentration, was also added in the
caleulation model.

e model expression s

de, e
_‘F kh"ll((r (,u'- “}
Co=Co t G, (4]
]
(‘,{n—k,,.,,,.](',.u'}c TG ) e, i, 3

i

where €, € and C are the contrast concentration of Lthe total volume
ol ussue, EES and plasma, respectively,

Using this model, three parameters, k... v, and v,. were estimated for
cvery pixel using multiple-starting-pomt Marquardi-Levendag curve
fitting (/5). The parameter &,,... represents the permeabidity surface area
product per unit volume of tissue, v, represents the FES volume per unit
volume ol tissue, and v, represents the blood plasma volume per nmt
valume of tissue. The mean DCT: parameters of cach of pland were
obtained for analysis. Examples of the parameter images with the TIW
contrast-cuhanced image are shown o ag. |

Statistical Anafysis

The staustical analysis had three objectives. The hirst was to
wdentify a sigmficant change n any of the DCE parameters ailer
rudiotherapy using a paired ¢ test. The second was 1o correlate any
changes in DCE parameters with radiation dose. The third was o
correlate bascline DCE parameters and postrradiation change in
DCE parameters with parotid velume atrophy. For the last two
objectives, Pearson’s test was used (o lest for any sigaificant
correlations. # values were corrected by the Bonlersoni method on
multiple correlation tests. All statistical 1ests were conducted with the
software PRISM (La Jolla. TA).

RESUL1
Patients

The study mcluded 21 patients (16 males and 5
females with mean age 49 + [0 years, range: 30-
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FIG. 2. Percentage change in k..., as a function ol radiation dose
received by the parotid glands.

62 years), with 42 parotid glands for analysis. The mean
radiation dose received by the parotid glands was 47.1 +
6.6 Gy. Concurrent chemotherapy was also adminis-
tered to the patients. The mean parotid gland atrophy
was —32 x 20%.

All AlFs extracted from the patients were visually
inspecled to contain clearly distinguishable first and
second passcs of contrast in the contrast concentration
curve. This served as a quality assurance process to
exclude artifacts in the arteries. Also, we examined the
reproducibility of the AIF and obtained rcpeatability
(variation with the 95% confidence interval) of about
30% for AUCG60 and AUC90 of AIF. The induced
variation in DCE parameters is significantly less than
the change induced by radiation in this study.

DCE Parameters

The mean DCE parameters before radiotherapy
(baseline) and after radiotherapy (3 months post-treat-
ment) are shown in Table 1. All DCE parameters showed
a significant rise after radiotherapy (P < 0.0001).

Correlation of Radiation Dose with Change in DCE
Parameters afier Treatment

The resuits showed that there was a significant inverse
correlation between percentage change in k., and
radiation dose (P = 0.0045), with a higher radiation
dose being correlated with a smaller percentage change
in k... (FFig. 2). However, the correlation was insignif-
icant (P = 0.1695) when a possible outlier with a greater
change in k., was removed from the analysis. No
significant corrclation was fmmd between v., v, and
radiation dose.

TABLE 1
Summary Statistics
Parameter Bascline 3 months P
K 0.89 = 0.40 1.52 + 0.33 =0.0001
v, (.42 = 0.13 0.8] =13 <(.0001
v, 0.044 = 0018 0.21 £ 0.12 <0,0001
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FIG. 3. Percentage change in v, as a function of volume atrophy.

Correlation of Parotid Gland Atrophy with DCE
Parameters before and after Treatment

Parotid gland atrophy correlated with baseline v, and
v, (P = 0.0008 and 0.0003, respectively) and change in v,
after treatment (P = 0.0022) with atrophy being less in
paticnts with a higher bascline v, and v, and a lower
percentage increase in v, after radiotherapy (Figs. 3 and
4). There was no correlation between parotid gland
atrophy and %,,,.,,.

DISCUSSION

Human and animal studies have shown that parotid
gland volumc atrophy and reduced salivary production
arc both common in irradiated parotid glands ([, 3, /16),
and the radiation dose delivered to the parotid glands
corrclates with the loss of parotid function (2). Other
animal studies have shown that this change in salivary
function is directly related to histological changes (3, 4).
Degeneration, necrosis of acinar cells, and inflammation
are seen in the early stage of irradiation, while later
changes include organ atrophy and an increase in the
amount of connective tissue (3).

Imaging studies on irradiated paroud glands have
been published, with an emphasis on changes in salivary
production (/7) or dosimetric sparing of the organ (/8).
In this study, we used DCE as a ool to investigate the
cffect of radiation on the parotid glands. Because no
data on parotid function were available in this study, we
attempted to correlate our DCE results with parameters
or attributes that were closely related to parotid
function. iRadiation dose and volume atrophy have been
shown to be related to parotid function. Teshima er al.
(/9) showed in radiation-trecated head and neck cancer
paticnts that a fractional reduction in parotid El‘md
volume was significantly correlated to reduction in
salivary amount. The author concluded that parotid
volume reduction may predict irradiated saliva gland
function. On the other hand, acinar cells are known to
contribute the water und protein content of saliva (20),
and acinar cell loss was one major causc of volume
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reduction in human parotid glands after irradiation (20).
Loss of acinar cells thus resulted in a reduction of
parotid gland volume and the ability to produce saliva.
These studies provided cvidence for the close relation-
ship between volume atrophy and loss of function in the
parotid gland. Thus, if we could show a relationship
between DCE parameters and atrophy, the results would
indicate the possibility that DCE parameters may also
be correlated with parotid function. This would be
useful clinically, although further DCE studies to
include functional data are necessary for confirmation.

The first objective was to determine whether radio-
therapy would cause a significant change in the DCE
parameters and if so whether there was a corrclation
with radiation dose. The results of this study demon-
strated that all threc DCE parameters increased
significantly 3 montbs after completion ol radiotherapy
compared to the baseline values. It is postulated that the
increase in K. may be the result of the early
inflammation and disruption of normal endothelium
induced by radiation. Such observations have been
reported in irradiated tumors during radiation therapy
(8, 21). It is also known that radiation subsequently
damages the vessels and reduces permeability and
vascular density, which would be cxpected to lead to a
decrease in the 4,,..... The fact that a rise and not a fall in
Koany Was seen in this study suggests that the glands were
still going through this earlier phase of damage at

“
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3 months after radiotherapy, with inflammation and
endothelium disruption being the predominant features.
However. a weak negative corrclation was found
between the percentage change in &, and radiation
dosc; that is, higher radiation doscs caused a smaller
percentage rise in the k... A possible explanation for
this unexpected result is that glands that received the
higher dose were already starting to enter the later phasc
of damage so that the effects of inflammation and
endothelium disruption were being counteracted by the
cifects of vessel damage, which cause a decrease in
permeability and vascular density and hence a decrease
in k... However. our observation was limited by the
fact that the radiation doses received by the parotid
glands in our study were quite large. A better correlation
may be demonstrated in future studies of DCE
paramelers over a wider range of radiation doses.

The v, and v, also increased after radiotherapy. In the
case of v, it is postulated that the rise may have been be
related to the increase in extracellular cxtravascular
space (EES) caused by serous acinar cell loss and edema.
In the case of v,. it is postulated that the risc may have
been related to inflammation that induces vasodilatation
and so could increase blood volume. However, unlike
the k..., neither of these two DCE parameters showed a
direct correlation with radiation dose.

The second objective was to correlate parotid gland
atrophy with DCE parameters. The study showed that
there was a relationship between v. and v, but not with
the k,,.... A higher baseline v, and v, was associated with
less glandular atrophy. The cause for this association
with respect to v, is unclear, but for v, it is possible that
glands with a higher plasma volume, meaning that the
organ is better perfused, would have greater protection
from radiation injury. A greater percentage increase in v,
was observed in organs with greater atrophy, which
would be cxpected given that organ atrophy and
increased EES are results of increased radiation dose.

A similar study from Juan et al (22) using the Brix
model showed a correlation between DCE parameters
and radiation dose. They found that the peak enhance-
ment and time to peak enhancement were correlated
positively while the &, was correlated negatively 1o dose.
They attributed the decrease in &, to increased EES after
cell loss, which is in accord to our observation of
increased v, after radiotherapy. The k,,, which is the
transfer rate constant between plasma and EES, also
decreased after radiotherapy. This is in contradiction to
our observation of increased k,,,.... Part of the reason for
this discrepancy may be the difference in the timing of
image acquisition between the two studies. The cohort of
Juan e ¢l included imaging times varying {rom 2 to
43 months after radiotherapy. Our study imaged
patients at baseline and at 3 months after treatment,
‘which is betier for describing the early effects of
radiotherapy.
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The main limitation of this study is that without
excision of the parotid gland the cellular cause for the
DCE-MRI observations can only be postulated. Animal
studies would be needed to confirm the histological basis
of the DCE findings. Also, our study examined the
effects of radiation at only one time soon after
treatment, with no correlation with gland function. To
study the correlation between DCE-MRI parameters
with late effect of glandular function, a prospective
study with serial imaging and salivary flow measure-
ments would be necessary.

In summary, our study increased our knowledge
about irradiated parotid glands from the perspective of
vascular change by the use of DCE-MRI. Bascline
parameters such as v. and v, that demonstrated a
significant correlation with organ atrophy showed the
potential of such parameters in predicting response after
radiotherapy. Treatment planning may make use of this
information. for tailor-made sparing strategics with
individual patients.

Conclusions g

This study shows the potential of DCE-MRI as a non-

invasive tool for examining radiation-induced injury in
the parotid glands at the cellular level. A significant
increase in k... ¥. and v, has been shown in the parotid
gland 3 months after irradiation for the treatment of
head and neck cancer. The correlation between greater
glandular atrophy and a lower baseline v, and v, and a
higher post-treatment increase in v, shows the potential
for using DCE-MRI for prediction and assessment of
radiation damage to the organ.
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ARTICLE INFO ABSTRACT

Articie histary; Purpose: To examine the potential of dynamic contrast enhanced magnetic resonance imaging (DCE-MRI1)

Received 19 July 2010 for differential diagnosis of head and neck cancer.

Accepted 20 January 2011 Methods and materials: DCE-MRI was performed in 26 patients with untreated squamous cell carcinoma

- = i - (5CC), 28 undifferentiated carcinoma (UD) and 8 lymphoma. DCE-MRI was analyzed with the pharma-
eywords:

cokinetic model proposed by Tofts and Kermode to produce the three DCE parameters: Kygne. ve and
v,. Areas under the curve (AUC) at the initial 60 and 905 (AUC60 and AUC90) were also recorded. His-
togram analysis was conducted to obtain the mean, 25%, 50%, 75% and 95% percentile values and the
Kruskal-Wallis test was used to compare the DCE parameters between the three groups of cancer.
Results: Kyans. AUCE0 and AUCY0 showed significant differences (p<0.01) between UD/SCC amd
un/lymphoma, but not between SCC/lymphoma. The mean AUCS0 demonstrated the highest accuracy of
78% (sensitivity of 68% and specificity of 88%) for distinguishing U} and SCC, and the 75% percentile AUC90
provided the highest accuracy of 97% (sensitivity of 100% and specificity of 88.5%) for distinguishing UL
and lymphoma.

Conclusions: There are significant differences in the DCE parameters which show the potential for distin-
guishing UD from SCC or lymphoma.

Dynamic contrast enhancement magnetic
resonance imaging (DCE-MRI)

Sguamous cell carcinoma

Undifferentiated carcinoma and lymphoma
Diagnosis

1 2011 Elsevier Ireland Ltd. All righes reserved.

1. Introduction and neck region account for about 6% of the adult cancers in the

United States, and in our population this proportion is twice as

Dynamic contrast enhanced magnetic resonance imaging (DCE- high | 1]. In regard to lesions in the head and neck there have been

MRI) is a non-invasive technique which provides information on
the micro-vascular environment of cancers by means of analy-
sis of contrast agent kinetics. It is under active research as a
potential investigative fool for cancer. including characterization
of cancers, guidance for treatment planning, early prediction of
treatment responses and evaluation of treatment outcome. In this
study we evaluated the ability of DCE-MRI to distinguish between
three cancers which are found along the aerodigestive tract in the
head and neck region; squamous cell carcinoma (SCC), undiffer-
entiated carcinoma (UD) and lymphoma. According to statistics
from the National Cancer Institute in 2007, cancers in the head

o
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a number of published reports using the shape of the dynamic
contrast enhancement curve for qualitative DCE analysis [2-6],
while other reports analyzing the enhancement curve, such as
the use of enhancement ratio and slope |7-18| have character-
ized tumors in a more quantitative manner. in general, tumors
that demonstrated high enhancement ratio and slope corresponded
to vascular and active tumor and these tumors responded bet-
ter to treatment because of better perfusion and less hypoxic
and necrotic regions. In comparison, pharmacokinetic modeling
of the tracer kinetics, which generates DCE parameters with a
more well defined physiological meaning have nor been reported
as extensively in the head and neck {19-22.43] and has not
been reported in relationship to the characterization of different
tumors. -

This study investigated the use of DCE in head and neck cancers
for differential diagnosis of three types of head and neck cancers
using DCE parameters generated from a pharmacokinetic model

P}aase citethisarticle in press as: Lee FK-h, et al. Dynamic contrast enhancement magnetic resonance imaging ( DCE-MRI) for differential dnagnosis
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Table 1 Table 3
DCE-MRI scan protocol. Mean and standard deviation of the DCE parameters for UD, SCC and lymphoma.
Scan Sequences TRITEjw (msf ) Pixel matrix 1n SCC Lymphoma
FFE2 3IDTIW-FE 2.7]0.9/2 128 = 128 = 25 Tofts
FFE10 JIDTIW-FE 2.710910 128 2128 « 25 Kyans (1/mun) 1.26 + 061 0.78 + 047 0.59 + 0.18
FFEZ0 3D TIW-FE 2.710.9/20 128 « 128 « 25 [ 0651 006 ° 0064 £013 0.54 + 0.17
FFE30 IDTIW-FE 2.110.9/30 128 « 128 » 25 Hy (k1) 4 012 0.08 + 0.06 0.07 £+ 0.03
T1 dyn IDTIW-FE 2.7/0.9/20 128 « 12B » 25 « 106 phases Semi-quantitative
T e e AUCE0 {nurm. uni ) 031 2011 023 + 000 021 = 0.05
ALCTH (norm. usir) 0.74 + 0.28 054 : 0.21 0.50 £ 0.09

proposed by Tofts and Kermode | 23] as well as using the area under
curve (AUC) of contrast concentration.

2. Materials and methods
2.1. Patients

63 patients with histological proven malignant head and neck
lesions, with 26 undifferentiated carcinomas (all nasopharyngeal
region), 28 squamous cell carcinomas (10 hypopharynx, 10 tonsil,
2 retromolar trigone, 2 cesophageal, 1 supraglottic, 1 larynx, 1 nasal
cavity, 1 maxillary sinus) and 8 lymphomas (1 parotid, 1 maxilla, 2
tonsil, 1 tongue base, 2 nasopharyngeal, 1 oral cavity; 6 low grade
and 2 high grade) underwent dynamic contrast enhanced (DCE)
MRI scanning at the time of their staging MRI examination. The
local research ethics committee approved the study, and patients
were entered in the study after informed consent.

2.2. Image acquisition

Patients were scanned in a 1.5T MR scanner (Philips Medi-
cal System, Best, the Netherlands) with the head and neck SENSE
coil according to the protocol shown in Table 1. The four 3D T1-
weighted gradient echo images with different flip angles were
used to generate the T1 map. Dynamic gradient echo images were
acquired at a time resolution of 3.5 for 106 time points. Contrast
agent {Dotarem, Guerbet, France) at a dose of 0.2 mifkg was intra-
venously injected with a power injector at a rate of 3 ml/s. Injection
began at 205 after the start of the dynamic sequence. Immediately
after the injection, the same amount of saline was flushed into the
syringe at the same injection rate.

2.3. Data processing and image analysis

Images were exported from the scanner console to an off-line
computer for processing. An experienced radiologist contoured the
whole tumor on the post contrast T1-weighted image. The T1 map
was calculated by the use of the gradient echo images, as deter-
mined by the Ernst formula and the contrast concentration was
derived from the dynamic intensity curve (refer to reference 11
for details of the algorithm). The resultant contrast concentration
dynamic curve for each pixel was used as input for the DCE mod-
eling, with pharmacokinetic models from Tofts and Kermode [23].
The arterial input function (AIF) was obtained from the common or
external carotid artery. The Kirans. ve and vp (Table 2) were estimated
for every pixel using multiple starting point Marquardt-Levendag
curve fitting |24]. In addition, the area under the contrast con-

Table 2
Physiological meaning of the DLE paramelers.

Parameter Physiological meaning

Kigas Blood plasma flow per unit volume of tissue. In
situation of high blood flow, ki, 15 Lhe permeability
surface area product per unit volume of lissue.

e EES volume per unit volume of tissue

[ Bload plasma volume per unit volume of tissue

centration curve for the initial 60s (AUCE0), and the initial 90s
(AUC90) were measured and normalized by the AUCG0 of the exter-
nal carotid artery, to adjust for differences in arterial input of
individual patients and scans.

Histogram analysis was performed on the data generated from
the whole lesion and mean value for each paramceter was obtained.
In order to take account of tumor heterogeneity, the values were
also calculated for the 25%, 50%, 75% and 95% percentile value for
each primary tumor.

lable 2 tabulates the 3 parameters derived from the
model curve fitting and the physiological meaning of the
parameters.

2.4. Staristical analysis

Kruskal-Wallis test was performed to determine the parameters
with significant differences (p <0.01) between the three groups of
cancer. DCE parameters that showed significant differences under-
went further Receiver Operator Characteristic (ROC) analysis to
determine the sensitivities and specificities with the highest degree
of accuracy. Also, a cutoff value was chosen that maximized speci-
ficity while optimizing the sensitivity.

3. Results

The mean and the values at the 25%, 50%, 75% and 95% percentile
for the DCE parameters are shown in Fig. 1. 1able 3 gives the mean
and standard deviation for the parameters in the three types of
tumors.

There were significant differences (p <0.01) in the Kyans. AUCGO
and AUC90 between UD and SCC and between UD and lymphoma,
but no parameters showed a significant difference between SCC and
lymphoma. ROC analysis was performed and results of the param-
eters that demonstrated the greatest accuracy and sensitivity for
differentiation of the tumors are shown in Tables 4 and 5. Fig. 2
shows the average histogram for the kirans, AUCGO and AUC90 of
UD, SCC and lymphoma.

4. Discussion

Relatively few research studies have reported results using
DCE-MRI parameters from head and neck cancers generated
using pharmacokinetic models and quantitative analysis [19-22]
and none have used the tool to distinguish between UD, SCC
and lymphoma. In this study, krans. AUCG0 and AUC90 showed
significant differences between UDJSCC and UD{lymphoma but
none of the parameters showed a significant difference between
SCC/lymphoma. The parameter that showed the highest accuracy
was the AUC90, yielding 78% and 97% respectively for differ-
entiation between UD/SCC and UD/lymphoma. When measuring
functional parameters, tumor heterogeneity can influence the
results and so methods which take into account heterogene-
ity in tumor vascularity, such as histogram analysis |25-27], are
becoming a recognized method to assess cancers, Our results from
histogram analysis concur with this view, whereby using AUC90

Please cite this article in press as: Lee FK-h, et al. Dynamic contrast enhancement magnetic resonance imaging(DCE-MRI) for differential diagnosis
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Fig. 1. Bar chaits of the DCE parameters for UD, 5CC and lymphoma

Table 4
Paramelers with the maxinum accuracy for dilferentiation of tumuors.
Parameter Accuracy Sensitivity ¥ Speaificiy X (.umrf value
UDfscc Mean-AUCSD 0.784 6BX 88% (} bl 6
ubjlymphoma 75%-AUC90 0973 100% 88.5% 0.754

values obtained from 75% and 25% percentile obtained results with
the maximum accuracy and sensitivity.

The kians value in our study for UD was significantly higher
than the other two types of tumors. Since kyans is in part related
to vascular permeability, this may infer that vessels in UD have a
higher permeability than the other two types of tumors. Another
biomarker which is related to vascular permeability | 28], is vas-
cular endothelial growth factor (VEGF). Interestingly the rate of
positivefhigh expression in VEGF for UD has been reported to range

from 45.7 to 80% | 29- 31| and the upper limit of this range for UD is
greater than that of SCC|32-35)] (24.1-50%) or lymphoma | 36- 39|
{0-60%). Our kyans results therefore appear to correlate with the
VEGF data.

In adidition to Kerans, AUCs in our study were significantly higher
in UD than in 5CC and lymphoma and both of these parameters
have been suggested as primary end points for DCE studies on anti-
vascular therapies {40. Compared 10 kyrans. AUC has no biclogical
specificity butis rather ameasure of amount of contrast delivered to

Table 5
Parameters with maximum sensitivity at 100% specificity. T
—_— = .| _— ———— -
Parameter Accuracy Sensinvity % speaficny X Cutoff value
UDyscc 25%-AUCGO 0.645 36.7% 100 00
Lymphomajub 75% ALK 0473 88.5% - 100% 0.754

;
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and retained by tumorin a given time period |44}, Our ROC analysis
reveals that AUC90 yields better accuracy and sensitivity than Kyrans
in the differentiation of tumors. This may be due to the fact that
AUC is more robust because of its relative simplicity in the process
of parameter extraction. This is supported in a study by Galbraith
et al. |41], which showed that AUC has a better reproducibility than
Ktrans.

Limited number of cases in the lymphoma group is the major
limitation of our study. Difficulty in recruitment is the reason for
such limitation. Despite the weakness, we do not expect a major
difference in study outcome if more cases are recruited. There was
arelatively narrow range of DCE values for lymphoma as compared
to SCC in the present series, this data is likely to be reproducible
with a larger sample size.

Another functional MRI technique, diffusion weighted imag-
ing (DWI1), has shown significant differences amongst all three of
these cancers. Using the apparent diffusion coefficient (ADC) as
the DWI biomarker [42], it was found that the ADC value of UD
was in between that of lymphoma (lower ADC) and SCC (higher
ADC), which is a different trend to that seen with DCE where it is
SCC which has parameters that are in between UD (higher Kirans
and AUC) and lymphoma (lower Kkyane and AUC). For identifica-
tion of cancer groups it is clinically useful to set the specificity to
100% while trying to maintain a high sensitivity and by doing so
it appears that DCE and DWI produce complementary information
with DCE of value in distinguishing lymphoma from UD and DWI
for distinguishing lymphoma from SCC.

5. Conclusions
In this study, we analyzed the DCE data of undifferentiated car-
cinoma (UD), squamous cell carcinoma (SCC) and lymphoma with

the use of quantitative analysis and pharmacokinetic modeling.
Results identified several parameters that showed significant dif-
ference between UD/SCC and UD/lymphoma, namely kyeans, AUCG0
and AUC90. However, no parameters showed a difference between
SCC and lymphoma. The highest accuracy for DCE was obtained
by taking into account tumor heterogeneity to analyze differ-
ent percentile values obtained from a histogram. DCE parameters
identified in this study may prove its clinical utility to assist dif-
ferentiation of different types of head and neck tumors. Of all DCE
parameters the AUC90 was shown to produce the highest accuracy,
which would be an advantage in routine clinical practice because of
its relative simplicity in the process of parameter extraction com-
pared to the model based parameters such as kyans.
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Lee, F. K., King, A. D, Kam, M. K., Ma, B. B. and Yeung,
D. K. Radiation Injury of the Parotid Glands During Treatment
for Head and Neck Cancer: Assessment Using Dynamic
Contrast-Enhanced MR Imaging. Radiar. Res. 175, 291-296
(2011). .

The parotid gland is an important organ at risk of
complications of radiotherapy for head and neck cancer. In this
study, we examined the potential of dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI) for assessment of
radiation injury to the parotid glands. DCE-MRI was performed
before and 3 months after radiotherapy in patients treated for
head and neck cancer. DCE-MRI was analyzed using the
pharmacokinetic model proposed by Tofts and Kermode to

" produce three DCE parameters: Kpwo, v. and v,. These

parameters were corrclated with the dose of radiation delivered
to the parotid glands and the degree of radiation-induced parotid
atrophy. The mean radiation dose received by the parotid glands
was 47.1 % 6.6 Gy. All patients received concurrent chemother-
apy. There was a significant rise in all three paramieters after
therapy (P < 0.0001). Baseline v, and v, and the posi-treatment
rise in v, correlated with parotid gland atrophy (P = 0.0008,
0.0003 and 0.0022, respectively). DCE-MRI has the potential to
be used as a non-invasive technique for predicting and assessing

radiation injury in the parotid glands. © 2011 by Redistion Revearch Soclety

INTRODUCTION

The parotid glands lic within or close to the radiation
field of many head and neck cancers, and hence these
glands are often unavoidably irradiated during radiation
treatment. Radiation injury to the parotid glands
induces xerostomia, which has a signilicant impact on
the patient’s quality of life. New developments in
radiotherapy have focused on using techniques such as
conformal radiotherapy and intensity-modulated radio-
therapy (IMRT) to reduce the radiation dose to the

! Address for correspondence: Rm 1214, Block R, Queen Elizabeth
Hospital, Gascoigne Road, Kowloon, Hong Kong; e-mail: leckarhofiw
hotmail.com. i

i Nl Lg el s el gl diite —n aBta JE et et s

9

parotid glands while at the same time delivering
sufficient dose to the cancer targets (4, 2).

However, even with these newer techniques, it is not
always possible to prevent the glands from receiving a
significant radiation dose. There is therefore interest in -
finding other strategies for better protection of the
organ. These require an understanding of radiation-
induced damage on a cellular level. Histological studies
have been conducted in rats and rhesus monkeys that
showed inflammation, edema, acinar cell degeneration
and necrosis, vessel damage and organ atrophy after
irradiation (3, 4). Similar studies are more difficult to
perform on human subjects due to the invasive nature of
obtaining parotid tissue samples and inability to
examine the whole gland. Therefore, an in vivo tool to
monitor radiation damage in the parotid gland on the
cellular and vascular level would be valuable.

Dynamic contrast-enhanced magnetic resonance im-
aging (DCE-MRI) is a functional imaging technique
that provides information on tissue perfusion through
dynamic contrast analysis by compartment modeling or
curve fitting. DCE parameters obtained using pharma-
cokinetic models such as thosc proposed by Tofts and
Kermode (35) provide data that can reflect physiological
processes such as vascularity, vessel permeability and
cellularity of the examined tissue. This technique has
been applied to the diagnosis, prognosis and evaluation
of treatment response in cancers of the breast (6, 7) and
prostate (8, 9), and cfforts have been made to extend its
application to head and neck malignancies (/0-12).
DCE-MRI also has the potential to yield valuable in vivo
information on the damage that occurs in organs that
are irradiated and to provide a non-invasive method for
studyving the irradiated parotid glands. The tocus of this
study was to use DCE-MRI to determine whether
radiation exposure leads to any changes in the DCE
parameters and if so to determine whether there is any
correlation with radiation dose and the degree of parotid
gland atrophy.
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FI1G. 1. Parameter maps of (panel a) TIW contrast-enhanced
image, (panel b) k... (panel ¢} v, and (panel d) v,. *Right parotid

| ¢ gland, **left parotid gland.
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MATERIALS AND METHODS
Patients

The DCE data were evaluated retrospectively in a cohort of
patients undergoing radiotherapy for nasopharyngeal carcinoma
(NPC) who had been recruited for another DCE-MRI study that
was been performed with cthical approval from the local ethics
committee and informed consent. All patients received baseline DCE-
MRI before treatment and at 3 months after treatment. The mean
radiation dose received by each parotd glund in each patienl was
obtained from the treatment planning records. Patients were treated
with IMRT at a dose of 70 Gy 10 the gross tlumor over a period of
7 weeks.

Image Acquisition

Patients were scanned in a 1.5-T MR scanner (Philips Medical
System, Best, the Netherlands) with the head and neck SENSE coil.
Images were acquired in the axial onentation from sphenoid sinus 10
approximately the C4 level. Four 3D T1-weighted gradient echo images
were performed with different flip angles to gencrate the T1 map
(repetition time, TR = 2.7 ms; echo time, TE = 0.9 ms; fip angle, a =
2, 10, 20, 307; slice thickness, TH = 4 mm, matrix size = 128 X 128,
fickl of view, FOV = 230 mm; number of acquisitions, NSA = 4).

. Dynamic gradient echo images were then acquired at a time resolution
of 3.5 s for 106 times (repetition ime, TR = 2.7 ms; ccho time, TE =
0.9 mg; flip angle, « = 207; slice thickness, TH = 4 mm, matrix size =
128 X 128, FOV = 230 mm; number of acquisitions, NSA = 1). The
conlrast agent (Dotarem, Guerbet, France) at a dose of .2 mi/kg was
injected intravenously with a power injector at a rate of 3 mlls,
beginning at 20 s afier the start of the dynamic sequence. Immediately
after the injection, the same amounl of saline was llushed into the
syringe at the same injection rale. i

LEE £ET Af

Parotid Contoirmg

For euch putient, both parotid glands were contoured on the FIFT20
scan before and after treatment. A single observer (FK 1) performed
the contouring. Volume atrophy was defined as the percentage
reduction n volume of the paroud gland aller radiotherupy

Image and Data Processing

Images were exported from the scanner console to an oithne
computer Tor processing with n-house developed soflware, The T
map was calculated by the use of the gradient echo images with the
Ernst formula. The contrast concentration map was then caleulated
according to detinis described by Zha ef af (11). Analysis was based
on the pharmacokinetic model deseribed by Tofts and Kermode (5),
which uses a two-compartment model o represent the dynamc
transler of contrast agent between the plasma and the extracellular-
extravascular space (EES). Studies (/4) suggest that the arterial input
function (AIF) gives a representation ol the contrast influx, and the
internal carotid artery was dehineated manually tor cach dynamic scan
to obtain the AlF. This artery was chosen because 1t is a major
arterial supply 10 the paroud gland and s large enough o avoid
substantial partial volume cffect. The term v, €., representing the
plasma contribution of contrast concentration, was also added n the
calculation model

The model expression 1s

o
< "kl'n.ms {.l' (. ol
di { pl ()
Cr=Covad Cumy {2)
c‘.m=1.,..,,..Jc;u'u- ERL TR (3
n

where C, €. and C, are the contrast concentration of the total volume
of tssue, EES and plasma, respectively

Using this model, three parameters, &,,...., v, and v,, were estimated for
every pixel using multiplestarting-point Marquardt-Levendag curve
futing (£5). The parameter £,,,., represents the permeability surface area
produgt per unit volume of tissue, v, represents the EES volume per unit
volume of tissue, and v, represents the blood plasma volume per unit
volume of ussue. The mean DCE parameters of cach of gland were
obtained for analysis. Examples of the parameter images with the TIW
contrasi-enhanced image are shown in Fig. |

Statistical Analysis

The statistical analysis had three ohjectives. The first was o
identily a signilicant change in any of the DCE parameters after
radiotherapy using a paired ¢ lest. The second was to correlate any
changes in DCE paramelers with radiation dose. ‘The third was 10
correlale baseline DCE parameters and postirradiation change in
DCE parameters with parotid volume atrophy. FFor the last two
objectives, Pearson’s test was used to test for any significant
correlations. P values were corrected by the Bonferroni method on
multiple correlation tests. All statistical tests were tonducied with the
software PRISM (La Jolla, CA).

RESULTS
Puatients

The study included 21 patients (16 males and 5
females with mean age 49 = 10 years, range: 30

sl




T T ey e T

DCE MRI STUDY OF IRRADIATED PAROTID GLANDS IN IMRY 293
B0 B
; 400
(4]
g ' &
- = E
&® p . oo D
£ . . = = 2
= 200 . . . : ) H
- = L A o ™
B -0'.. A - " i . ) Ll : ) L L
] 3 “ o, . " . -
D , S . — ¥ [ 3 - 2 - 1] ] ¥

20 2 m K. 4 a5 =) bh [} L 0
Maan rad-atinn (losa rocan-0d Uy paratid gland (Gy)

FIG. 2. Percentage change n k., as a function of radation dose
received by the parotid plands

62 years), with 42 parotid glands for analysis. The mean
radiation dose received by the parotid glands was 47.1 =
6.6 Gy. Concurrent chemotherapy was also adminis-
tered to the patients. The mean parotid gland atrophy
was —32 + 20%.

All AlFs extracted from the patients were visually
inspected to contain clearly distinguishable first and
second passes of contrast in the contrast concentration
curve. This served as a quality assurance process to
exclude artifacts in the arteries. Also, we examined the
reproducibility of the AIF and obtained repeatability
(variation with the 95% confidence interval) of about
30% for AUC60 and AUCY0 of AIF. The induced
variation in DCE parameters is significantly less than
the change induced by radiation in this study.

DCE Parameters

The mean DCE parameters before radiotherapy
(baseline) and after radiotherapy (3 months post-treat-
ment) are shown in Table 1. All DCE parameters showed
a significant rise after radiotherapy (£ < 0.0001).
Correlation of Radiation Dose with Change in DCE
Parameters after Treatment

The results showed that there was a significant inverse
corrclation between percentage change in 4. and
radiation dose (P = 0.0045), with a higher radiation
dose being correlated with a smaller percentage change
in k,.. (Fig. 2). However, the correlation was insignif-
icant (P = 0.1695) when a possible outlier with a greater
change in k.. was removed from the analysis. No
significant correlation was found between v,, v, and
radiation dose.

TABLE 1
Summary Statistics
Parameter Bascline 3 months P
W st 0.89 + 0.40 1.52 % 0.33 <0.0001
v 0,42 + 0.13 0.81 £ 043 <0.0001
v, 0.044 = 0.018 0.2t = 0.12 <().0001
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FIG. X Percentage change i v, as a function of volume atrophy.

Correlation of Parotid Gland Atrophy with DCE
Parameters before and after Treatment

Parotid gland atrophy correlated with baseline v, and
v, (£ = 0.0008 and 0.0003, respectively) and change in v,
after treatment (P = 0.0022) with atrophy being less in
patients with a higher bascline v, and v, and a lower
percentage increase in v, after radiotherapy (Figs. 3 and
4). There was no correlation between parotid gland
atrophy and k,,.,..

DISCUSSION

Human and animal studies have shown that parotid
gland volume atrophy and reduced salivary production
arc both common in irradiated parotid glands (/, 3, 16).
and the radiation dose delivered to the parotid glands
correlates with the loss of parotid function (2). Other
animal studics have shown that this change in salivary
function is directly related to histological changes (3, 4).
Degeneration, necrosis of acinar cells, and inflammation
arc scen in the early stage of irradiation, while later
changes include organ atrophy and an increase in the
amount of connective tissue (3).

Imaging studies on irradiated parotid glands have
been published, with an emphasis on changes in salivary
production (/7) or dosimetric sparing of the organ (/8).
In this study, we used DCE as a tool to investigate the
effect of radiation on the parotid glands. Because no
data on parotid function were available in this study, we
attempted to correlate our DCE results with parameters
or attributes that were closely related to parotid
function. Radiation dose and volume atrophy have been
shown to be related to parotid function. Teshima et al.
(/9) showed in radiation-treated head and neck cancer
paticnts that a fractional reduction in parotid gland
volume was significantly correlated to reduction in
salivary amount. The author concluded that parotid
volume reduction may predict irradiated saliva gland
function. On the other hand, acinar cells are known to
contribute the water and protein content of saliva (20),
and acinar cell loss was one major causc of volume
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o8 3 months after radiotherapy, with inflammation and
! . endothelium disruption being the predominant features.
. . 06 However. a weak negative correlation was found
Tl . o A . \ between the percentage change in %,,,, and radiation
> ¥ ouw . ) o dose; that is, higher radiation doses caused a smaller
By " . o | percentage rise in the k... A possible explanation for
S ' ) la2 lltlis unexpected result is that glands that received the
. | higher dosc were alrcady starting to enter the ialf::r phasc
L ) —-lo of dama_gc 50 lhal‘ the cﬂ'ccls‘ of inflammation and
: 80 50 40 %0 20 0 & cndothelium disruption were being counteracted by the
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FIG. 4. Bascline v, and v, as a function ol velume atrophy.

reduction in human parotid glands after irradiation (20).

Loss of acinar cells thus resulted in a reduction of

parotid gland volume and the ability to produce saliva.
These studies provided cvidence lor the closc relation-
ship between volume atrophy and loss of function in the
parotid gland. Thus, if we could show a relationship
between DCE paramecters and atrophy, the results would
indicate the possibility that DCE parameters may also
be correlated with parotid function. This would be
useful clinically, although further DCE studies to
include functional data are necessary for confirmation.

The first objective was to determine whether radio-
therapy would cause a significant change in the DCE
parameters and if so whether there was a correlation
with radiation dose. The results of this study demon-
strated that all three DCE parameters increased
significantly 3 months after completion of radiotherapy
compared to the baseline values. It is postulated that the
increase in k,,, may be the result of the carly
inflammation and disruption of normal endothelium
induced by radiation. Such observations have been
reported in irradiated tumors during radiation therapy
(8, 21). 1t is also known that radiation subsequently
damages the vessels and reduces permeability and
vascular density, which would be expected to lead to a
decrease in the &,,..... The fact that a rise and not a fall in
Kran, Was seen in this study suggests that the glands were
still going through this carlier phase of damage at

cffects of vessel damage, which cause a decrease in
permeability and vascular density and hence a decreasc
in k,.... However, our observation was limited by the
fact that the radiation doses received by the parotid
glands in our study were quite large. A better correlation
may be demonstrated in future studies of DCE
parameters over a wider range of radiation doses.

The v, and v, also increased after radiotherapy. In the
case of v,, it is postulated that the rise may have been be
related to the increase in' extracellular extravascular
space (EES) caused by serous acinar cell loss and edema.
In the case of v, it is postulated that the rise may have
been related to inflammation that induces vasodilatation
and so could increase blood volume. However, unlike
the k... neither of these two DCE parameters showed a
direct correlation with radiation dose.

The second objective was to correlate parotid gland
atrophy with DCE parameters. The study showed that
there was a relationship between v, and v, but not with
the k... A higher baseline v, and v, was associated with
less glandular atrophy. The cause for this association
with respect to v, is unclear, but for v, it is possible that
glands with a higher plasma volume, meaning that the
organ is better perfused, would have greater protection
from radiation injury. A greater percentage increase in v,
was observed in organs with greater atrophy, which
would be cxpected given that organ atrophy and
increascd EES are results of increased radiation dose.

A similar study from Juan er al. (22) using the Brix
model showed a correlation between DCE parameters
and radiation dose. They found that the peak enhance-
ment and time to peak enhancement were correlated
positively while the &k, was correlated negatively to dose.
They attributed the decrease in k,, to increased EES after
cell loss, which is in accord to our observation of
increased v, after radiotherapy. The k;, which is the
transfer rate constant between plasma and EES, alfo
decreased after radiotherapy. This is in contradiction to

our observation of increased k... Part of the reason lor -

this discrepancy may be the difference in the timing of
image acquisition between the two studies. The cohort of
Juan et al. included imaging times varying from 2 to
43 months after radiotherapy. Our study imaged
paticnts at bascline and at 3 months after treatment,
which is better for describing the early effects of
radiotherapy.
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The main limitation of this study is that without
excision of the parotid gland the cellular cause for the
DCE-MRI observations can only be postulated. Animal
studies would be needed to confirm the histological basis
of the DCE findings. Also, our study examined the
effects of radiation at ounly onc time soon aflter
treatment, with no correlation with gland function. To
study the correlation between DCE-MRI paramceters
with late effect of glandular function, a prospective
study with serial imaging and salivary flow measure-
ments would be necessary.

In summary, our study increased our knowledge

about irradiated parotid glands from the perspective of -

vascular change by the use of DCE-MRI. Baseline
parameters such as v, and v, that demonstrated a
significant corrclation with organ atrophy showed the
potential of such parameters in predicting response after
radiotherapy. Treatment planning may make use of this
information for tailor-made sparing strategies with
individual patients.

Conclusions

This study shows the potential of DCE-MRI as a non-
invasive tool for examining radiation-induced injury in
the parotid glands at the cellular level. A significant
increase in k..., v. and v, has been shown in the parotid
gland 3 months after irradiation for the treatment of
head and neck cancer. The correlation between greater
glandular atrophy and a lower baseline v, and v, and a
higher post-trcatment increasc in v, shows the potential
for using DCE-MRI for prediction and assessment of
radiation damage to the organ.
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