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ABSTRACT 

Abstract of thesis entitled: Use of Dynamic Contrast Enhanced Magnetic 

Resonance Imaging (DCH-MRl) on Head and Neck Cancer 

Submitted by LEE Kar ho, Francis for 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 (DCH-MRI) uses fast 

imaging to capture the dynamics of image enhancement after the injection of a 
• « 

contrast agent. With appropriate analysis methods, useful information can be 
f 

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 the thesis is to firstly evaluate 

technical issues influencing DCE-MRI and secondly use the optimized technique in 

pilot clinical studies in patients with head and neck cancer. 
轟 



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 (AlF). The pilot clinical studies in head and neck cancer patients examined 

in the thesis were related to the differentiation of different types ol' head and neck 

cancers, early prediction of tumor therapy local control, and assessment of radiation 

injury to the salivary glands. 

RESULTS 

Technical evaluation of DCH-MRl: 

(1) With nominal T1 values and contrast influx for head and neck lesions, flip angle 

of 10 - 20 degrees was found to induce maximum image enhancement and 

robustness of signal. 
-

(2) The original Tolls model was modified in this thesis to include the mathematical 

term for contribution from the plasma volume Vp and the rationale were supported by 
s. 

simulation data in the thesis. With typical contrast enhancement in head and neck 

lesions, error of up to 53% for k,rans and 17% for Ve 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 AIF 



extracted from either side. DCE-MRl parameters obtained from repeated scans in 

individual patients were more reproducible when the AlF was measured individually 

instead of using a population-based AIF. 

Clinical pilot studies: 

(1) DCti-MRl on cancers in 63 patients were examined with histogram analysis, 

ktrans，area under the curve (AUC60 and AUC90) showed significant differences 

between undifferentiated carcinoma (UD)/squamous cell carcinoma (SCC) and 

UD/lymphoma. 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 ktrans after two weeks of 

treatment showed a significant correlation with local failure. 

(3) Irradiated parotid glands of 20 patients with nasopharyngeal carcinoma were 

scanned with the DCE-MRI protocol before and after completion of radiotherapy. 

Baseline Ve, Vp and the post-treatment rise in Ve correlated significantly with parotid 

gland atrophy. 

Il l 



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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摘要 

動態射比增強磁共振（DCE-MR1)楚—•極功能成像的技術。這技術可以仅¥射人 

體注射顯影劑後，利用快速成像的方法獲取岡像訊號強度的變化。透過適當的 

分析工具，DCE-MRI能提供關於血管結構的初tj資料�DCE-MRI所提供的資 

料，已被證责在腫瘤診治上的功用。它在腫瘤特徵描述、治癒效果及治ffi引起 

的副作用3'卩佔上，都有一定的作ra�但足，DCE-MRI在頭頸部的應汁1上彳/一定 

的技術困難。現時的驗及證據仍未足以支持DCE-MRI存:頭頸癌上作廣泛的應 

m。id份論文的M的就足W先研究DCE-MR1的技術問題。其優化後的技術則用 

於數個頭頸癌的臨床試驗上。 

施 • 八 

這份論文所研究的技術問题包括射頻激發偏折角的選擇，藥物動乃模别的優化 

及動脈輸入阐數（AIF)的估取。记外，這論文亦包括了三個DCE-MRI ffl於頭 

頸癌的臨昧試驗：也括DCE-MRI ffl於不同種類頭頸癌的區分’ DCE-MRI用於 
V 

腿瘤局部控制的早期預測，及bCE-MRliri於放療對E腺影響的評估。 

M S 

對DCE-MRI技術的研究 



(1)對於-•般頭頸部腫瘤的T1値及顯影劑流入横’利ffl 10-20度的射频激發偏 

折角可産生最高的訊號強度變化及最好的訊號穩闽度。 

(2)這份論文所w的Tofts藥物動態模®，力丨丨入了計算血饿矜植vp \mm。論 

文內的模擬數據顯示，在一般的頭頸腿瘤，-朽Vp不被am在内，DCE-MRI 

參數將••丨J•有高達53%的估算誤差，Ve將"J柯I®達17%的誤差� 

(3)論文屮比較了 21個頭頸癌病人屮，1+1K左邊及心-邊頸動脈沾取的A1F。糸 

果顯示兩邊估取的AIF沒有明顯的差別。‘而每次成像沾取A1F，比起利用群 

體平均AIF所得的，DCE-MRI參數ii有更卨的截現性。 

臨床試驗： 

(1)利用直方IM丨分析，DCE-MW用於63個頒頸癌的病人上。未分化癌與鱗狀上 

皮 細 胞 癌 ， 及 未 分 化 癌 與 淋 巴 癌 的 � S 6 0秒及 9 0秒的曲線F i f f i積 

(AUC60, AUC90)均顯示明顯的分別。平均ALJC90在區分未分化癌與鱗 

狀上皮細胞癌顯示般高的精確度（78%)�而75%百分位數AUC90在區分未 

分化癌與淋巴癌則顯示®高的精確度（97%)� 

(2)利用DCE-MRI技術於17個頭頸癌病人[:.，/!•:病人接受丨ft擦前及治療開始後 

兩堪期進行索描。給果顯示25%百分位數及平均ku^ns於兩次素描的變化， 

伤周部控制有效與無效的病人之問有明顯的分別。 

( 3 )利用D C E - M R I對2 0個癌的腿®，在放療前及放療完成後進行素描。結 

果顯示放療前Ve，Vp及放療完成後ve的樹加均與K腺蕃縮仿明顯的關係。 

VI 



‘ 

vii m 

••J 身 

‘ I II ‘ ir I I I III t III Iiiiiii__i-“ii.fli£î  
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論文結来顯/|丨DCE-MR1丨丨�於頒頸癌的"]•?/性�初•的臨式驗顯小DCB-MRI 
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C H A P T E R 1 — INTRODUCTION T O T H E U S E O F D Y N A M I C C O N T R A S T 

E N H A N C E D M A G N E T I C R E S O N A N C E IMAGING ( D C E - M R I ) IN H E A D A N D 

N E C K C A N C E R 

1.1 Introduction 

Magnetic resonance imaging (MRl) 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 is 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 



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 is 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. 

DCB-MRl has shown potential in tumor characterization, treatment outcome 



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 (Tumbull, 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; Isebaert S.，De 

Keyzer F., Haustermans 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 

necessary to realize the DCE-MRI for head and neck cancer, l echnical 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 protocol, with emphasis 



on the choice of flip angles in the spoiled gradient echo sequences For data 

acquisition during contrast enhancement, the effect of signal-to-noise ratio and 

acquisition duration on the estimation of DCE-MRl parameters; (2) the effcct of 

arterial input function (AIF) on the analysis outcome; (3) the use of different analysis 

techniques, which is comprised of area under concentration curve (AUC), 

pharmacokinetic models proposed by Tofts and Kermode (1991), and by Brix (1991); 

and the reproducibility of these DCE-MRl parameters. 

Results from the abovementioned issues were applied to devise an optimal 

DCE-MRl technique in the head and neck region. The optimized DCE-MRl 

technique was then implemented to study the usefulness of DCE-MRl 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. 

12 Physics and Development of MRI 

The clinical application of MRI began in the I970'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. After 



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 exploited 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 



nuclei in the anatomy. Sir Peter Mansfield 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 MRJ nowadays. 

1.3 Physics and Development of DCE-MRI 

With the advancement of MRI technologies, tfiree-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 MRI. 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 used, 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 



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 them 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 is conducted during the 

production process to detoxify the agent. The contrast agent used in this thesis, called 

Gd-DOTA (gadolinium 1,4,7,10-tetraazacycIododecane-1,4,7,10-tetraacetic acid), is 

a simple ligand and is relatively small in size (-500 Da). Ihe agent crosses the 

endothelial 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 TI-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 effect is relatively long ranged and may extend for a few 

millimeters depending on the sensitivity of the acquisition sequence. T2-weighted 



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 relaxivity-based elTecl by Tl shortening of contrast agent results in image 

enhancement in TI-weighted images. The effect is short ranged and affects 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). Tl-weighted DCE-MRI 

is thus more widely used in cancer imaging, where the presence of high vessel 

density and extravascular leakage of contrast agent in malignant tissues give a 

substantial image enhancement at regions of the tumor. 11-weighted and 

丁2-weighted DCE-MRI require different acquisition and processing techniques, and 

their analysis outcome bear different physiological implications. Studies in this thesis 

were focused on the Tl-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 and nutrition 
• A 

necessary for the growth of the lumor is supplied by diffusion. As the tumor grows 

bigger in size, typically above 200 |im in diameter, oxygen and nutrients supplied by 



dilTusion is no longer adequate to meet the demand of the lumor. Nec)vasculature 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 (VEGF), 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 

t 

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 out flux 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 of DCE-MRI has evolved. At present, a variety 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 



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 the shape of 

contrast enhancement curve has also been employed in a number of studies. Time 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 relatively 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 
t 

i 

the same subject is scanned with different scanners or at different times. Inter-subject 

A 

and inter-center comparisons are thus more difficult. Moreover, the generated 

parameters bear no biophysical meaning. A better way to perform quantitative 
» 

assessment is to deduce the contrast concentration from the signal intensity, and 

obtain the quantitative DCE-MRI parameters on the contrast concentration time 

curve. This will eliminate the difierence 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 T1 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 could 

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 

proposed by Tofts & Kermode (1991)，Brix (1991) and Si. 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 (AIF) and the optimal 

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 Institute (NCI) of 

the United States has issued recommendations on the acquisitions for DCE-MRI 

image in oncology. The recommendations were based on the 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/Fharmacokinetic 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 inter- 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 

1 2 



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 neck 

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 highly curable if detected early. However, tumors 

presented at a late stage often have poor 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 disease 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-MRl shares a role in head and neck cancer for detection, 

characterization of tumor, and early prediction of recurrent and residual tumor. The 

technique may also 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 

JL 

organ to the tumor. New drugs acting against angiogenesis of tumor have also been 

introduced in the treatment of head and neck cancers. DCE-MRl 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-MRl 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-MRl 

A literature review was conducted on the use of DCE-MRl on human studies of 

cancer. The keywords ‘Dynamic contrast MRI' were used for searching in PUBMED. 

Only studies involving T1-weighted DCE-MRl on the study with human patient were 
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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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included, 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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DCE-MRl publicaiions by disease site 
169 

Figure 1.2: Number of publications according to disease sites. 

Publications on DCE-MRl 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, el 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, Salmaslioglu, 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. 
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C H A P T E R 2 - O V E R V I E W O F D C E - M R L P R O C E S S I N G A N D T E C H N I C A L 

C H A L L E N G E S 

2.1 Introduction 

This chapter provides an overview on the various technical aspects of 

DCE-MRl 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-MRl techniques. Finally the major 

technical challenges for the application of DCE-MRl 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 Tl , T2 and T2* of the 

nearby tissues. Ihe 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 (USPIO). 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 to improve 

specificity and sensitivity of disease 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 

is necessary during production to enable the formation of large stable organic 

complex around the gadolinium molecule. This reduces the toxicity that could result 

from direct exposure to gadolinium. Also，accumulation of such chemicals in the 

body is hazardous and agent molecules are eliminated 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-DO TA is a small molecular size contrast agent ( � 5 0 0 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 of water molecules in 

the extracellular and intracellular 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 Tl , and causes 

an enhancement in Tl-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 the focus of this thesis, 

such effect will be ignored in the '11-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 cell 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 to 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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Typical DCE-MRI curves Tumor 
Muscle 

Washout phase 

Initial contrast influx 
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Figure 2.1: Typical contrast enhancement time curves for tumor and normal 

muscular tissue. 
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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 mathematically analyzed by biophysical compartment models 

for quantitative DCE-MRI data analysis. 
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DCE-MRl 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 

increased level of angiogenesis, and may also 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 deathTand shrinkage of tumor. 

In view of these, DCE-MRl provides early indication of tumor aggressiveness and 

therapy response. This may be a valuable adjunct to morphological images in the 

management of cancer. 

Currently, the DCE-MRl 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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、 
enh^cement/ such as enhancement slope, maximum enhancement, time to peak, 

• 、 I 

wash .out rate/ etc are derived by simple measurements or curve fitting method. 
I 

DCE-MRl 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 is thus empirical and the change in these parameters may not be easily 

explained or correlated 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 'pharmacokinetic 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. MRl contrast • . « 

agent5 cannot enter intracellular space because of their size and inertness； a two 
» 、 -

compartment model, with the necessary transfer rate equations describing the 
•fji ‘ 

* 
•9 

• . 

diffusion of contrast agent between the .compartments, serves to describe the 
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exchange 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 

under curve (AUC) at this initial period of contrast enhancement, which is usually 

chosen to be within about 100 seconds after contrast injection, has been employed 

clinically as a simple and robust DCE-MRI parameter (Evelhoch J., 1999). The 

parameters AUC60 and AIJC90 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, etc，can be removed. 
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23.2 Tofts and Kermode Model 

The two-compartment model represents the dynamic transfer of contrast agent 

between the compartments of plasma and the extracellular-exti avascular space (EES). 

The model is graphically represented in Figure 2,2. 

Iiiieclioii ol cunU.isI 

Pijisma 
conipaitiueiit 

Flinunntion tluoiiiJi 
kjJue\ 

EES 
coiup;titiiiejit (Vji 

Figure 2.2: The compartmental model proposed by Tofts and Kermode. 

The model expressions that describes the dynamic distribution of contrast 

agents are, 

dC\ . 
dt ‘trans ( Q - C J 

p p 

C‘U) = K,_ C(ne 
'-{i-n 

[2.1 J 

[2.2] 

[2.3] 

where Ct, Cc and Cp are the contrast concentration of the total volume of tissue, HBS 

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 

2 6 



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, ktrans is the permeability surface area product per unit volume of 

J 

tissue. 

Ve EES volume per unit volume of tissue. 

Vr 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 lesion 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 
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voxels is also ignored. 

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

4. Fast exchange of all 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. k = Fp(l - Hct) (PS » p) [2.41 

7. And otherwise in the permeability limited situation: 

8 .、丨咖= P S p ( P S « F ) [2.5] 

9. where F is the blood flow, PS is the permeability surface area product, p is the 

tissue density, Hct is the haematocrit proportion. 

2.3.3 Brix Model 

The model is 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 omission of T1 estimation. However, the drawback is the 

inaccuracy involved in DCE-MRI parameter estimation. For low baseline Tl , 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. 

[2.6] 
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[众 2l(众 2 , - M ] [2.7] 

[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 Parameter related to the tissue type, infusion rate and a combination of 

other constants 

k 21 First order transfer rate constant of contrast agent from the central 

model. 

compartment to the peripheral compartment 

�d First order rate constant of the elimination of contrast agent from the 

central compartment 

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

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: 

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-MRl are processed. Misalignment amongst 

these images may be present due to patient movement, and this will affect accuracy 

of the DCE-MRl result. 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-MRl 

processing. AIF is important to cater for the variation in contrast enhancement 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 S.，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 11. The non-linear relationship between contrast 

concentration and signal intensity is described by the Bloch formula [2.10�.Using 

the derived Tl , the signal intensity-time curve for each pixel is transformed into 

contrast concentration-time curve, which is then used in subsequent pharmacokinetic 

models. 

C = [2.101 

The relaxivity constant is termed Rd. C is the contrast concentration, Tl is the 

tissue Tl value at the presence of contrast, IIQ is the baseline tissue 11. 
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The relationship between contrast concentration and relative signal increase is 

plotted in Figure 2.5 for different baseline values of TI. As shown in the figure, the 

relationship is approximately linear at small concentration of contrast or large Tl. 

This approximation has been exploited in an effort to omit the estimation of Tl in 

DCE-MRI processing (Judd, Alalay, Rottman, et al” 1995)，thus simplifying the data 

analysis and eliminate variation in outcome due to uncertainty in Tl estimation. 

Indeed, the Brix model made this approximation in the original article that proposed 

the model. However, the range of contrast concentration and Tl encountered in 

different regions of interest may not meet the requirement of this assumption. The 

baseline Tl 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 ImM, resulting in shortened 11 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 

Tl equal to 900ms. The error increases to over 7% with baseline Tl equal to 500ms. 

Derivation of Tl 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 

1 
V. 

(Sansone M.，Fusco R., Petri I lo A., et al, 2011). 

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 AIJC are 

included. 
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2.5 General Requirement of DCE-MRl and Effort of Standardization 

Since the development of quantitative DCH-MRl 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 Canccr Institute 

(NCI) of the United States outlined proper data acquisition protocol for DCH-MRl 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 MRl 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 acquired. Spatial resolution 

should be optimized with sutYicient resolution for heterogeneity 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 pul^e sequence should not be susceptible to artifact. 

5. Data and processed results should be highly reproducible. Tl 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 variation 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 me?isurement or arterial input function (AlF) 

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

Brindle and Evelhoch, 2005). I he scan field of view (FOV) therefore should also 

include the blood vessels appropriate for derivation of A IF. 

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 ofl)CB-MRl 

The objective of DCki-MRl is to generate reliable parameters that can reflect 

vascular properties of the tissue of interest. These results should yield clinical 

inference or prediction of treatment outcome. l o 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 DCH-MRI has 

been discussed, and the aim of this thesis is to examine an optimal and practical 

protocol in the head and neck region. In the subsequent 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-MRl data is the first part of the process. Spoiled 

gradient echo sequences with multiple flip angles are used to determine the T1 of the 

tissue of interest. Di Giovanni et al (2010) demonstrated a heavy dependence of the 
.1 

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 Tl 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 

DCH-MRI in the head and neck region has never been reported, and this is explored 

in this research project. Details of the study and results arc 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 elVect 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. ITie 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. ROl analysis can be employed in place of pixel-wise 

analysis to increase the SNR, albeit al the lost of information on parameter 

heterogeneity. Dale ct al (2003) analytically investigated the elTect of noise in the 

data to estimated ktrans by propagation of error. In chapter 3 of this thesis, the effect 

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 DCB-MRl 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 AlF should be a genuine representation of the contrast 

concentration from the supplying artery. However, this is 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 DCH-MRI processing in head and 

neck region. 

Finally, the DCE-MRI data generated in this thesis are validated by phantom. 

Reproducibility of the in-vivo 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 ACQUIS IT ION 

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 T1 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 quality are the choice of flip angles, 

signal-to-noise ratio (SNR) (Dale B.M., Jesberger J.A., Lewin J.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 T1 Determination and Validation 

3.2.1 Introduction 

T1 determination is an essential part of DCE-MRI data processing. I'he 
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estimated T1 is used to derive contrast concentration from signal intensity, and this is 

then used for subsequent pharmacokinetic 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 signal intensities. Tl 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 Tl . 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 variable saturation technique is a more practical method for Tl 

determination. With the use of different excitation flip angles, the signal intensity is 

related to Tl by the Equation [3.1]. Multiple flip angles are used to acquire data for 

Tl 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 results, the number and range of flip angles used in the 
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spoiled gradient echo sequences have to be optimized for tissue Tl 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 Tl for each pixel by curve 

fitting. Theoretically, in the absence of image noise, Tl 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 in this chapter. Validation 

of the derived acquisition protocol was conducted by the use of a Tl phantom and 

in-vivo data. 

3.2.2 Effect of Different Number of Flip Angles on Tl Estimation 

3.2.2.1 Method 

Monte Carlo simulation was performed by the use of software written in 

Interactive Data Language (IDL, Boulder, CO, USA). The aim of the simulation is 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 Tl 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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, 、 M ^ s i n a ^ d l - E l ^ ) 
⑷ = +凡， 間 

TR 

with EL = e � 

where SyCaj) is the simulated gradient echo intensity, 

i = 0 to 2, to simulate estimation of Tl by 3 flip angles，ao = 2", ai = 15�, a2 = 30 

i = 0 to 3 for 4 flip angles，ao 二 2。，a, = 10。，a�=20。，â = 3 0 � 

i - 0 to 4 for 5 flip angles, ao = 2°, a j = 9", a? = 16。，013 = 23。，014 = 3 0 � 

i = 0 to 5 for 6 flip angles, ao = 2", a, = 8 � ’ 012 = 13。，013 = 19� ’ 014 = 24^ as = 3 0 � 

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. 

M() 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 1.5T scanner. 

Tlo is the T1 value to be estimated. 
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T1 for each simulated data was estimated by multiple starting point 

Marquardt-Levendag curve fitting (Aheam, Staff, Redpath, et al., 2005), which was 

implemented by in-house developed software written with IDL. For 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 result is plotted in Figure 3.1 

C.V. of T1 estimation for different number of flip angles 
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Figure 3.1: Coefficient of variation for Tl estimation with different number of 

flip angles. 

A reduction in C.V., representing a higher precision of Tl estimation, was 
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achieved with increasing number of flip angles. The use of 5 tlip 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 5 or 6 flip angles at low Tl. Further reducing the number of flip angles to 

3 gave worse results over the whole range of Tl 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 11 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, 5，8 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 Ibr the range of 2-60 degrees. Curve fitting, Tl 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 estimatio" for different flip angle ranges 
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Figure 3.2: Coefficient of variation of T1 estimation for different ranges of flip 

angles. 

It was shown that flip angles in the range of 2 - 30 degrees demonstrated lower 

C.V.，thus higher precision for T1 estimation, than the other two ranges over all 

values of '11. 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 1.51' 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 ins; 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", ai = lO。，a! = 20", a] = 30") was validated by the use of Hurospin 

MRl 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 T1 map. The standard Tl values at the 

scanner room temperature, as specified in the manual of the phantom, and the 

estimated Tl by the acquisition protocol are shown in Table 3.1 

Figure 3.3: Estimated Tl map of the Burospin MRI Tl phantom. 
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l est Object Standard 11 (ms) Estimated Tl (ms) Error % 

V 

A 1278 1315.5 2.934 

B 828 774 -6.522 

C 1385 1354 -2.238 

D 1068 1028.5 -3.699 

H 506 560 10.672 

F 329 357 8.511 

G 992 
vV 

921 -7.157 

H 822 914.5 11.253 

I 664 685 3.163 

J 221 228.5 3.394 

Mean Error % 2.03 士 6.780/0 

Table 3.1: Standard T1 of the test objects (provided by the phantom 

manufacturer), the estimated T1 and the estimation error. 

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

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. 

5 1 



3.2.5 In-vivo Tl Validation 

3.2.5.1 Method 

ri estimation was further validated in human subjects. A total of ten head and 

neck cancer patients were selected to undergo the DCK-MRI image acquisition. Tl 

map was obtained after data processing. ROIs of subcutaneous fat and muscles were 

contoured on these patients. 

On the other hand, the reproducibility of Tl estimation was also assessed in 

these human subjects. The ten patients were scanned once more after 2 weeks, before 

chemoradiation therapy and after the start of a targeted therapy drug, Celuxiniab. The 

drug is assumed to induce minimal effect on normal tissues and organs. 11 map was 

again generated and the subcutaneous fat and muscles on each scan were contoured. 

The region of interest for the subcutaneous fut 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 coefficient of variance (wCV) and 

reproducibility. The two attributes indicated the degree of variation of the DCH-MRl 

parameters that would be expected from a group of patients, and from individual 

patients respectively. The expressions for the two attributes are: 

wCV = 
pV^ 13, 

vproihicihility 二 2.77 x 3
 

3
 

n
 

2
 z

 ' ' L t 4 2 



where d is the difference between the two scans, n is the number of lesions in the 

study. “ is 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: 

w 
w C V = 1 0 “， - I 13 4j 

LUG土2 77»T — 
100 X 10 * 

reprodiwihii ity = [3.5] 

3.2.5.2 Results 

The mean Tl of the subcutaneous fat and muscles were 270.6 士 71.6 rns and 

880 土 160 ms respectively, which are in agreement with previously published in-vivo 

data in 1.51 scanner. Duewell et al. (1995) reported mean Tl of 310 ms (or 

subcutaneous tat and 980 ms for muscle. The resulting reproducibility of the 11 for 

subcutaneous fat and muscles arc. 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. I'he flip angles thus used to 
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estimate 11 are 2, 10, 20 and 30 degrees. The pulse sequence was validated by the 

use of a Tl phantom, and the average Tl estimation error was about 2%. In-vivo 

validation showed that the derived Tl for subcutaneous fat and muscles were similar 

to published values, and the Tl estimation was reproducible with reproducibility for 

subcutaneous fat and muscles being 29.6% and 17.7% respectively. The resultant 

optimal tlip angle was in agreement with that suggested in Wang et al (1987) for 

cases of short acquisition time and short IR. 

3.3 Dynamic Data Acquisition . 

3.3.1 Introduction 

Dynamic acquisition pulse sequences are used to acquire high temporal 

resolution images for DCK-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, sulTicienl 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 Fl estimation. 

With the shorl acquisition time, spoiled gradient echo is used during dynamic 

acquisition alter contrast injection. The optimal 童lip angle used tor the dynamic 

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

increase was maximized after contrast injection. Moreover, B1-field inhomogeneity 

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

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

reduced (Brookes，Kedpath, 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 ROI 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 belter accuracy and precision of 

estimated DCH-MRl 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 estimated 

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

a certain level could result in unstable estimation of the DCli-MRl 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]. 
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The relaxivity constant Rd was taken as 4.39/s/mM, which was reported for 

in-vitro samples at 37"C and 1.51' magnetic field (Fischbcin N.J.，Noworoslski S.M., 

Henry R.G., et al., 2003). C(t) is the contrast concentration at time t. TR 二 2.7ms and 

is the repetition time. Rio=1/'rio where 11 o is the baseline Tl . a is the flip angle, Mq 

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 ihe signal increase is represented by |S(t)-S(0)]/S(0). 
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Plots of the signal increase with respect to flip angles for different Tl and contrast 

concentration are generated. The range of 11 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 DCH-MRl. Plots of signal increase versus flip angles 

are generated at discrete flip angles spaced 2 degrees 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 Hip angles for different Tl and contrast 

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

Ct = 0.2mM. 

Figure 3.5: Plot of signal increase with respect to flip angles for different T1 with 

Ct = 0.5mM. 
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Signal incrcasc vs Hip angle (Ci 二 ImM) 
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Figure 3.6: Plot of signal increase with respect to flip angles for different T1 with 

Ct= ImM. 

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 niM, 

signal increase is maximized for flip angles of about 8 - 2 0 degrees. However, at 

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

is shown by the rapid fallotf 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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3.3.3 Effect of Signal to Noise Ratio on DCE-MRl Parameter 

3.3.3.1 Methods 

Monte Carlo simulation using in-house developed software was used to 

illustrate the effect of noise on parameter estimation. Artificial contrast concentration 

time curves were generated mathematically using the 2 model equations, from the 

model proposed by Tofts and Kermode, and from the model by Brix described in 

chapter 2. Typical values of ktmns, Vc and Vp 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, kd and 

kzi for lesions and parotid glands. Parameters used for lesions were: ktrans=1197 

m m \ Ve=0.665, Vp=0.093, A=50, kei=0.004 sec'', k2i=0.022 sec''. Parameters used 

for parotid glands were: 二0.886 mm' , Ve二0.421，Vp二0.044’ A二37.7，k,i=0.0()6 

sec"', k2i=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 encountered in contrast 

concentration curves in the images acquired with the established protocol. One 

thousand contrast concentration curves tor each of the 4 SNR levels, were generated 

for each combination of DCE-MRI parameters. These curves were used for 

DCE-MRI parameter estimation. I he estimated results were used as statistics to 

calculate the accuracy (mean percentage deviation of estimated value from the 

6 0 



expected value) and the precision (coefficient of variation expressed in percentage) 

of the DCE-MRl 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 

ktrans 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) 

kd 33.7 (0) 33.7 (0) 30.7 (9.9) 25.3 (24.6) 

k2i 0.1 (7.6) -1 3) 2.1 (12.9) 5.3 (17.8) 

Table 3.2: Results of parameter estimation in simulated parotid glands. Results 

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

value - expected value)]. Precision = (% coefficient of variation). 
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SNR = 24 SNR = 12 SNR = 6 SNR = 3 

^Irans 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) 

kd -6,4 (8.6) -5.5(11.1) -3.2(17.4) -1.9 (25) 

k2i 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. Results are 

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

expected value)]. Precision = (% coefficient of variation). 

Results showed a trend of reducing precision with increasing noise for all 

parameters. Accuracy of parameter estimation, denoted by mean estimation error, 

improved with reduced noise for all parameters except k î. Vp is the most susceptible 

to noise, and it demonstrated a large percentage coefficient of variation (>60%) at 

low SNR. The parameters ktrans and Ve demonstrated the highest accuracy at different 

levels of SNR, achieving less than 5% deviation from the expected value. The 

parameters lc2i and A demonstrated the highest degree ol' robustness (<20% in 

percentage coefficient of variation) in terms of precision for parameter estimation at 

different SNR levels. Similar observations arc 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 ROl 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 parameter 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 Vc and Vp < 0 or > 1 or, (3) ktram, 八， 

kci and k2i < 0. Repeated measures ANOVA tests were performed for each DCE-MRI 

parameters to identity whether there was any difference 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 

normalized estimated values for each DCE-MRl 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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Figure 3.7: Variation of estimated DCH-MRI parameters versus scan duration. 

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 dilTerent scan 

duration was not significantly different from 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 k2i, estimated values with scan 

duration less than or equal to 259 sec were significanlly lower than the baseline value 

(p < 0.05). 

Results also showed that curve fitting was successful for the I ofts and Kermode 

model at reduced scan duration down to 231 sec. The Brix inodel 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 for the parameter of v,,. As evident from the plots in I'igure 

3.7, Vp varied substantially at different scan duration, signifying the instability of the 

parameter. Other than this, scan duration down to 231 sec seemed to be surficient tor 

use in 1 ofts and Kermode. If Brix model is employed, reduced scan duration created 

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

3.3.5 Discussion 

Results revealed that by using tlip 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 tlip angle error is reduced. Schabel and 
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Parker (2008) attempted to search for the oplimized flip angle for the different 

gradient echo sequences in the dynamic acquisition of DCH-MRI. In one of ihe 

sequences that they have studied, which was similar to the sequences used in this 

study in terms of 1 R, TH, 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 DCH-MkI parameters. Vp is the most susceptible to noise, and il demonslrated a 

large percentage coefficient of variation (>60%) at low SNR. Ihe parameters k,runs 

and Vc demonstrated the highest accuracy at different levels of SNR, achieving less 

than 5% deviation from the expected value. The parameters k î and 八 liemoiistrated 

the highest degree of robustness (<20% in percentage coefficient of variation) in 

terms of precision for parameter eslimation. j 

With rcduccd scan duration, the lofls and Kermode model denioiistrated a 

higher stability than the Brix model, except for the parameter of v,,. Scan duration 

down to 231 sec seemed to be suftlcient for use in lofts and Kermode. If Brix model 
# 

is employed, reduced scan duration crcatcd increased curve fitting failure and 

significant change in the estimated parameters. 

Few studies have investigated the ctYect of SNR and scan duralioii on 

estimation of DCH-MRI parameters. Yue el al (2010) lias reported on the etTcct of 

noise and scan duration on DCH-MRI parameters for cranial lesions, using a standard 
6 7 



pharmacokinetic model which is similar to the Tofts and Kemiode model explored in 

this thesis. Their result showed that reduced SNR or scan duration increased the 

instability and estimation bias. However, they showed a better stability for the 

parameter of Vp than the parameters of ktrans and kq> (kcp 二 k,rans/vc). 1 his is in contrary 

to the result of the present study. One possible reason may be the ditTerence in the 

range of DCE-MRI parameters, which was suited for cranial lesions instead of head 

and neck lesions. Another possible reason may be ihe lower noise level hypothesized 

in their study, which may improve the stability more substantially than the other two 

parameters. However，the cxact reason for the discrepancy would require further 

investigation. 

3.4 Summary 

The issues pertaining to data acquisition for the DCH-MRl 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. I'l estimation was 

validated to yield 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 parameters. The parameters ki�a"s and m�demonstrated the highest 
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accuracy even at low SNR. Vp is the most susceptible to noise in estimation precision. 

The parameters k2i and A demonstrated the highest degree of robustness in terms of 

precision for parameter estimation at dilTereiit SNR levels. The results showed the 

reliability ol" certain DCH-MRl parameters, namely the k̂ rans, Ve, A and k2i in 

situation of low SNR. Pixel-wise analysis is thus possible for these parameters. For 

other parameters that are less robust, such as Vp, ROl analysis is more appropriate. 

Otherwise methods have to be sought to increase the SNR. 

With reduced scan duration, the Torts and Kermode model demonstrated a 

higher stability than the Brix model, except for the parameter of Vp. Scan duration 

down to 231 sec seemed to be sufficient for use in l ofts and Kcmiode. If Brix model 

is employed, reduced scan duration created increased curve fitting failure and 

significant change in the estimated parameters. 
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C H A P T E R 4 一 IMAGE A N A L Y S I S 

4.1 Introduction 

In this chapter, factors related to the analysis process of DCE-MRI were 

investigated. The Arterial Input Function (AIF), 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 AIT; 2) the 

use of population-averaged AIF versus individual-AIF; and 3) random noise and 

systematic error in the AIF. These issues have been scarcely examined in the head 

and neck region (Dave et al., 2009), and the results are expected to be instructive For 

subsequent analysis process of DCE-MRI. 

This chapter also demonstrated the effect on the omission of the plasma 

contribution to the overall contrast concentration in the Tofts and Kermode model. 

Mathematically the plasma contribution is represented by the contrast concentration 

in the plasma compartment multiplied by the plasma volume fraction (Cp x Vp). The 

omission of such contribution was actually proposed in the original Torts 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 tlie 

previous chapter showed that Vp is highly sensitive to noise, and thus showed a 

limited reliability for clinical use. Despite this, the omission of ihis term in the 
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parameter estimation process may result in biased estimation of the other two 

DCE-MRl parameter of the model, namely the ktrans and Ve. The results presented in 
r ‘ 

this chapter aims to demonstrate the cffect. 

I he final section of this chapter illustrates the assessment of reproducibility for 

the DCK-MRl parameters. This serves as an indicator for the quality of the 

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

4.2 Data Acquisition Protocol 

The data acquisition protocol is derived 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 SENSE coil. 

Four 3D T1-weighted gradient echo images were performed with different flip angles 

to generate the [1 map (repetition time, 1R — 2.7 ms; echo time, IE = 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 二 4). Dynamic gradient echo 

images were then acquired at a time resolution of 3.5 s for 106 time points (repetition 

time, I K = 2.7 ms; ccho time, IH = 0.9 ms; flip angle, a - 2 0 s l i c e thickness, I'H = 

4 mm; matrix size = 128 x 128; FOV = 230 mm; number of acquisitions, NSA = 1). 

The imaged volume extends from the superior border ot 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 injected intravenously with a power injector at a rate of 3 ml/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, 11 estimation and contrast concentration 

derivation are performed as described in chapter 3. Besides the lesion and organ of 

interest, the left 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 sources 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. For each contoured artery, the ROI occupied a volume ot, 14lmm^, 

corresponding to one hundred pixels within the artery. The averaged contrast 

concentration curve within this ROI was taken to represent the AJF. A consistent 

ROI size was adopted, and a single researcher contoured the AIK to ensure 

consistency. AlFs that did not match the following criteria were considered 

7 2 



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 

AIFs were excluded from the analysis. 

4.4 Arterial Input Function 

4.4.1 Introduction 

Arterial Input Function (AlF) is an important technical component in the 

analysis process of DCE-MRI. AlF 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 DCH-MRl 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 liming, 

injected contrast dose, kidney function and cardiac output of patients. Adequate 

signal, image coverage, temporal and spatial resolution are prerequisites for AlF of 

good precision and accuracy. While these attributes cannot be maximized under the 

condition of limited signal, a compromise has to be made. Cheng (2008) performed a 

simulation study and showed that an accurate, high temporal resolution AlF is 

essential for the estimation of Vp in the Tofts and Kemiode model. However he also 

stated that bi-exponentially-fitted AIF with compromised temporal resolution may be 

sufficient for Vc estimation with an underestimation in ktnms. rherefore, an optimal 
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AIF depends on the method of generation and also the aim for the DCH-MRl model. 

•J-

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-exponenlial function to simulate AIF. The 

benefit of such method is 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 the problem, including the use of 

reference tissue method (Yang, Karczmar, Medved, et al., 2009), and other 

mathematical functions that attempted to provide adequate representation of the 
\ •» • 

patient specific AIF (Lavini and Verhoeff.，2010). 

Despite these efforts, most studies used AIFs that were directly measured from 

patients. Some other researchers have advocated the use of individual-AIF or 

population-averaged AIF. The former strategy suggests that patient-to-patient 

variation was substantial and AIF should be taken from individual scans to better 

represent the arterial supply. The later strategy recommends a population-averaged 

AIF to simplify data processing workflow. Population-averaged AIF may also be less 
、 

susceptible to measurement error, which is usually a problem in the measurement 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-MRl 

parameters. Dave et al (2009) reported a study on the use of population-averaged AIF 

versus individual-AIF in the DCH-MRI of neck node metastasis. Although they did 

not show any significant difference between the parameters determined by cach 

method, over 10% differences between the parameters were observed. Calamante et 

al (2000) suggested that the closer the AIF was to the true arterial supply, the more 

accurate will be for the dynamic modeling. However, the closer the AIh' is to the 

imminent blood supply, the narrower will be the vessel，and then the problem of 

partial volume effect comes into play. In summary, the choice on the use of 

population-averaged AIF or individual-AIF is unsettled for DCE-MRl in the head 

and neck region. 

The issue of AIF is unique in the head and neck region due to the small size and 

large number of feeding vessels to the region of interest, i he 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 AIF. 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 ol" unilateral vessels by 

malignancies, rendering the DCE-MRl results unreliability. There is a lack of 

evidence to demonstrate the similarity of the AIF 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 ncck 

region were identified and examined in the subsequent sections: the effect of using 

bilateral artery for the 八IF; and the effect of using population-averaged AIF versus 

individual-AIF for data processing. Finally, the effect of random noise and 

systematic error in the AIF on DCE-MRI parameters was demonstrated by 

mathematical simulation. 

4.4.2 Difference between Bilateral AIF 

4.4.2.1 Method 

To examine the difference in the left and right carotid artery in DCB-MRI, ten 

patients with nasopharyngeal carcinoma were scanned with acquisition protocol 

described in section 4.2. L I-AIF and - AIF were obtained for each patient scan by 

contouring the left and right carotid artery at the same level of the ccrvical neck. The 

area under curve for the initial 60 and 90 seconds of the AIF (AUC60AIF and 

»AUC90AIF) were recorded and compared between LT-AIF and RT-AIK for each 

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

examine the similarity of L T-AIF and R I'-AIF for each patient. 
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4.4.2.2 Results 

Of the 21 patients scanned，3 were excluded due to the prcscncc of artifact. The 

mean difference in AUC60AIF and AIJC9()AIF between the Ll -AIF and RT-AIF 

were 12.1 土 9.3yo and 10.3 土 8.2°/0 respectively. Correlation between the pairs of AIK 

is 0.979 士 0.023. AIF 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. 

4.4.3 Study on the Use of Population-Averaged AIF versus Individual-AIF 

4 . 4 . 3 . M e t h o d 

A population-averaged AIF was obtained from 73 scans of patients with head 

and neck cancer. AIFs on the left and right carotid arteries for all of these scans were 

extracted, and a total of 146 AIFs were obtained. Twenty-eight AIFs were identified 

to be contaminated by artifact, and thus a total of 118 AIFs remained. These AIFs 

were summed together for each time points and then divided by 118，Ihus the 

population-averaged AIF was obtained. On the other hand, ten patients with 

nasopharyngeal carcinoma were scanned with the protocol twice (2 weeks apart) 

before treatment. AIFs were extracted from the 20 scans, and these AIFs were termed 

individual-AIFs. DCK-MRI parameters for the parotid glands were generated with 

the population-averaged AIF and the individual-AlF. I he reproducibility of the 
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Averaged-AIF 

51 
Time (arb. unil ) 

101 

Figure 4.1: Population-averaged AlF 

The reproducibility for the DCE-MRl parameters, generated by 

population-averaged AIF and individual-All:，is shown in Table 4.1. Difference in 

the parameters generated by population-averaged AlF and the individual-AlF is 

7 8 

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 l-test. 

4.4.3.2 Results 

The population-averaged AIF is shown in Figure 4.1 
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shown in Table 4.2. Pair-wise t-tesl showed no significant difference (p > 0.05) in all 

parameters generated by the two AlFs. 

Individual-AIF Population-averaged AIF 

ktrans ± 66% 土 91.1% 
t 

Vc ± 58% 土 81.20/0 ‘ 

Vp 土 86% 土 168.1% 

AUC60 土 53% 土 90.3% 

AUC90 土 53% 士 86.7% 

Table 4.1: Reproducibility of the DCE-MRI parameters for the parotid glands. 

Parameters Mean 士 s.d. Maximum difference 

ktrans 6.1 土 26.6% 47.8% 

Vc 6.8 土 17.80/0 35.5% 

Vp 20.6 土 50.3% 142.9% 

AUC60/90 16.7 ± 12.8% 40.1% 

Table 4.2: Difference in the DCE-MRI parameters for the parotid glands 

generated by using population-averaged AlF and individual-AlK 

Results showed that the use of population-averaged AlF degraded the 
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reproducibility of the DCE-MRI parameters as compared to the use of 

individual-AlF. Differences induced in the DCE-MRI parameters, by the use of 

population-averaged AIK as opposed to that of individual-AIK, were about 6 - 21% 

on average. The results suggested that individual-AIF is favorable in terms of 
< 

reproducibility of the estimated parameters. Use of population-averaged AIF should 

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

estimated by this method. 

4.4.4 Effect of Random Noise and Systematic Error in the AIF 

fi 

4.4.4.1 Method 

Monte Carlo simulation by the use of software written in Interactive Data 

Language (IDL, Boulder, CO, 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 ol" errors exist in AIF, namely random and 

systematic error. Random error refers to the random noise observed in images, and 

magnitude of such error depends on pulse sequences, scanner hardware, volume of 

ROl, etc. Systematic error can be caused by artifact, and in the ease of AIF, this error 

is contributed in a large part by partial volume effect due to the small size of the 

vessels where the AIF is extracted. 

The simulation involved a ‘standard’ contrast concentration curve for head and 
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neck lesions, which was constructed mathematically by incorporating typical 

DCE-MRl parameters into the Tofts and Kermode model. ,1 he population-averaged 

AlF obtained in section 4.3 was used as a standard A IF, in which random noise and 

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

added random noise was chosen to yield 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 

. 卞 

of.this study. Systematic error in AlF, which simulated the partial volume effect, was 

mimicked by reducing the overall magnitude of contrast concentration curve by 15% 

and 30%. One thousand simulated AIFs were generated for Monte Carlo simulation 

in each combination of random noise and systematic error. Curve fitting tor 

parameter estimation was conducted with the use of these simulated AIF. The 

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

4.4.4.2 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 kuans. Ve and 

Simulation results showed that random error affected more substantially the 

reproducibility of ktrans than the systematic error, while the reverse is true for Vc and 

Vp. In practice, this implied that if ktmns 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 AIFs 

obtained from a larger ROl, or other means to enhance the arterial input signal. On 

the other hand, if Vc and Vp 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 ot, vessels to reduce the partial 
# 

volume effect. 

4.4.5 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 different, thus the left and right carotid 

arteries could be used for DCE-MRI processing. Individual-AIF was preferred over 

population-averaged AIF in terms of reproducibility of the estimated parameters. 

Finally, both random noise and systematic error in AIF alTected 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 lor 

several that have studied the difference between population-averaged 八IF and 

individual-AlF. The results shown in this study demonslrated a ditYerence of 6-21 % 
•r, 

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

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 DCH-MRI parameters was 

degraded by the use of population-averaged All;. 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 Parker 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 AIF depicted in Parker's study may increase the 

variation of the AlFs collected, thus contributing to the comparatively higher 

variation in the estimated DCE-MRI parameter generated by the individual-AIF. The 

present result suggests the advantage of individual-AlF over population 

averaged-A IF. 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 AIF obtained 

from individual scans. 
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4.5 Inclusion of the Vascular Contribution for Total Contrast Concentration in l ofts 

and Keimode Model 

4.5.1 Method 

Values of ktram，Ve and Vp typical for head and neck lesions were fitted into the 

expression by Tofts and Kemiode 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 to k,n,ns 

are (low: 0.6 min'', medium: 0.8 min"', high: 1.2 min''), Ve (low: 0.4, medium: 0.5， 

high: 0.6)，Vp (low: 0.05, medium: .0.075,^high: 0.1). Twenty-seven combinations 

were thus generated. Gaussian noise was added to the 27 simulated curves and 

parameter estimation was conducted in similar 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 Results and Discussions 

ktrans Ve Vp Error (est. k,隱） Hrror (est. v。） Fit error 

Low Low Low 27.6% 7.2% 0.306 

Medium 36.7% 11.7% 0.312 

High 53.1% 16.7% 0.323 

Low Medium Low 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% 0.327 

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% 10% 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% 0J26 

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 CpVp in the curve fitting induced error of up to 53.1% in 

ktrans- BiTor ill the estimated Ve may exceed 10%. The error increased with higher 

values of Vp, or lower values of kirans or Ve. Curve fitting error is higher with higher 

) 
values of Vp. In summary, omission of VpCp in the estimation expression induced 

substantial error in ktrans estimation, and also induced increased error in curve fitting 

for scenario in the head and neck lesions. 

4.6 General Assessment on the Reliability of DCE-MRl Parameters 

4.6.1 Method 

Reproducibility is an important attribute to describe the reliability of the 

DCE-MRl data. It is also a general indicator on the quality of the DCE-MRI 

processing. Parameters 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 the vascular properties of the lesions. 

Reproducibility 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 5 

lesions were included. The lesions were scanned twice at 2 weeks 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 

ktrans 士 14% (土 0.244 min ' ) 士 39% (土 0.676 m m ' ) 

Vc 士 5% (土 0.028) 土 14% (士 0.078) 

Vp 士 23% (土 0.040) 士 630/0 (士 0.111) 

A 士 11% (土 4.258) 土 30% (土 11.795) 

kci ± 23% (± 0.107 sec-') 土 64% (土 0.296 sec'') 

k2. 土 6% (土 0.0l2sec-') 士 170/«(土 0.033 sec-') 

AUC60 土 12% (土 0.046) 土 33% (土 0.127) 
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AUC90 士 15% (土 0.131) 土 42% (土 0.363) 

Table 4.4: Reproducibility result for head and neck lesions. 

Parameters wCV Reproducibility 

ktram 土 24o/o (土 0.220 mill"') 士 66% (土 0.594 mm' ) 

Vc 士 21% (土 0.081) 土 58% (士 0.224) 

Vp 土 31% (土 0.012) 土 86% (士 

A 土 230/0 (土 8.8) -44 to +78% (-16.697 to +29.707) 

kel 土 39% (士 0.245 sec'') A) to+149% (-0.375 to +0.933 sec'') 

k21 士 14% (士 0.037 sec'') -31 to +43.9% (-0.081 to +0.116 sec'') 

AUC60 土 19% (土 0.048) 士 53% (士 0.133) 

AUC90 土 190/0 (士 0.110) 土 53% (士 0.305) 

Table 4.5: Reproducibility result tor 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 mode I-free 

analysis (e.g. AUC60 and AIJCQO). The former is more complex and 

computationally intensive than the later. However, it provides better physiological 

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

4.7 Conclusion 

Results sliown in this chapter on AIF suggested that 1) bilateral AlF were not 

different，thus the left and right carotid arteries could be used for DCE-MRl 

processing; 2) Individual-AIF was preferred over population-averaged AIF in terms 

of reproducibility of the estimated parameters; 3) both random noise and systematic 

error in AIF a fleeted the DCK-MRI, and their relative importance depended on the 

DCH-MRl parameters thai were used. 

The second part of this chapter showed that omission of the term CpVp in the 

curve fitting induced error of up to 53.1% in ktrans- Error in the estimated Vg may 

exceed 10%. The error increased with higher values of Vp, or lower values of ktrans or 

Vc. Curve fitting error was higher with higher values of Vp. The effect of omitting 

VpCp in the estimation expression is thus substantial in the head and neck lesions. 

The reproducibility of the DCE-MRl 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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C H A P T E R 5 - D C E - M R I T O D IFFERENTIATE H E A D A N D N E C K 

M A L I G N A N C I E S 

5.1 Introduction 

Head and neck cancer most commonly originates from the upper aerodigestive 

tract, including the lip, oral cavity, nasal cavity, paranasal sinuses, pharynx, and 

larynx. The majority of head and neck cancers are squamous cell carcinomas 

(HNSCC), originating from the mucosal lining of the head and neck region. DilTerenl 

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, 

characterization 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 lo provide physiological 

information to characterize the primary tumor. A number of functional imaging 

techniques were under investigation for use in head and neck cancers. Diffusion 

weighted MR imaging (DWI) has been used to diflerentiate different tumor types in 

the head and neck region (Fong, Bliatia, Yeung, et al., 2010). Positron emission 

tomography (PHI) with the use of different tracers is used to assess tumor hypoxia 
I. 
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(Nehmeh, Lee, Schroder, el al., 2008) and tumor cell proliferation (Menda, Ponto, 

Domfeld, et al.， 2009) in head and neck cancer. Besides providing further 

information on the tumor physiology, these imaging techniques are also means to 

guide selection and development of future targeted treatment drugs. 

DCH-MRl is potential candidate of functional imaging to provide benefit in the 

management of head and neck cancers. There are a number of published reports on 

DCE-MRI of head and neck lesions with qualitative analysis (Escott. Rao, Ko, et al., 

1997; Tezelman, Giles, l unca, et al., 2007; Alibek, Zenk, Boz/ato, 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, Fischbein, Kaplan, el al., 2003; 

Konouchi, Asaumi, Yanagi, et al., 2003; Baba, Yamashita, Onomichi, el al,, 1999; 

Giickel, Schnabel, Deimling, et al" 1996; Oysu, Ayanoglu，Kodalli, el al” 2005; 

Tomura，Omachi, Sakuma, et al., 2005; Ariyoshi and Shimahara, 2006; Hisatomi, 

Asaumi, Yanagi, et al., 2007) characterized 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 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, Loevner, et al., 2007; Machiels, Henry, 

Zanetta, el al., 2010; Jansen, SchOder, 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 for 

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 radiotherapy both of which are 

factors shown to be influenced by tumor vascularity. 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 pharmacokinetic models proposed by l ofts and Kcrmode (1991) and Brix 

(1991). 

DCH-MRl 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 analysis. 

、 t 

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 calculate the sensitivity and specificity for 

differentiating one type of lesion against the others. 

5.2 Methods 

5.2.1 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 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 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 
t -

MR scanner (Philips Medical System, Best, the Netherlands) with the head and neck 

SENSE coil. Four 3D T1-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, (1 = 2，10，20’ 30。； slice thickness, I H = 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, TE 二 0.9 ms; flip angle, a = 

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 C4 level. 

The contrast agent (Dotarem Gd-DOTA, Guerbet, Paris, France) at a dose of 0.2 

ml/kg was injected intravenously with a power injector at a rate of 3 ml/s, which 

commenced at 20 s 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 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. Images with substantial artifacts were excluded. 

5.2.2 Data processing 

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

acquisition. 

5.2.2,1 Visual Inspection of Images 

Visual inspection is a simple and reliable means to identify 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 are aligned by the use of SPM software provided by the 

Wellcome Trust Center for Neuroimaging in the United Kingdom, with 

non-deformable affine registration. The alignment proccss was intended to correct 

for patient motion between the scans. I'he 6 correctable dimensions of an affme 

'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 differences 

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 induccd misalignment was serious and 

uncorrectable, the images were discarded. 
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5.2.2.3 Contouring 

Primary tumors were contoured on the Tl-weighted post contrast images. An 

experienced radiologist contoured the primary tumor of each patient. The contours 

were than manually transferred to the spoiled gradient echo images for processing, 

based on the references from the Tl weighted images. For consistency, contouring 

was performed by a single radiologist. The left 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 AIF 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 ri Map Generation 

、 

Tl was estimated pixel by pixel by the 4 spoiled gradient echo images using the 

Bloch formula. Equation [5.1 ] described the relationship between signal intensity and 

the Tl for spoiled gradient echo sequence at steady state (Bernstein, King, Zhou, 

2004). 
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S = K - D f ^ . e ~ 

1 — cos(a)e Ti |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, Tl，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). T1 

map for the field 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 Tl. The 

relationship of T1 and contrast concentration is shown in equation [5.2J. 

ReiTioTi [5.2] 

The relaxivity constant R^ was taken as 4,39/s/mM. C is the contrast 

concentration, Tl is the tissue 'I I value at the presence of contrast, Tlo is the 

baseline tissue Tl . 
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5.2.2.6 DCh-�/Rl Parameter Estimation 

The resultant contrast concentration dynamic curve for each pixel was used as 
f 

input for the DCB-MRI modeling, with pharmacokinetic models from lofts and 

Kermodc (1991) and Brix (1991). ktrans, v̂  and Vp from the Tofts, model and A, kii 

and kci from the Brix model were estimated for every pixel using multiple starting 

point Marquardt-Levendag curve fitting (Aheam, Staff, 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 difYerent 

types of lesions, DCK-MRI parameters that showed significant differences 
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underwent 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 specificity while optimizing the sensitivity. 

5.3 Results 

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

5.1. 

UD SCC Lymphoma 

Tofts kirans (mirf 丨） 1.26 土 0.61 0.78 士 0.47 0.59 土 0.18 

Vc 0.65 士 0.16 0.64 ± 0.13 0.54 土 0.17 

Vp 0.11 ± 0.12 0.08 士 0.06 0.07 士 0.03 

Brix A 49.32 ± 12.07 38.92 ± 10.95 37.13 土 6.08 

kci(10"'/sec) 0.39 ± ：0.08 0.51 ± ：0.20 0.47 土 0.25 

k2i( lO'Vsec) 0.23 土 0.02 0.22 ± ：0.02 0.22 土 ：0.02 

Semi-quantitative AUC60 0.31 土 0.11 0.23 i ：0.10 0.21 ± ：0.05 

AUC90 0.74 土 ：0.28 0.54 ±0.21 0.50 土 ：0.09 

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

lymphoma. 



Mean 25% 50% 95% Mean 25% 75% 

AUCNO 
1.8 

16 

• IID 

• sex: 
• Lymphoma' 

There were significant differences (p < 0.01) in the kuans, AUC60 and AIJC90 

between UD and SCC and between UI) 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 

Ktrans • UD ； 

0.8 

• L y m p h o m a ' � q -j 

AUC60 
• un 
• see 
• Lymphoma 1 

Mean 25% 50% 75% 

Figure 5.1: Bar charts of ktram，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 ktram，AUC60 and 

AUC90 of UD, SCC and lymphoma. Sample images of the parameter maps of ktrans, 

AUd60 and AUC90 and the corresponding 11 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 
..乂 

AUC90 

UD/Lymphoma 75% 0.973 100% 88.5% 0.754 

AIJC90 

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

Parameter Accuracy Sensitivity Specificity Cutoff 

% % value 

UD/SCC 25% 0.695 36.7% 100% 0.071 

AUC60 

Lymphoma/UD 75% 0.973 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 each type of lesions for ktra ins. 

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

corresponding Tl 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-MRl 

parameters from head and neck cancers generated using pharmacokinetic models and 

quantitative analysis (Machiels, Henry, Zanetta, et al., 2010; Jansen, Schoder, 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,让^酬，AUC60 and 

ALIC90 showed significant differences between UD/SCC and UI)/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, 

yielding 78% and 97% respectively for differentiation between UD/SCC and 

UD/Iymphoma. 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 ktraiis value in this study for UD was significantly higher than the other two 
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types of tumors. Since kuans is in part related to vascular permeability, this m a y infer 

that vessels in U D 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 (VBGF). Interestingly the rate of 

positive/high expression in V E G F for U D has been reported to range from 45.7-80% 

(Guang-Wu, Sunagawa, Li, et al., 2000; Pan, K o n g , Lin, et al., 2008; Li, H u , Qiong, 

et al., 2008) and the upper limit of this range for U D is greater than that of S C C 

(Mineta, Miura, Ogino, et al., 2000; Vipa, Boonchu, Juvady, et al” 2008; Bandoh, 

Hayashi, Takahara, et al.，2004; Sawatsubashi, Y a m a d a , Fukushima, et al.，2000) 

(24.1-50%) or l y m p h o m a (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 kimns results therefore appear to correlate 

with the V E G F data. 

In addition to ktnms. A U C s in the study were significantly higher in U D than in 

S C C and l y m p h o m a and both of these parameters have been suggested as primary 

end points for D C E studies on anti-vascular therapies (Leach, Brindle, Evelhoch, et 

al., 2005). Compared to ktrans, A U G has no biological specificity but is rather a 

measure of amount of contfast delivered to and retained by tumor in a given time 
A 

period. The R O C analysis reveals that A U C 9 0 yields better accuracy and sensitivity 

than kirans in the differentiation of tumors. This m a y be due to the fact that A U G is 



more robust because of its relative simplicity in the process of parameter extraction. 

This is supported in a study by Galbraith et al (Galbrailh, Lodge, lay lor, et al., 2002), 

which showed that A U C has a better reproducibility than ktra";. 

Limited number of cases in the lymphoma group is the major limitation of our 
) 

to 

Study. Difficulty in recruitment is the reason for such limitation. Despite the 

weakness, w e do not expect a major difference in study outcome if more cases are 

rccruited. There was a relatively narrow range of D C E - M K I values for lymphoma as 

compared to S C O in the present series. This data is likely to be reproducible with a 

larger sample size. 
V “ 、 ‘ 

；Another functional M R l technique, diffusion weighted imaging (DWI), has 

、 » 
i 

shown significant differences amongst all three.of these cancers. Using the apparent 

diffusion coefficient ( A D C ) as the D W I bibmarker (Fong, Bhatia, Yeung, et aL， 

2010), it was found that the A D C value of U D >was in between that of lymphoma 
/ f» 

i • 

(lower A D C ) and S C C (higher A D C ) , which is a*different trend to that seen with 
. ‘ 、 ‘ ‘ 

- “ 

D C E - M R l where it is S C C which has parameters that are in between U D (higher 
f^ � r I *，. 

• J 
> ^ ： -

8 

ktrans and A U C ) and lymphoma (lower ktrans and A U C ) . For, identification of cancer 
. , � ’ … . • V ‘ ‘ 

、- * 

.groups it is clinically useful to set the specificity to 1 Q 0 % while trying to maintain a 
‘ . -

X. r « ‘‘ J, / 
‘ • ^ ‘ . ‘ . 

high sensitivity a n d by ' doing so it appears that DCE、and D W I produce 

• 身 ，、 • 、 

complementWy information with D C E of value in distinguishing lymphoma from 

• - ‘ - . , •, . - , . 

“ ； ' . • * - 、 , ， 

U D a n d D W l for,distinguishing lymphoma from S C C . • : 
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5.5 S u m m a r y 

In this study, w e analyzed the D C E - M R l data of undifferentiated carcinoma 

(UD), squamous cell carcinoma ( S C C ) and lymphoma with the use of quantitative 

analysis and pharmacokinetic modeling. Results identified several parameters that 

showed significant difference between U D / S C C and UD/lymphoma, namely ktrans, 

A U C 6 0 and A U C 9 0 . However, no parameters showed a difference between S C C and 

lymphoma. The highest accuracy for D C E - M R l was obtained by taking into account 

tumor heterogeneity to analyze different percentile values obtained from a histogram. 
i 

D C E - M R l parameters identified in this study m a y prove its clinical utility to assist 

differentiation of different types of head and neck tumors. O f all D C E - M R l 

« 

.parameters the A U C 9 0 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 suc^ as 

C、 



C H A P T E R 6 - P I L O T S T U D Y FOR EARLY PREDICT ION O F T R E A T M E N T 

F A I L U R E IN H E A D A N D N E C K S Q U A M O U S C E L L C A R C I N O M A S U S I N G 

D C E - M R I 

6.1 Introduction 

Head and neck cancers are usually treated with radiotherapy or chemotherapy, 

or a combination of both, but treatment failures are not u n c o m m o n amongst these 

patients. A study (Koch, Brennan, Zahurak, et al., 1996) of 110 patients with 

squamous cell carcinoma in the head and neck region ( H N S C C ) reported 3 5 % 

patients had locoregional persistent tumor or recurrent disease after treatment. S o m e 

w 

prognostic factors, such as tumor stage, histology, grade, patient age and 

co-morbidity helped identify patients at higher risk of treatment failure. Despite this, 

variation in outcome exists for patients with similar factors. Additional information 

from functional imaging m a y improve prediction of treatment outcome for individual 

patients. If this information is available in the early phase of treatment, it m a y 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 
i 

D C E - M R I 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 ktrans from the Tofts and K e r m o d e model (Kim, Locvner, Q u o n , et al., 

2010), have shown to correlate with tumor residual and recurrence. 

In this study，DCE-MRI was performed using pharmacokinetic models by Tofts 

and K e r m o d e (1991) and Brix et al. (1991) and also using the contrast concentration 

curve to obtain area under the curve ( A U C ) for prediction of treatment failure in 

U N S C C . D C E - M R I was performed before treatment and at 2 weeks after start of 

chemoradiation or radiotherapy. The timing of the second scan w a s chosen such that 

it w a s at the early stage of treatment. Early changes in D C E - M R I parameters, which 

m a y predict treatment response, are clinically useful to guide continuation of present 

treatment or alternation to other more effective management scheme. Baseline 

pre-treatment D C B - M R I parameters and the early change in D C E - M R I 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，heterogeneity of the D C E - M R I parameters at the primary tumor site was 

analyzed. There were reports that methods which take into account spatial ^ 

heterogeneity of D C E - M R I parameters, such as histogram analysis (Yuh, Mayr, 

Jaijoura, et al., 2009; Hayes, Padhani and Leach, 2002; Jackson, O'Connor, Parker, 

et al.，2007)，could influence the predictive power of the D C E - M R I parameters (Rose, 



Mills, O'Connor, et al.，2009). 

6.2 Methods 

6.2.1 Patients 

Patients with primary head and neck squamous cell carcinoma ( H N S C C ) 

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). Local failure in the 

H N S C C site was determined by histological confirmation of S C C (biopsy or surgical 

resection) or w h e n 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 Data Processing and D C E - M R I Parameters 

D C E - M R l data was acquired and processed according to the protocol described 

in the chapter 5. M a p s of the D C E - M R I parameters, including ktrans, Ve, Vp from the 

Tofts and Kermode model. A , k2i, kei from the Brix model, A U C 6 0 and A U C 9 0 were 
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generated. 

Baseline D C E - M R l parameters averaged for all pixels in the tumors were 

、 

obtained. Histogram analysis was performed to obtain the 2 5 % , 5 0 % , 7 5 % and 9 5 % 

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 

I-test on the baseline D C E - M R l parameters and change in D C E - M R I 

• 

parameters between the local control (LC) and local (kilure (LF) group were 

I 

conducted. p<0.05 was chosen as the level of confidence. Parameters that 

demonstrated significant difference between the two groups were used to evaluate 

effectiveness to predict treatment response. The cutoff value that provided the 

m a x i m u m sensitivity and specificity to identify local failure was determined. 

6.3 Results 

6-3.1 Patient 

D C H - M R I was performed at 16 primary sites in 16 patients. M e a n follow up period 

I 

was 37.4 士 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. 
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Local control 

Gender 11 males, 2 females 

Local failure 

3 males 

Site 5 hypopharynx, 6 tonsil, 1 2 hypopharynx, 1 oropharynx 

larynx, 1 esophagus 

Age 45-73 52-53 

Table 6.1: Details of the recruited patients. 

6.3.2 D C E - M R I Results — Baseline 

The mean baseline D C E - M R I parameters are shown in Table 6.2. 

Local control Local failure 

ktrans (min'') 0.760 ： ±： 0.466 0.633 ： t 0.283 

Ve 0.606 ： ±0.129 0.632 ： t 0.053 

Vp 0.077 土 0.055 0.047 ： i 0.011 

A 43.77 土 15.61 33.33: i4.16 

kci (10.2 sec') 0.22 士 0.02 0.22 土 0.01 

k2i( 10] sec') 0.48 士 0.17 0.60 土 0.23 

A U C 6 0 0.232 士 0.101 0.191 士 0.080 

A U C 9 0 0.531 土 0.184 0.480 ±0.176 

> 

Table 6.2: M e a n baseline D C E - M R I parameters. 
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The kirans froiTi the Tofts and Kermode model, A from the Brix model, A U C 6 0 

and A U C 9 0 were lower in the L F group than in the L C group. However，there was 

no significant difference in any baseline D C E - M R I parameters between the two 

groups using m e a n or 2 5 % , 5 0 % , 7 5 % and 9 5 % percentile values. 

6.3.3 D C E - M R I Results - Changes After 2 W e e k s 

The percentage changes in m e a n D C E - M R I parameters are shown in Table 6.3. 

Local control Local failure 

ktrans 10.7 士 40.9 195.7 ±205 

Vc 24.0 士 22.5 0.7 土 19.4 » 

Vp 236.7 ± 355.5 642.0 ± 835.7 

A 22.5 ± 22.3 31.3 土 15.7 

kel -25.6 ： t22.9 -21.3 ±32.2 

k21 -4.6 土 13.5 4.8 土 7.0 

A U C 6 0 30.6 i :30.3 97.0 ± 60.7 

A U C 9 0 41.9±31.7 80.3 土 43.3 

Table 6.3: Percentage change in D C E - M R I parameters. 

Except for kci and k n , all D C E - M R I parameters showed a general trend of 

increase after the start of treatment. I here were significant differences between the 
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L C and the L F group for the change in 2 5 % percentile ktmns, 7 5 % percentile kuans. 

9 5 % percentile k _ and m e a n w i t h 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 ktrans as compared to those with local treatment 

control. Data plot for these parameters are shown in Figure 6.1 

Ptfctnoge chargc lo 2SS> pcrcsoulc km 

‘Locil cuoirol 

Local Itilure 

ftn*Di«e dungs in 95» pcrcentik 

I Local {liluK 

i iu特 
& 

ftncrniigc chugc m 75% poccnnlc k« 

• UxiiiPfllml 
I Locil failure 

Pttwnutc disnp la mun perccimlr 

Local failure 

Fig. 6.1: 2 5 % percentile ktrans (upper left), 7 5 % percentile ktrans (upper right), 9 5 % 

percentile ktrans (lower left) and m e a n k,rans (lower right). Local control ( • ) and local 

failure group ( • ) are shown. 

Amongst these parameters, the 2 5 % percentile ktrans demonstrated the highest 

significance of difference between the 2 groups. Also, a m a x i m u m accuracy in 
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differentiating patients with local failure from those with local control was obtained 

by using this parameter. B y choosing a cutoff value of 1 0 0 % for the change in 2 5 % 

percentile ktrans, the sensitivity and specificity in prediction of local failure was 

maximized. A sensitivity of 1 0 0 % and specificity of 84.6% was obtained. 

6.4 Discussion 

This small pilot study evaluated D C E - M R l parameters obtained from Tofts 

model and area under contrast concentration curve ( A U C 6 0 and A U C 9 0 ) to predict 

treatment outcome at the primary site of H N S C C in patients treated by 

chemoradiation or radiotherapy alone. Quantitative and pharmacokinetic models 

have been the trend and recommended tool of analysis for D C E - M R l data (Leach, 

Brindle, Evelhoch, et al.，2005). The use of pharmacokinetic modeled D C E - M R l for 

prediction of treatment outcome in the head and neck region, has to the authors' 

knowledge only been reported by K i m et al (2010). That study showed that the 

pretreatment ktrans 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 ktmns and 

A U G as a predictor of treatment outcome. Zahra et al (2009) showed that a higher 

pretreatment ktrans was related to better tumor regression in cervix cancer treated with 

chemoradiation. George et al (2001) reported similar relationship between ktrans and 



response to treatment in rectal cancer patients. Jamagin et al (2009) showed that a 

higher pretreatment A U C in primary liver tumors is correlated to better survival after 

chemotherapy. In general, higher baseline ktrans or A U C , 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 

ktrans and A U C in the L C group. However, significance was not reached for the 

difference between the L C and L F group, and a larger study is necessary to confirm 

this trend in head and neck primary tumors. 

This study further investigated the use of D C E - M R I in the early phase of 

therapy for prediction of treatment outcome. Results showed that the change in ktrans 

early in a course of treatment (2 weeks after the start of treatment) has the potential 

to predict treatment outcome. Those patients w h o showed a significantly higher 

increase in ktrans were more likely to fail treatment. A similar trend was observed in 

our data for A U C 6 0 and A U C 9 0 , 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 ktrans for responding tumors (Pickles, Lowry, 

Manton, et al” 2005). However, early in the course of treatment variable results have 

been reported. A reduction in D C E - M R I vascular parameters has been shown w h e n 

using chemotherapy in two publications studying breast cancer, which demonstrated 

a reduction in A U C and ktrans in responders early after the start of treatment (Ah-See, 
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Makris, Taylor，et al., 2008; Johansen, Jensen, Rydland, et al., 2009). O n the other 

hand, when using radiotherapy an early increase in ktrans is 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 m a y be expected that an effective chemoradiation 

therapy regime should induce a smaller rise in D C E - M R I parameters at the early 

stage of treatment. This hypothesis is proposed to explain our results, which showed 

that the increase was significantly lower in the L C group than in the L F group. 

Our data showed that the change in the 2 5 % percentile ktrans 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 

D C E - M R I parameters might carry essential diagnostic and prognostic information, 

I ‘ 

and spatial heterogeneity in D C E - M R I parameters has been shown to be useful to 
V--

predict tumor control and recurrence in cervical cancer (Yuh, Mayr, Jarjoura, et al., 

2009;，Prescott, Zhang, W a n g , et al.，2010) and breast cancer (Pickles, Lowry, 

Manton, et al., 2005). There has been no report on the use of heterogeneity analysis 

on D C E - M R I to predict treatment response in head and neck cancer, and w e 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 patients 

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 m a y confirm potential of these parameters for prediction of 

treatment response. 

6.5 Summary 

Results from this small pilot study showed that primary H N S C C with a smaller 

increase in tumor perfusion at the early stage of treatment, as represented by the 

D C E - M R I parameter kuans，were significantly more likely to fail treatment. 

Heterogeneity assessment added value to the predictive" power of the D C E - M R I 

parameters. Results showed also a trend towards higher average ktrans and A U C in 

primary tumors that responded to treatment, although with the small numbers of 

patients the results did not reach significance. D C E - M R I parameter k‘rans，derived 

from pharmacokinetic models have the potential to be a marker to predict treatment 

failure in H N S C C . 
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C H A P T E R 7 - D C E - M R I O N E V A L U A T I O N O F S I D E E F F E C T FOR P A R O T I D 

G L A N D S 

7.1 Introduction 

The parotid glands lie within, or close to, the radiation field of m a n y head and 

、 
neck cancers and hence these glands are often unavoidably irradiated during 

« 

radiation treatment (RT). Radiation injury to the parotid glands induces xerostomia 

which has a significant impact on the patient's quality of life. N e w developments in 

radiotherapy have focused on using techniques such as conformal R T and intensity 

modulated radiotherapy ( I M R T ) to reduce the radiation dose to the parotid glands, 

while at the same time delivering sufficient dose to the cancer targets ( K a m , Leung， 

" , i 

Zee, et al’，2007; Eisbruch,^ T e n Haken, Kim，et al.，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 induced damage on a cellular level. 
» ， i 

* * ‘ 

Histological studies have been conducted in rats and rhesus monkeys, which showed 

、 . 
I 

innammation, edema，acinar cell degeneration and necrosis, vessel damage and 
f % 

这. or躲n atrophy after irradiation (Stephens，Ang, Schultheiss, et al.，1986; Konings, 

» -

« •• * 

Fabcr, Cotteleer, et al., 2006). Similar studies are more'difficult to perform on h u m a n 
\ -

f 

' " ' ' . . ‘ . 1 2 0 
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subjects due to the invasive nature of obtaining parotid tissue samples and inability to 
* » 

examine the whole gland, rherefore, an in-vivo tool to monitor radiation damage in : 
t " 

the parOjtid on the cellular and vascular level would be valuable. 
…. \ . -

- • ^ ) -t 
- Dyilamic contrast-enhanced magnetic resonance imaging ( D C H - M R I ) is a 

‘ . ‘ 

！ 
..V ‘ 

, functional imaging technique that provides information on tissue perfusion through 、 
> »» 

/ 

dynamic contrast analysis by compartment modeling or curve fitting. D C E - M R I 

‘ parameters, obtained using pharmacokinetic models such as those proposed by Tofts 

and Kermode (1991) and Brix et al (1991)，provide data which can reflect 
- 、 - . , 

.. ^ .J -

ly- 、 
physiological processes such as vascularity, vessel permeability and cellularity of the ‘；. 

examined tissue. D C E - M R I has the potential to yield valuable in-vivo information 
‘ i . 

into the,damage thai occurs in organs that are irradiated and therefore provides a • , 

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

study was to use D C E - M R I to determine if radiation leads to any changes in the 
( ‘ 、 

• ‘ -

. D C E - M R I parameters and if so to determine if there is any correlation with radiation 

dose and the degree of parotid gland atrophy. 

7.2 Methods 、 ’ 
• « 

» 
\ 

7.2.1 . Patients 

p C E - M R l data was retrospectively evaluated in a cohort of patients undergoing 

« . 

radiotherapy - for nasopharyngeal carcinoma ( N P C ) w h o had been recruited for 
» 
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another D C E - M R l study which had been performed with ethical approval from the 

local ethics committee and informed consent. All patients received baseline 

\ 

D C E - M R l before treatment and at 3 months after treatment. The m e a n radiation dose 

t 

received by each parotid gland in each patient was obtained from the treatment 

planning records. Patients were treated with I M R T 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 D C E - M R I Parameters 

Image acquisition and processing were performed according to the protocol 
k. 

described in the,chapter 5. M a p s of D C B - M R l parameters including ktrans，Ve, Vp from 

the Tofts and K e j m o d e model. A , k2i, kei from the Brix model, A U C 6 0 and A U C 9 0 

were generated. 

I 

For each patient, both parotid glands were contoured on the T 1 scan before and 

after treatment. A single observer performed the contouring. V o l u m e atrophy was 

defined as the percentage reduction in volume of the parotid gland after radiotherapy. 
- « 

The m e a n D C E - M R l parameters of each of gland were obtained for analysis. 

1 

Bxamples of the parameter images with the T 1 W contrast enhanced image are shown 
» -« 

in Figure 7.1. , 
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Figure 7.1: Parameter maps of (a) T I W contrast enhanced image, (b) (c) v< 

and (d) Vp, (e) A , (t) kji, (g) kci, (h) A U C 6 0 , (i) A U C 9 0 . 

Right Parotid gland 

Left Parotid gland 
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7.2.3 Statistical analysis 

Three objectives underwent statistical analysis. The first objective was to 

identify a significant change in any of the D C E - M R I parameters after radiotherapy 

by the use of paired t-test. The second objective was to correlate any changes in 

D C E - M R I parameters with radiation dose. The third objective was to correlate 

baseline D C E - M R I parameters and post-irradiation change in D C E - M R I 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 tests. All statistical tests were conducted with the software 

P R I S M (La Jolla, C A , U S A ) . 

7.3 Results 

7.3.1 Patients 

The study comprised of 21 patients (16 males and 5 females with a m e a n age 

49.0 士 9.9，age range: 30-62), with 42 parotid glands for analysis. T h e m e a n radiation 

dose received by each parotid gland was 47.1 土 6.6 G y . Concurrent chemotherapy 

was also administered to the patients. The m e a n parotid gland atrophy was -32 士 

2 0 % . All AIFs extracted from the patients were visually inspected to contain clearly 

distinguishable and pass of contrast in the contrast concentration curve. This 

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

range of variation with a 9 5 % confidence interval) of about 3 0 % for A U C 6 0 and 

A U C 9 0 of AIF. The induced variation in D C E - M R I parameters is significantly less 

than the change induced by radiation in this study. 

7.3.2 D C E - M R I parameters 

The mean D C E - M R I parameters before radiotherapy (baseline) and after 

radiotherapy (3 months post treatment) are shown in table 8.1. All D C E - M R I 

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

Parameters Baseline 3 months post-treatment p-value 

kirans(l/niin) 0.89 ± 0.40 1.52 ±0.33 <0.0001 

Ve 0.42 ±0.13 0.81 土 0.13 <0.0001 

Vp 0.044 士 0.018 0.21 士 0.12 <0.0001 > 

A 37.7 土 8.33 138.2 ±26.5 <0.0001 

kei (sec'') 0.056 ±0.015 0.040 ± 0.008 <0.0001 

k2i(sec'') 0.020 ± 0.003 0.022 ±0.001 0.0033 

A U C 6 0 0.260 ± 0.的4 6.533 士 0.131 <0.0001 

Table 7.1: Summary statistics. 
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7.3.3 Correlation of radiation dose with change in D C E - M R I parameters 

Results showed there was a significant inverse correlation between percentage 

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

correlated with a smaller percentage change in ktrans- However, the correlation is 

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

ktrans is rcmovcd from the analysis. N o significant correlation was found between the 

other D C E - M R I parameters and radiation dose. 

‘ < 

» a 
• kuiAs change vs mean parond dand radiation dose 
60C.O 
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50 55 明 

b,、. clai'.d «G\ > 

65 "0 

Figure 7.2: Plot of percentage change in ktrans versus m e a n radiation dose received 

by the parotid glands. 
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7.3.4 Correlation of parotid gland atrophy with D C E - M R I parameters before and 

after treatment 

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

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

patients with a higher baseline Ve and Vp and lower percentage increase in Ve after 

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

atrophy and other D C E - M R I parameters 

Cf change vs volume atrophy 
-iOĈf 

:ocn 

Ĉ c 

•7crt -oCTc oCTc -iĉi- -im -:o「： CTC 
\'oh:n? 3rc;:hv trfducfd 广c vch:m?> 

Figure 7.3: Plot of percentage change in Vc versus volume atrophy. 
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Figure 7.4: Plot of baseline Ve and Vp versus volume atrophy. 

7.4 Discussion 

H u m a n and animal studies have shown parotid gland volume atrophy and 

reduced salivary production are both c o m m o n in irradiated parotid glands (Kam, 
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Leung, Zee, et al., 2007; Stephens, A n g , 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, K i m , et al., 1999). Other 

animal studies have shown this change in salivary function is directly related to 

histological changes (Stephens, A n g , 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, A n g , Schultheiss, et al., 1986). 

Imaging studies on irradiated parotid glands have been published, with an 

ertlphasis 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, w e used D C E - M R I 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, attempt w a s m a d e to correlate the D C E - M R I 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 al (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 m a y predict irradiated saliva gland function. 

O n the other hand，acinar cell was k n o w n to contribute 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 close relationship between 

volume atrophy and loss of function in parotid gland. In this way, if a relationship 

between D C E - M R I parameters and atrophy could be shown, that implied a 

possibility that D C E - M R I parameters m a y also be correlated with parotid function. 

This will be useful clinically, although further D C E - M R I studies to include 

functional data is necessary for confirmation. 

The first objective was to determine if radiotherapy would cause any significant 

change in the D C E - M R I parameters and if so whether there was any correlation with 

radiation dose. The results of this study demonstrated that all three D C H - M R l 

parameters increased significantly three months after completion of radiotherapy, as 

i 

compared to the baseline values. It is postulated that the increase in ktrans m a y 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; N g , G o h , Milner, et al., 

2007). It 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 ktrans- The fact that a rise and not a fall in ktrans was seen in this study 
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suggests 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 ktrans and radiation dose, that is, higher radiation doses caused 

less of a percentage rise in the ktrans. 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 ktrans. 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 m a y be demonstrated in future studies between 

D C E - M R I parameters and a wider range of radiation dose. 

The Vc and Vp also showed a rise after radiotherapy. In the case of Vc it is 

postulated that the rise m a y have been be related to the increase in extra-cellular 

extra-vascular space (EES) caused by serous acinar cell loss and edema. In the case 

of Vp it is postulated that rise m a y have been be related to inflammation which 

induces vasodilatation ̂ d so could increase blood volume. However, unlike the ktrans 

neither of these two D C E - M R I parameters showed a direct correlation with radiation 

dose. 

The second objective was to correlate parotid gland atrophy with D C E - M R I 
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parameters. The study showed that there was a relationship between Ve and Vp but not 

with the ktrans. A higher baseline Vg and Vp was associated with less glandular atrophy. 

The cause for this association with respect to Ve is unclear but for Vp 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 w a s observed in organs with greater atrophy which would be expected given that 

organ atrophy and increased E E S 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 D C E - M R i parameters and 

radiation dose. They reported that the peak enhancement and time to peak were 

correlated positively while the k^u was correlated negatively to dose. They attributed 

the decrease in k^i to increased B B S after cell loss，which is in accord to our 

observation of increased Vc after radiotherapy. .The k2i, which is the transfer rate 

constant “ between plasma and EES，also decreased after radiotherapy. This is in 

• «• 

contradiction to our observation bf increased ktrans- Part of the reason for this 

discrepancy m a y be the difference in timing of image acquisition between the two 
* I 

I 

studies. Juan's cohort of patients inciiided R T - M R time varying from 2 to 43 months. 

* 
• -

O u r study imaged patients at baseline and at 3 months after treatment, which is 

advantageous for describing the early R T effects. 

、 -

The main limitation of this study is that without excision of the parotid gland 
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the cellular cause for the D C E - M R l observations can only be postulated. Animal 

studies would be needed to confirm the histological basis of the D C B - M R I findings. 

Also, the present study only examined the effects of radiation at one time point soon 

after treatment, with no correlation with gland function. T o study the correlation 

between D C E - M R I parameters with late effect of glandular function, prospective 

study with serial imaging and salivary flow measurement would be necessary. 

In summary, the study increased knowledge on irradiated parotid glands from 

the perspective of vascular change by the use of D C B - M R I . Baseline parameters 

such as Ve and Vp that demonstrated significant correlation with organ atrophy 

showed potential of such parameters in predicting response after radiotherapy. 

Treatment planning m a y m a k e use of this information for tailor-made sparing 

strategies with individual patients. 

7.5 S u m m a r y 

This study shows the potential of D C H - M R l to be a non-invasive tool for 

examining radiation induced injury in the parotid glands at a cellular level. A 

significant increase in kuans, Vc and Vp, A，k2i and a reduction in kd have been shown 

in the parotid gland three months after irradiation for the treatment of head and neck 

cancer. The correlation between greater glandular atrophy and a lower baseline Vc 

and Vp and higher post treatment increase in Ve shows the potential for using 
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D C E - M R I for prediction and assessment of radiation damage to the organ. 

t ••* 
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C H A P T E R 8 一 G E N E R A L D I S C U S S I O N A N D C O N C L U S I O N S 

8.1 S u m m a r y of Results ‘ 

The thesis has described the work on D C E - M R I , in particular the use of the 

pharmacokinetic modeis proposed by Tofts and Kermode, and Brix, and the 
» » 

semi-quantitative metrics of Area Under Curve ( A U C ) . The work was focused on the 

application of the technique in the head and neck region. In the first part, major 

technical issues pertaining to the acquisition and processing of D C E - M R I data were 

studied, from which results were generated to optimize the acquisition and analysis 

protocol. Three pilot clinical studies followed 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 D C E - M R I in this specific part of body. Future work is 

encouraged to be undertaken for the ultimate application of D C E - M R I in clinical 

usage. 

8.1.1 Technical Studies 

The first part of the thesis was focused on the technical issues of D C H - M R l 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 

first place. Spoiled gradient echo pulse sequences with flip angles ot 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 parameter estimation to Hip 

angle errors. The T 1 estimation was validated by phantom and in-vivo measurement. 

The effect of signal-to-noise ratio ( S N R ) in the dynamic acquisition data on the 

outcome of D C E - M R I was studied. A reduction in the precision of all the D C E - M R I 

parameters, except kd, due to increased level of noise was observed. Vp is the most 

susceptible to noise in terms of estimation precision. The parameters k2i and A 

demonstrated the highest degree of robustness for parameter estimation at different 

noise levels. Sufficient S N R is needed in the acquired D C E - M R I data, especially if 

parameters sensitive to noise have to be employed. Noise reduction strategies include 

using R O l analysis, or tradeoff of image coverage and temporal resolution, etc. 

O n the other hand, scan duration is another data acquisition parameter that m a y 

affect the processing outcome, and thus was studied in this thesis. Reduced scan 

duration resulted in increased deviation of the estimated D C K - M R l parameters, 

especially for kd and kii. The estimation of Vp 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 if 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 d o w n 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 1 0 % failure in curve fitting. Also, the accuracy deteriorates 

appreciably for the estimation of k^i and k2i below this scan duration. 

With the above results, an acquisition protocol was established, which could 

complete data acquisition within approximately 7 minutes. 

The D C E - M R I analysis process was further investigated, which included the 

issues of 1) Arterial Input Function (AlF); 2) omission of the plasma contribution in 

Tofts and Kemiode model, and; 3) assessment on the reproducibility of the 

D C E - M R I parameters. 

Results showed that bilateral A IF from the carotid artery in the cervical neck 

region were not substantially different, thus the left and right carotid arteries could be 

used for D C E - M R I processing. Individual-Alb was preferred over 

population-averaged AIF in terms of reproducibility of the estimated parameters. 

Finally, both random and systematic error in AIF affected the accuracy and precision 

of D C E - M R I . The relative importance of these errors depended on the D C H - M R I 

parameter that was employed. If ktrans is the primary objective of the analysis, 

random noise should be reduced in the images. O n the other hand, if Vc and Vp were 

the primary objectives, sources of systematic error in AIF m a y need to be reduced. 
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Omission of the term CpVp in the curve fitting induced error of up to 53.1% in 

kirans- EiTor iti the estimated Vc m a y exceed 10%. I'he error increased with higher 

values of Vp, or lower values of ktram or Ve. Curve fitting error was higher with higher 

values of Vp. The effect of omitting VpCp in the estimation expression was thus 

substantial in the head and neck lesions. 

The reproducibility of the D C E - M R I parameters generated in the studies of this 

thesis was comparable to those reported in other literatures. In general, the w C V of 

the D C E - M R I parameters studied in this thesis was 10-30% in head and neck lesions, 

with better reproducibility for Vc in Tofts’ model and k2i 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 D C E - M R I protocol, which generated D C E - M R I parameters from the Tofts' 

and Kermode model and Brix model, and also quantitative parameters such as 

AIJC60 and A U C 9 0 , was validated for their clinical usefulness in 3 head and neck 

clinical applications: differentiation of lesion types, prediction of treatment failure 

and assessment of irradiated parotid glands. 

Several parameters were shown to bear significant difference between 

undifferentiated carcinoma (IJD) and squamous cell carcinoma (SCC), and also 
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between U D and lymphoma. These parameters were ktrans, A U C 6 0 and, A U C 9 0 . 

However，no parameters showed a difference between S C C and lymphoma. The 

highest accuracy for D C K - M R l was obtained by taking into account tumor 

heterogeneity to analyze different percentile values obtained from a histogram. O f all 

D C E - M R I parameters the A U C 9 0 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 extraction compared to the model based parameters such as 

"•trans. 

Results from a small pilot study showed that primary H N S C C with a smaller 

increase in tumor perfusion at the early stage of treatment, as represented by the 

D C B - M R l parameter kirans’ were significantly more likely to fail treatment. 

Heterogeneity assessment added value to the predictive power of the D C H - M R l 

parameters. Results showed also a trend towards higher average kirans and A U C in 

primary tumors that responded to treatment, although with the small numbers of 

patients the results did not reach significance. D C B - M R I parameter kinms, derived 

from pharmacokinetic models had the potential to be a marker to predict treatment 

failure in H N S C C . 

The last clinical study showed potential of D C E - M R I to be a non-invasive tool 

for examining radiation induced injury in the parotid glands at a cellular level. A 

significant increase in all D C E - M R I parameters has been shown in the parotid gland 



three months after irradiation for the treatment of head and neck cancer. The 

correlation between greater glandular atrophy and a lower baseline v^ and Vp and 

higher post treatment increase in Ve showed the potential for using D C E - M R I 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 D C E - M R l of the head and neck region. The protocol has been validated 

« 

by in-vivo data in terms of reproducibility. Clinical application of the technique has 

been demonstrated. The ktrans and Vg from the Tofts' model, and the A U C 6 0 and 

A U C 9 0 seemed to bear the highest potential for clinical use, and the relative strength 

of individual parameters depends on the specific application. A U C s 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 W o r k 

This thesis demonstrated the potential of D C E - M R l 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 3 T D C E - M R I 

With the matured technology and pulse sequences, 3 T M R l scanners are gaming 

popularity in clinical use. The major advantage of increasing the magnetic field from 

1.5T to 3 T is the increased signal, which m a y improve the precision on the 

estimation of D C E - M R I parameters. Moreover, new scanners are equipped with 

better phase array coils, which further increase signal and imaging speed; 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 D C E - M R I 

in the 3 T environment. 

A number of D C E - M R I studies were conducted in 3 F scanners, and the 

majority of them were focused on the application in prostate (Kozlowski, Chang, 

M e n g , et a!., 2010) and breast cancer (Di Giovanni, Azlan, A h e a m , et al., 2010). 

Relaxation parameters of tissues under the magnetic field of 3 T are different from 

that in L 5 T . Also, improved hardware m a y allow belter spatial and temporal 

resolution for the acquired data. Thus the optimal acquisition protocol m a y need to 

be determined in 3 1 scanners, and a thorough investigation to fine tune the protocol 

for 3 T D C E - M R I in head and neck cancers would be required. 

K i m et al (2010) predicted chemoradiation treatment response in head and neck 

squamous cell carcinoma by D C E - M R I in 1.5T and 3 T scanners. H e did not showed 

significant difference in the results using either 1.5 1" or 3T. However, Marti-Bonmati 
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et al (2008) suggested that D C E - M R l parameters in cartilage were different in 1.5T 

and 3 T scanners. This proposed the possibility that D C E - M R l parameters has to be 

determined separately for 3 T and 1.5T, and cross referencing the parameter values 

m a y not be appropriate. Further clinical studies m a y 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 D C E - M R l values in 3 T M R I for clinical use. 

8.2.2 Flip Angle Uncertainties 

Spoiled gradient echo is a c o m m o n pulse sequence for determination of H and 

dynamic data acquisition in D C E - M R l . Flip angle uncertainties are induced by 

heterogeneity of the B 1 -field transmission. The issue is more pronounced in the 

situation of uneven loading of the R F transmission coils, and in high field strength 

where the standing radiofrequency (RF) wave effect is more prominent (Ibrahim, Lee, 

Abduljalil, et al., 2001). Variation in flip angles will result in erroneous 

determination of Tl, and in turn affects substantially the accuracy of D C E - M R l 

parameters (Di Giovanni, Azlan, A h e a m , et al., 2010). The c o m m o n method to 

correct for this problem is the determination of BI-field m a p to cater for differences 

in R F transmission. However, this requires additional software and manipulation of 

images. Further studies m a y be needed to estimate the influence of such in the head 

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

AIF affects substantially the estimation of D C E - M R I parameters. The quality of 

AIF depends on the location of extraction and image quality. Difficulty to determine 

the accurate T l of the arteries also deteriorates the AIF. Quality of AIF affects the 

estimation of D C E - M R I parameters, and it was shown in this thesis that 

individual-AlF yielded better result than population-averaged AIF in terms of 

D C E - M R I parameters reproducibility. The selection of the best AIF in the head and 

neck region is challenging because of the numerous artery supplies to the lesions or 

organs of interest, and also the small size of the arteries involved. At present, the 

AIFs 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 AIF extraction (Peruzzo D., Bertoldo A., 

Zanderigo F.，ct al.’ 2011), albeit further validation is required for reliable application 

in the head and neck region. 

Other problems such as inflow effect for the AIF has been shown to alTect result 

of estimated D C E - M R I values (Garpebring, Wircstam, Ostlund, et al., 2011; Roberts, 

Little, Watson, et al., 2011). Further studies to devise methods for robust AIF in the 

head and neck region are worthwhile to be pursued. 
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8.2.4 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 D C E - M R I . At 

present, rigid registration is the c o m m o n 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, m a y occur due to swallowing motion, change in neck flexion angle, 

motion of jaws, tongues, etc. Correction of these is difficult but essential especially 

w h e n 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 C T images for adaptive radiotherapy (Al-Mayah A., Moseley J., 

Hunter S•，2010). Deformable registration for M R I , with the sub-millimeter accuracy 

required in tumor assessment, requires substantial future research effort. 

8.2.5 Auto Lesion Segmentation 

Lesion segmentation is often performed in D C E - M R I 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 variation 

exists, which m a y contribute to the uncertainty in D C E - M R I statistics. Software 
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algorithms that can automatically segment lesions on M R images reduce the 

workload and also improve consistency of the contours and the statistics. Prior effort 

on head and neck tumor auto-segmentation (Lee P.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 D C E - M R I 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 m a y be worthwhile to investigate with D C B - M R I 

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 D C E - M R I parameter maps. As shown in the clinical studies of 
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this thesis, heterogeneity of the D C E - M R l parameters within the tumors m a y provide 

additional clinical information. Further studies with the use of histological 

examination provide good validation of the heterogeneity information. O n 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 confirmalton of the use 

of D C E - M R l on the assessment of irradiated parotid glands. 

The clinical utilization of D C E - M R I cannot be realized without a robust 

A. 

implementation protocol and software. The thesis has suggested 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 D C E - M R I in the head and neck region. 

8.3 Conclusions 

This thesis investigated several important technical aspects of D C b ^ M R l , which 

lead to optimized protocol for the technique in the head and neck region. Clinical 

potential of D C E - M R I in the management of head and neck cancers have been 

demonstrated by 3 pilot clinical studies. Future studies are encouraged to realize the 

ultimate clinicd application of D C E - M R I in the head and neck region. 
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ConcciHs. Magn Rt.snn A/,v/. IWI; 17 

5. TofK PS. Brix G, Buckley el al Rstiiiiaiiiig kinctic iwraiiviers from ilynuiiuc connast-cHlwneed Tl woij; 
NtxinilarUizcd quantities and symbols. J Ma^n Ristm hmi^in^ IWM; 10 22^'2^2 

4 

Prw . Inil. Soc. Mag. Reson. Med. 16(2008) 3466 

30 TIW FHh 20 AXIAL 
3DTI\V FFF. 30 AXIAI. 

3D TIW FFE 20 DYN AXIAL 

TIW+CSE AXIAL 

2.7/0.9/20 

2.7/0 »)/30 

2.7/0.4/20 

482/12/-

128x128x25 

128x128x25 

l28xl2«x2.Sxl()ft 

5l2x5l2x3U 
Table I' MRI scan parunx'tcrs 

Patients were administered with n single ilose of gndoliniuni (l)otarein, Ciicrhct. l-rancc) by bolus injcciioii using a |)ovci,i 
four sets of FFE images. The dynniiiic contrasi conccntralion curves of each pixel were liciiNcd iVom ihe dynuniic FFR ii 
comparintent iikkIcI proposed by Tofis ct a广，was used lo derive iho dynamic paiDinclci imps of Kuans, ve niul vp Tin? 
curve at the initial 60 and *H) seconds (AlJCftO, AUC90) of il»c dyiininic scans were also nhluined. The priiuiry tcsioas wi 
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ObJccUve: ITic aim of ihc study was lo Uctci niinc the clwrdcicrislics of ihrec lic;ul aiut ncck caiK-ws on dyuninic contrast c^hancctl niagnctu- rcsonancc iiiuging 

(IX'I>MRI) and lo dclwminc if there aiv uny signilicant dillcicnecs bclwcvn ihom 

Method: 54 canccT pa“ciUs with head and ncck canccis comprising of undilVcicntuuciI n;isoph;iryngcal carcinonu (UD) (iv- 22), squamous cell caicinonu (SCO (n 

=̂ 24) and lymphoma (n - 8) uiulerwcni IX'F-MRI in a I S l scannci before Uciilmcnl llie IX'l'-MRI protocol iiicludcd giadtcm ccho aĉuisitu>iis ( I R''l l-“ 
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includod dynamic gradient tvho acquisition wuh similar parameters and llip angle of 20, time icsolution of 3.5 sec for 371 see. Coiuiasi iigciit (Dolaioin, Ciucrbcl, 

Francc) was injected into (he palknts at 20 sec atKf Mart of the dynamic scan vvulj a power injcclor al u speed i’r3ml〜cc. Phai niacokinclic models were employed \\\r 

analysis, yielding parainctcrs of Vp aiul vc IVoin the loHs nuKicl\ A, k̂, and k;i tri】m the Hrix nK>dcl̂  Semi quantitative analysis was also pci lWincil. generating 

pommctors t>faieu uiidci curve of llie initiul 60 seconds anJ W kxonds (AlIC(>0 and AU( <>0 icspcclivcly), peak ciihancciiictU and Unu: to peak V\w means ol ihc 

DCH parameters in the ihrcc ̂  oups of lesions wore Icstcd for any significant dilTa cncc using onc-w;iy ANOVA with HontciTtnii ctm ecliim. 
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ITic parotid gland is an important or{；an at risk of 

complications of radiotherapy for head and ncck canccr. in this 
study, we examined the potential of dynamic contrast-c'nhanced 
magnetic resonaiicc 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 canct'r. DCE-MRI was analyzed using the 
pharmacokinetic model proposed by Tofts and Kerniodc to 
produce three DCE parameters: r, und v,. These 
parameters were correlated with the dose of radiation delivered 
to the parotid glunds and the degree of radiatioii-induccd parotid 
atrophy. The mean radiation dose received by the parotid glands 
was 47.1 ± 6.6 Cy. All patients received concurrent clieniothcr-
apy. There was a significant rise in all three parameters after 
therapy {P < 0.0001). Baseline »•, und v, and the post-treatment 
rise in v, correlated with parotid gland atrophy (P = 0.0008, 
0.(MK)3 and 0.0022，respectively). DCE-MRI has the potential to 
he used as a non-invasive technique for predicting and assessing 
radiation injury in the parotid {；lands. 2011 br Kadimion Hrsmrrhs.ĥ h) 

INTRODUCTION 
The parotid glands lie within or dose lo the radiation 

field of many head and ncck caiiccrs, and licncc ihcsc 

glands arc often unavoidably irradiated timing radiation 

Ircatmcnt. Radialion injury to I he parotid glands 

induccs xerostomia, which has a significant impact on 

ihc patient's quality of life. New developments in 

radiotherapy have focuscd on using icchniqiics such as 

conformal radiotherapy and inlcnsily-inodulalcd radio-

ihcrapy ( IMR 1) to rcdiicc the radiation dose to ihc 

‘Address lor corrcspontlcncc: Rm 1214, HliKk R. Qiiccn Fli/iil>clh 
I lospituK (luscuignc Road, Kovvloon. I long Kong; c-mail: lcckarliol(M' 
hotniuil.coin. 

parotid glands while al ihc same tunc delivering 

sulTicicnt dose to ihc cancer targets (/, 2). 
However, even with ihcsc newer techniques, it is not 

always possible lo prevent the glands from receiving a 

signincanl radiation dose. There is llierefore interest in 

finding other slralcgics for better prolcclion of the 

organ. These require an understanding of radiation-

induccd damage on u cclliilar level. Histological studies 

have been conductcd in rats and rhesus monkeys that 
showed inllammaiion, edema, acinar ccll degeneration 

and necrosis, vessel damage and organ atrophy after 

irradiation (i, 4). Similar studies arc more clirficull lo 
perform on human subjects due lo the invasive nature of 

obtaining parotid tissue samples and inability to 

examine the whole gland. Thererore, an in vivo tool lo 
monitor radialion damage in ihe parotid gland 011 the 

ccllular and vascular level would be valuable. 

Dynamic contrast-cnhanccd magnetic rcsonancc im-
aging (l)Cb"-MRl) is a fiinclional imaging technique 
I ha I provides informalion on tissue pert'usion through 
dynamic conlrasl analysis by comparlmeiu modeling or 

curvc filling. DCE parameters obtained using pharma-

cokinetic models such as those proposed by Tofts and 

Kcrmoclc (J*) provide data that can rcHccl physiological 

processes such as vascularily, vessel pcrmcabilily and 

ccllularity of the examined tissue. This technique has 

been applied to the diagnosis, prognosis and evaluation 

of treat men I response in canccrs of the breast (6, 7) and 
prostate and ctforts have been made to extend its 
applicalion to head and ncck malignancies {JO 12). 
DCH-MRI also has ihc polcnliai lo yield valuable in vivo 
iiifomiation on ihc damage that occurs in organs that 
arc irradialcd and to provide a non-invasive melhod for 

studying the irradialcd parol id glands. Ihc focus of this 

study was lo use DCE-MRI lo dclorminc whclhcr 

radiation exposure leads to any changes in the DCE 

parameters and if so to determine whether ihcrc is any 

correlation with radiation dose and ihc degree of parotid 

gland atrophy. 

Radiation Injury of the Parotid Glands During Treatment for Head and 
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' (C) (d) 

F I G . ^ ' I . P a r a m e t e r m a p s o f ( p a n e l a ) T l W c o n l r a s I - c n h a n e e d 
i m a g e , ( p a n e l b ) k…糾、(panel c ) i a n d ( p a n e l d ) � ,广 * R i g l U p a r o i i t l 
g l a n d , " I c r t p u r o l i d g h i i u l . 

f\aoli(l Contourin^^ 

cacli pal icnl, both parol id elands w e r e conU>urc t l o n the l l T - 2 ( ) 
s c a n b e f o r e ；iiul a Tier t r c a l m c n t . A s i n g l e o b s e r v e r ( I ' K L ) p c r l b r m c d 
I h e c o i U o u n n g . V o l u m e a t r o p h y w a s d c r i n c d a s t h e p c r c c i i l a g c 
r c d u c l i o i i in v o l u m e o l ' i h e p a r o l u l g l a i u l a f l c r r i u l i o l h c r a p y . 

Ima^c and Dala Proccs.sini^ 

I m a g e s w e r e c x p o r i e d IVoni t h e s c a n n c r c o n s o l e l o aw o l l l i n c 
coinpuler for processing wilh in-housc developed soltwirc. I'hc Tl 
m a p w a s c a l c u l a l c d b y I h c Ubc o f i h c g r a J i c n l e c h o i m a g e s w u l i i h c 
r . r n s t f o r m u l a . T h e c o n l r a s l c i > n c e i u r a t i o n m a p w a s t h e n c a l c u l a l c d 
a c c o r d i n g l o d e t a i l s d c s c r i b c d b y Z h u e i oL ( / j ) . A n a l y s i s w a s b a s e d 
on the pharmacok inc l i c moilcl described by Tofts and K e r m o d c (5). 

which uses a iwo-coinparlincnl model lo represent Ihc dynamic 
iransfu" of contrast agent between the plasma and ihc cxiracclhilar-
c x l r a v a s c u l a r s p a c c ( E R S ) . S t u d i e s ( s u g g e s t t h a i t h e a r t e r i a l i n p u t 
f u n d i o n ( A l l ' ) g i v e s a r c p r c s e n l a l i o n o l i h c c o n t r a s t i iU lux , a n i l i h c 
i n t e r n a l c a r o l id a r i c r y w a s d e l i n e a t e d i n a i u i a l l y f o r e a c h d y n a m i c s c a n 
t o o b t a i n t h e A I T . T h i s a r i c r y w a s c h o s e n b c c a u s c it is a m a j o r 
a r t e r i a l s u p p l y l o i h e p a r o t i d g l a n d a n d is Uirgc e n o u g h t o ; i v o i d 
s u b s l u n t i a l p a r i i j l v o l u m e cITecl . T h e I c r m r e p r e s e n t i n g i h c 

p l a s m a c o n t r i b u t i o n of c o n l r a s l c o i i c c n l r a l i o n , w a s a l s o a d d e d in t h e 
c a l c u l a t i o n m o d e l . 

T h e m o d e l e x p r e s s i o n is 

Hi 
AC (1) 

(2) 

M A I K R I A L S A N D M E T H O D S AO 

Patients 

T h e D C E d a t a w e r e e v a l u a t e d r c l r o s p e c l i v c l y in a c o h o r t o l 
p a t i e n t s u n d e r g o i n g r a d i o t h e r a p y l o r n a s o p h a r y n g e a l c a r c i n o m a 
( N P C ) w h o h a d b e e n r e c r u i l c d f o r a n o i h e r D C H - M R I s t u d y t h a t 
w a s b e e n p c r f u n n e d w i t h c l h i c a l a p p r o v a l t r o n i t h e l o c a l c l h i c s 
c o m m i l l c e a n d i n f o r m e d c o n s c n t . A l l p a t i e n t s r c c c i v c d h i i s c l i n c D C F i -
M R I b e f o r e i r c a l m e n l a n d a t 3 m o n t h s a f l c r i r c a i m c n l . T h e m e a n 
r a d i a t i o n d o s e r c o e i v c d b y e a c h p i i r o i i d g l a n d in c a c l i p a t i e n t w a s 
a b l a i n c i i f r o m t h e I r e a t m c n l p l a n n i n g r c c o i d s P a l i c m s w e r e i r c a l c d 
w i t h I M R T a l a d o s e o f 7 0 G y l o t h e g r o s s t u m o r o v e r a p e r i o d ol, 
7 w e e k s . 

Imaf^e Aa/uLsitioft 

P a t i e n t s w e r e s c a n i i c d in a 1 ,5 -1 M R s c a n n c r ( P h i l i p s M c d i c a l 
System, Best, the NcUicrlaiuls) with I he head ami neck SFNSF- coil. 
I m a g e s w e r e a c q u i r e d in t h e u x i a l o r i e n t a t i o n f r o m s p h e n o i d s i n u s t o 
a p p r o x i m a i d y i h c C 4 level . F o u r 3 1 ) T 卜 w e i g h i e d g r a d i c n i c c h o i n u i g e s 
w e r e p c r f o m i c d w i l h Ui fTcrcnl f l i p a n g l e s l o g e n e r a t e t h e T l m a p 
( r c p c t i l i o n l i m e , T R 工 2 . 7 m s ; c c h o t i m e , Tli , 二 0 . 9 m s ; flip a n g l e , ^ = 
2, 10, 20, 30 ; slicc ihickncss. T i l = 4 mm, malrix si/c = 128 x 128, 
field o f v i e w , F O V = 2 3 0 m m ; n u m b e r o f a c q u i s i l i o n s . N S A = 4 ) . 
D y n a m i c g r a d i e n t c c h o i m a g e s w e r e i h c n a c q u i r e d u l a l i m e r c s o l u i i o n 
o f 3 . 5 s l o r 106 l i m e s ( a ' p c l i l i o n l i m e . T R = 2 . 7 nis： c c h o l i m e , T R ， 

0 . 9 m s : f l i p a n g l e , a = 20 ' ; s l i c c i h i c k n c s s , T H == 4 m m , m a l r i x s i / c : 
1 2 8 X 1 2 8 , F O V 二 2 3 0 m m ; n u m b e r o f a c q u i s i l i o n s , N S A 二 I ) . T h e 
contrast agcnl (Dolarcm, Gucrbci, l-rancc) at a dose ot 0.2 ml/kg was 
injected intravenously with a power injccior a I a rate of 3 inl/s, 
b e g i n n i n g a t 2 0 s a f l c r t h e s t a r t o f t h e d y n a m i c s c q u c n c e . I m i n c c l i a l c l y 
aflcr ihc injection, the same amount of saline was lliisluxi into ilic 
syringe at the siiinc injeciion rale 

0) 

w h e r e ( � , C\ a n d ( ] , a r c t h e c o n l r a s l c o n c c n i r a i i o n o l i h c l o t a I v o l u m e 
o f t i s s u e , n n s a n d p l a s m a , r c s p c c l i v c l y . 

U s i n g I h i s i m x l c l . Ui rcc p a r d i n c l e r s , A,•一 iv a n d v,’，were c s u n i a l c d l o r 
e v e r y p ixe l u s i n g m u l l i p l c - s t a r l i n g - p o i n l M a r q u a r d l - L c v c n d a g c u r v e 
f i l l i n g (/ .S). T h e p a r a m e t e r k„,•协 r e p r e s e n t s t l ie p c n n c a b i l i l y su r lacx ' a r e a 
p r o d u c t p e r u n i t VDlunic o f t i s sue , r.. r e p r e s e n t s t h e VA S v o l u m e p e r u n i t 
v o l i i i n c o f l iss i ic , a n d r e p r e s e n t s i h c b l o o d p l a s m u v o l u m e p e r u n i t 
v o l u m e o l t i s sue . T h e m e a n DCT" p a r a m e t e r s o f c a d i ol* g l a n d w e r e 
o b t a i n e d f o r a n a l y s i s . R x a n i p l c s o f I h c p a r a m c l c r i m a g e s w u h i h e T I W 
c o n l r a s l - o n h a n c e d i m a g e a r c s h o w n in 丨 I 

Slafisfical Analysi.s 

T h e s t a t i s t i c a l a n a l y s i s h a d i h r c c o b j e c t i v e s . T h e f i r s t w a s l o 
i d e n t i f y <i s i g n i f i a i n l c h a n g c in (in> o f t h e IX \\ p a r a m c l c r s a l ' l e r 
r a d i o t h e r a p y u s i n g a p a i r e d / t c s i . The s e c o i u l w a s l o c o r r e l a l c a n y 
c h ; m g c s in D C I i p a r a m e t e r s w i l h r a d i a t i o n d o s e T h e t h i r d w a s t o 
c o r r c l a l c b a s e l i n e D C M p i i r a n i c l c r s a m i p t i s l i r r a d i a l i o n c h a n g c in 
D C \ l p a i a i n c l c r s w i t h p a r o l i d v o l u m e a l r o p l i y . l o r i h c l a s t t w o 
o b j e c t i v e s , P e a r s o n ' s test w a s u s e d l o tes t f u r a n y s i g n i f t c a n l 
c o r r e l a t i o n s . F v a l u e s w e r e c o r r c c l c d b y t h e B o n f c n o n i m e t h o d o n 
m u l t i p l e c o r r e l a t i o n I c s l s . Al l s i a l i s t i c a l i c s l s w e r e c o n d u c l c t i wi t I) l l ic 
s o l t w a r c P R I S M ( L a l o t l a . CA) 

R K S L I L T S 

Paiicnls 

The study included 21 patients (16 males and 5 

females with mean age 49 土 10 years, range: 30-
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FIG. 2. Pcrccnlagc change in k,,湘、as a function ol. radiulion close 
received by the parotid glands. 

62 years), with 42 parotid glands for analysis. The mean 

radiation dose rcccivcd by the parotid glands was 47.1 土 

6.6 Gy. Concurrent chemotherapy was also adminis-

tered to the patients. The mean parotid gland atrophy 

was -32 土 20%. 

All AIFs extracted from the patients were visually 

inspected to contain dearly distinguishable first and 

sccond passes of contrast in the contrast concentration 

curve. This served as a quality assurance proccss to 

exclude artifacts in the arteries. Also, wc examined the 

reproducibility of the AIF and obtained repeatability 

(variation with the 95% confidence interval) of about 

30% for ALIC60 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) arc shown in Tabic 1. All DCE parameters showed 

a significant rise after radiotherapy�P < O.(X)Ol). 

Correlation of Radiulion Dose with Change in DCE 
Parameters after Treatment 

The results showed that there was a significant inverse 

correlation between percentage change in k„測 and 

radiation dose (P = 0.0045), with a higher radiation 

dose being correlated with a smaller percentage change 

in k,隱,(Fig. 2). However, the correlation was insignif-

icant (P = 0.1695) when a possible outlier with a greater 

changc in was removed from the analysis. No 

significant correlation was found between and 

radiation dose. 

TAB丨丄1 
Summary Statistics 

Parameter Baseline 3 months F 

^irnm 0.89 土 0.40 1.52 ± 0.33 <0.(H)()l 
0.42 士 U.I3 0.81 土（⑴ <0.0001 

‘0.1)44 ± 0.018 0.21 ± 0 . 1 2 <0.()0()l 

» « • * • » — .....«. . n 
/O 60 bO 40 -30 -20 -10 n 

VoliHiHj auotjhy ('ocJucocJ % voJuiihjj 

FKi. 3. Percentage change in r, as ；i l.unclioii of volume atrophy. 

Corrc'lalion of Par olid Claud Airophy with DCE 
Parameters before and after Treatment 

Parotid gland atrophy correlated with baseline and 

Vp (P = 0.0008 and 0.0003, respectively) and changc in v‘. 

after treatment (P = 0.0022) with atrophy being less in 

patients with a higher baseline iv and v,, and a lower 

pcrccnlagc increase in v, after radiotherapy (Figs. 3 and 

4). There was no correlation between parotid gland 

airophy and k,..邮. 

DISCUSSION 

Human and animal sludics have shown that parotid 

gland volume atrophy and reduccd salivary production 

arc both common in irradiated parotid glands (1. S, 16), 
and I he radiation dose delivered to the parotid glands 

correlates with I he loss of parotid function (2). Other 

animal studies have shown that this changc in salivary 

function is directly related lo histological changcs (i. 4). 
Degeneration, necrosis of acinar cclls, and inflammation 

are seen in the early stage of irradiation, while later 

changcs include organ atrophy and an increase in the 

amount of connective tissue (.?). 

Imaging studies on irradiated parotid glands have 

been published, with an emphasis on changcs in salivary 

production (/7) or dosimetric sparing of the organ (18). 
In this study, wc used DCE as a tool to investigate the 

cfTect of radiation on the parotid glands. Bccausc no 

data on parotid function were available in this study, we 

attempted to correlate our DCE results with parameters 

or altribulcs that were closely related to parotid 
function. Radiation dose and volume airophy have been 

shown to be related to parotid function. Teshima ei al. 

(/‘)）showed in radiation-ircalccl head and neck canccr 
patients that a fractional reduction in parotid glaiid 
volume was significantly correlated to rcduclion in 

salivary amount. The author concluded that parotid 

volume reduction may prcdicl irradiated saliva gland 

function. On the other hand, acinar cells arc known to 

contribute the walcr and protein contcnt 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 cvidcncc for the dose relation-

ship between volume atrophy and loss of function in the 

parotid gland. Thus, if we could show a relationship 

between I)CE parameters and alrophy. the results would 

indicate the possibility that DCH parameters may also 

be correlated with parotid function. This would be 

useful clinically, although further DCE studies to 

include functional data are ncccssary for confiimation. 

The first objective was to determine whether radio-

therapy would cause a significant changc 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,r啦 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 

(5, 21). It is also known that radiation subsequently 

damages the vessels and reduces permeability and 

vascular density, which would be cxpcclcd lo lead to a 

decrease in the k,廳.The fact thai a rise and not a fall in 

kn.un was seen in this study suggests that the glands were 

；still going through^ this earlier phase of damage al 

3 months after radiotherapy, with inflammation and 

endothelium disruption being the predominant features. 

However, a weak negative correlation was found 

between the percentage changc in k,,,心 and radiation 

dose; that is, higher radiation doses caused a smaller 

pcrccnlagc rise in the k,„•„.�. A possible explanation for 

Ihis uncxpcclcd result is thai glands that received the 

higher dose were already starling lo enter the later phase 

of damage so that the clTccls of inflammation and 

cndolhelium disruption were being counteracted by the 

cfTccls of vessel damage, which cause a decrease in 

permeability and vascular density and hence a dccrcasc 

in k,柳、,However, our observation was limited by the 

facl thai 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 K.，it is postulated thai the rise may have been be 

related to the increase in extracellular cxtravascular 

spacc (EES) caused by serous acinar ccll loss and edema. 

In the case of v,,，it is postulated that the rise may have 

been related to inflammalion that induces vasodilatation 

and so could increase blood volume. However, unlike 

the k,r‘,„�, neither of ihesc two DCE parameters showed a 

dirccl correlation with radiation dose. 

The second objective was lo correlate parotid gland 

atrophy with DCE parameters. The study showed that 

there was a relationship between v‘. and v厂 but not with 

the k,ra„.,. A higher baseline v̂  and v̂  was associated with 

less glandular atrophy. The cause foi this association 

with respect to is uiiclcar, but for v,, it is possible that 

glands with a higher plasma volume, meaning thai the 

organ is better perfused, would have greater protection 

from radiation injury. A greater percentage increase in iv 

was observed in organs with greater atrophy, which 

would be cxpcctcd given that organ atrophy and 

increased HKS are results of increased radiation dose. 

A similar study from Juan el al. (22) using ihc Brix 

model showed a correlation between D C t 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 lo dose. 

They attribuled the dccrcasc in k,, to increased EES after 

cell loss, which is in accord lo our observation of 

increased »v after radiotherapy. The As,, which is ihc 

transfer rate constant between plasma and EES, also 

decreased after radiotherapy. This is in conlradiclion lo 

our observation of increased k",,„,. Part of the reason for 

this discrepancy may be the ditTercncc in the liming of 

image acquisition between the two studies. The cohort of 

Juan el al. included imaging times varying from 2 to 

43 months after radiotherapy. Our study imaged 

patients at baseline and at 3 months after treatment, 

which is better for describing the early effects of 

radiotherapy. 
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DCE MRI STUDY OF 丨RRADIATEI 

The ma in l imi ta t ion o f this study is that wi thout 

excision o f the parot id g land the cellular causc for the 

D C E - M R I observat ions can on ly be postulated. A n i m a l 

studies wou ld be needed to con f i rm the histological basis 

o f the D C E findings. A lso , ou r study examined the 

effects o f rad iat ion at on ly one t ime soon after 

treatment, wi lh n o correlat ion with gland func i ion . T o 

study the correlat ion between D C E - M R I parameters 

with late cffcct o f g l andu la r funct ion , a prospective 

study with serial imag i ng and salivary f low measure-

ments wou ld be ncccssary. 

In s ummary , ou r study increased our knowledge 

about irradiated paro t id g lands f rom the perspective o f 

vascular change by the use o f D C E - M R I . Baseline 

parameters such as v̂  a nd v, that demonstrated a 

significant correlat ion with organ a t rophy showed the 

potent ia l o f such parameters in predict ing response after 

rad iotherapy. Treatment p l ann i ng may make use o f this 

i n fo rmat ion for tai lor-made sparing strategies with 

ind iv idual patients. 

Conclusions -i 

This study shows the potent ia l o f D C E - M R I as a non- “ 

invasive tool for examin ing radiat ion-induced injury in 

the parot id g lands at the cellular level. A significant 

increase in k,眺” v̂  and Vp has been shown in the parot id 

gland 3 mon t h s after i r rad ia t ion for the treat men I o f 

head a nd neck cancer. The correlat ion between greater 

g landu lar a t rophy and a lower baseline v, and v" and a 

higher post-treatment increase in tv shows the potential 

for using D C E - M R I for predict ion and assessment o f 

rad iat ion d amage to the organ . 
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1. Introduction 

Dynamic contrast enhanced magnetic resonance imaging (DCE-
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 ？ool for cancer, including characterization 
of cancers, guidance for t reatment planning, early prediction of 
treatment responses and evaluation of t reatment 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 ccll carcinoma (SCC), undiffer-
cnriatcd carcinoma (UD) and lymphoma. According to statistics 
from the National O n c e r Institute in 2007. cancers in the head 

* Corresponding author. Tel.: +852 29585427： fax: +852 29586654. 

E-mail addresses: leekdil>o)<S'lu«indil.coni (K.K.-h. Lee). kiiiRZOISfcuhk.etlii.hk 
(A.D. King), Brigeitc4i>clo cuhlce<lu.ht( (B.B.-Y. Ma), dkyrii叫执ulik.ecUi.hk 
(D.K.-W. Yeung). 

and neck region account for about 6% of the adult cancers in the 
United States, and in our population this proportion is twice as 
high 111. In regard to lesions in the head and neck there have been 
a numlxjr 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 - I 8 | 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 bet ter 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 丨丨9-22.43| and has not 
been reported in relationship to the characterization of different 
tumors. -

This study investigated rhc use of DCE in head and neck canters 
for differential diagnosis of three types of head and neck cancers 
using DCF. parameters generated from a pharmacokinetic model 
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Purpoxe: To examine the potential of dynamic contrast enhanced magnetic resonance imasing{DCf--MRI) 
for difTerential diagnosis of head and neck cancer. 
Methods and materials: DCE-MRI was performed in 26 patients with untreated squamous ccll carcinoma 
(SCC), 28 undifTerentiated carcinoma (UD) and 8 lymphoma. DCIi-MRI was analyzed with the pharma-
cokinetic model proposed by Tofts and Kermode to produce the three DCF. parameters: k,嶋,i>, and 

Up. Areas under rlie curve (AUC) at the initial 60 and 90s (AUC60 and AUC90) were also recorded. His-
togram analysis was conducted to obtain the mean. 25%. 50%. 75% and 95% percentile values and the 
Kruskdl-Wallis test was used to compare the DCE parameters between the three groups of canrw. 
Kesiilis: k,r,ni. AUC60 and AUC90 showed significant differences (p<O.OI) between UD/SCC and 
UD/lymphoma, but not between SCC/lymphoma. The mean AUC90 demonstrated the highest accuracy of 
78%(sensitivity of 68% and specificity of 88%) for distinguishing UD and SCC. and the 75% percemile AUC90 
provided the highest accuracy of 97% (sensiiivily of 100% and specificity of 88.5%) for distinguishing UU 
and lymphoma. 
Conclusions: There are significant differences in the DCE pdiamcit'i s which show the 卩otenrial for distin-
guishing UD from SCC or lymphoma. 

ID 2011 Usevier Ireland Ltd. All rights reserved. 

Dynamic contrast enhancement magnetic resonance imaging (DCE-MRI) for 

differential diagnosis in head and neck cancers 
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>l̂ ble 1 
，DCE -MR I scan protocol. 
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If 

Scan Sequences TR/TE/a (ms/ ) 

FFE2 3 D T 1 W - F E 2.7/0.9/2 
FFE10 3 D T 1 W - F E 2.7/0.9/10 
FFE20 3 D T I W - F E 2.7/0.9/20 
FFt30 3 D T 1 W - F E 2.7/0.9/30 
T I dyn 3 l ) T I W - F t 2.7/0.9/20 

Pixel matrix 

1 2 8 1 2 8 x 2 5 
1 2 8 x 1 2 8 x 2 5 
1 2 8 X 1 2 8 x 2 5 
128 X 128 « 25 
128 X 1 2 8 x 2 5 x 106 p h a s e s 

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

2. Materia k 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 oesophageal, 1 supraglottic. i 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 t ime of their staging MRI examination. The 
local research ethics commit tee 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 Tl -
weighted gradient echo images with different flip angles were 
used to generate the T1 map. Dynamic gradient echo images were 
acquired at a t ime resolution of 3.5 s for 106 time points. Contrast 
agent (Dotarem, Guerbet, France) at a dose of 0.2 ml/kg was intra-

；venously injected with a power injector at a rate of 3 ml/s. Injection 
began at 20 s 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 

i dynamic curve for each pixel was used as input for the DCE mod-
eling. with pharmacokinetic models from lofts and Kermode |23 | . 

^ The arterial input function (AIF) was obtained from the common or 
；external carotid artery. The fetrans. "e and Vp (Table 2) were estimated 

for every pixel using multiple starting poinr Marquardt-lxjvcndag 
curve fitting |24 | . In addition, the area under the contrast con-

Physiotogical mejiting of ihe DCE parameters. 

Parameter Physiological meaning 

Blood plasma flow per unit volume of tissue. In 
situation of high Mood flow, k u m is the permeability 
surface j r ca product per unit volume of I issue. 
EES volume per unit volume of tiSM>c 
Blood plas inj volume per unit volume of tissue ‘ 

Table 3 
Mean diul s(diicl<ircl deviation of ilie DCE pjidinvters for l)D, SCC and lymphoma. 

I ID SCC Lymphoma 
lofis 

(Wmin) 
IV 

"p 
S r m i - ( | i i j n t i t . i t i v e 

AI JC60( n o r m , u n i t ) 
A l J C f K ) ( n o r m . u n i t } 

0.12 

0 31 ± o n 
0 .74 i 0 . 2 8 

0 .47 
0 . 1 3 

0 . 2 3 1 0 . 1 0 
0 .54 1 0 .21 

0 . 5 9 i 0 . 1 8 
0 . 5 4 i 0 . 1 7 
0 . 0 7 ± 0 . 0 3 

0.21 

O.CW 

tentrat ion curve for the initial 6 0 s (AUC60), and the initial 90s 
(AUC90) were measured and normalized by the AUC60 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 parameter was obtained, 
in order to take account of tumor heterogeneity, the values were 
also calculated for the 25%, 50实.75% and 95% percentile value for 
each primary tumor. 

I jb ic 2 tabulates the 3 parameters derived from the 
model curve fitting and ihe physiological meaning of the 
parameters. 

2.4. Statistical 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 rhat maximized speci-
ficity while optimizing the sensitivity. 

3. Results 

Hie mean and the values at the 25%. 50%. 75% and 95% percentile 
for the DCR parameters arc shown in Fiy. 1.1 able 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 ktrans, AUC60 
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 
difTerentiation of the tumors are shown in I ables 4 <in(i 5. hi}». 2 
shows the average histogram for the fetrans. AUC60 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 119-22| 
and none have used the tool to distinguish between UD. SCC 
cind lymphoma. In this study, /crmns. AUC60 and AUC90 showed 
significant differences between UD/SCC and UD/lymphoma bui 
none of the parameters showed a significant difference between 
SCC/Iymphoma. The parameter that showed the highest accuracy 
was the AUC90. yielding 78% and 97% respectively for differ-
entiation between UD/SCC and UD/lymphoniii. When measuring 
runctional parameters, tumor heterogeneity can influence the 

results and so methods which take into account heterogene-
ity in tumor vascularity, such as histogram analysis |25-i7|. 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 iinaging(DCE-MRl} for difTerential dUgnosis 
in head and neck cancers. Eur J Radiol (2011). doi: 10,1016/j.e|rad.2011.01.089 � 
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Fig. 1. Bar charts oflhe DCfc parameters for UD. SCC and lymphomj 

Parameters with the maxiinum dccurocy for (lifTereniidiion oftiimurs. 

Parameter Accuracy Scnsitiviiy X Specificily % Cuioff value 

UD/SCC Mcan-AUC90 0.784 68* 88% 0.616 
UD/lymphoma 75*-AUC90 0.973 100% 88.SX 0.754 

Mean 25* 50% 95% Mean 25% 75% 95% 

0.6 

0.5 

niiD 
• SCC 
J Lymphoma 

0.8 

0.7 

AIJCW) 

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

The kuans value in our study for UD was significantly higher 
than the other two types of tumors. Since fcuans is in part related 
to vascular permeability, this may infer that vessels in UD have d 
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 
positive/high expression in VEGF for UD has been reported to range 

from 45.7 to 80% | 29 - 311 and the upper limit of this range for UD is 
greater than (hat of SCC 132-35} (24.1 -502；) or lymphoma | J 6 - i 9 | 
(0-60%). Our fciMns results therefore appear to correlate with the 
VEGF data. 

In addition to 1<打抓.AUCs in our 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 |40j . Compared to fcujns. AUC has no biological 
specificity but is r a the rameasu reo famoun to fconr ra s t delivered to 

Parameters with maximum sensitivity Jt 100% specificity. 

Pawmerer Accuracy Sensitivity* Speaficiiy % Ciiioff v.iliie 

UD/SCC 
Lytnphoina/UD 

25*-AUC(iO 
75X- AUCOO 

0.695 36.7X 
0.973 88.5X 

100% 
• 100% 

0.071 
0.754 

Pieise cite thisarride inpress as: Lee FK-h, et ai. Dynamic contr填 H^ancementimigiieticre^naii 
in head and neck cancers. Eur J Radiol (2011), dol:l0.1016/j.ejrad.20l 1.01.089 
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and retained by tumor in a given time period |44| . Our ROC analysis 
reveals that AUC90 yields better accuracy and sensitivity than fctwns 
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 Calbraith 
ct al. |41 ], which showed that AUC has a better reproducibility than 
trans-

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 eases arc recruited. There was 
a relatively 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 (DWI), has shown significant differences amongst all three of 
these cancers. Using rhc apparent diffusion coefficient (ADC) as 
the DWI biomarkcr |42|. it was round 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 ir is 
SCC which has parameters that are in between UD (higher kirans 

•. and AUC) and lymphoma (lower ktrans 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 

. i t appears that DCE and DWI produce complementary information 
with DCE of value in distinguishing lymphoma from UD and DWI 

I 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 significanr dif-
ference between UD/SCC and UD/lymphoma, namely AUC60 
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 ALIC90 was shown to producc the highest accuracy, 
which would be an advantage in routine clinical practicc bccause of 
its relative simplicity i n � h e process of parameter extraction com-
pared to the model based parameters such as k|r<ms. 
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The parotid gland Ls an important organ at risk of 
complications of radiotherapy for head and neck canccr. in this 
study, we examined the potential of dynamic contrast-enhanced 
magnetic resonance imaging (DCE-MRI) for assessment <»r 

radiation iujury to the parotid glands. •)(了K-MRI was performed 
before and 3 months after radiotherapy in patients treated for 
head and ncck cancer. DCE-MRI was analyzed using the 
pharmacokinetic model proposed by Tofts and Kerniode tu 
producc three DCE parameters: v, and v,. These 
parameters were correlated with the dose of radiation delivered 
會o the parotid glunds and the degree of radiation-induced parotid 
atrophy. The mean radiation dose received by the parotid glunds 
was 47.1 ± 6.6 Cy. All patients received concurrcnt 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 bs a non-invasive technique for predicting and assessing 
radiation injury in the parotid glands. O2oiib> Radimion RrsrarrtiWirty 

INTRODUCTION 

The parotid glands lie within or closc lo the radiation 

field of many head and neck canccrs, and hence these 

glands arc often unavoidably irradiated during radiation 

treatment. Radiation injury lo the parotid glands 

induccs xerostomia, which has a significant impact on 

the patient's quality of life. New developments in 

radiotherapy have focused on using techniques such as 

confomial radiotherapy and intensity-modulalcd radio-

therapy ( IMRT) to rcducc the radiation dose to the 

‘Address for wrrcspoiidencc: Rm 1214, Block R, Qiiecn r.li7abcth 
Hospital, Gascoignc Road. Kowloon, I long Kong; e-mail: lcckarhof@ 
hotmail.coni, ‘ 

parotid glands while at the same time delivering 

sufficient dose lo the canccr targets (7. 2). 

Howeve r , 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 ‘ 
f ind ing o the r s t ra tegics fo r be t ter p ro tec t ion of I he 
organ. These require an understanding of radiation-
induccd damage on a ccllular level. Histological studies 
have been conduclcd in rals and rhesus monkeys that 

showed inflammation, edema, acinar ccll degeneration 
and necrosis, vessel damage and organ atropjiy after 

i r r ad ia t ion ( i , 4). Similar s tudies a rc m o r e diff icul t to 
perform on human subjects due to the invasive nature of 

obtaining parotid tissue samples and inability lo 
e x a m i n e the whole g land . T h e r e f o r e , an in vivo tool to 
monitor radiation damage in the parotid gland on the 
cel lular a n d vascular level wou ld be va luab le . 

Dynamic contrast-enhanced magnetic resonance im-

aging (DCE-MRI ) is a functional imaging technique 

t ha t provides i n f o r m a t i o n on tissue pe r fus ion t h r o u g h 
dynamic contrast analysis by comparlmcnl model ing or 
curve fitting. DCK parameters obtained using pharma-

cokinetic models such as those proposed by Tofts and 

Kcrmodc (5) provide data thai can rcllcct 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 canccrs of the breast (6. 7) and 

prostate (8, ^0，and efforts have been made to extend its 

app l i ca t ion to head a n d neck mal ignanc ies {10-12}. 
.DCE-MRI also has the potential to yield valuable in vivo 
i n f o r m a t i o n on the d a m a g e t h a t occurs in o r g a n s tha t 
a r e i r rad ia ted a n d t o p r o v i d e a non- invas ive m e t h o d for 
studying the irradiated parotid glands. The focus of this 

study was to use DCE-MRI to determine whether 

radiation exposure leads to any changcs in the DCE 

parameters and if so lo dclcrminc whclhcr there is any 

correlation with radiation dose and the degree of parotid 

gland atrophy. 
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FIG. 1. Parameter maps of (psind a) TIW conirasi-enhanced 
image, (panel b) k,— (panel c) and (panel il) »>. •Righi parotid 
glund, "•left parotid gland. 

i MAI KRIAI^S A N D M E T H O D S 

p Patients 
2•；... 

The IXTK data were evaluated retrospectively in u cohort of 
patients undergoing radiotherapy for nasopharyngeal carcinoma 
(NPC) who hud been recruited for another DCK-MRI study lhai 
was been performed mih cthical approval frotn I he local cthics 
committcc and informed conscnl. All palienls rcccivcd baseline DClv 
MRI before treatment and at 3 months after ireaimeni. The mean 

, r u d i u l i o n dose received by cach parotid gland in each palietu was 
,孕.obtained from ihc ireaimcni planning records. Patients were ircaicd 
、：“ with IMRT at a dose of 70 Ciy lo the gross luinor over a period of 
菅 7 weeks. 
p 
气Image Acquisition 

譯. Puticnts were scanned in a 1.5-T MR scanner (Philips Mcdical 
p ; System, Rest, the Netherlands) with Ihc head and neck SFNSR coil. 

Images were acquired in the axial orientation from sphenoid sinus to 
ft： approximately I he C4 level. Four 3D I" I-weighted gnulicnl ctho images 
^ were performed wilh different flip angles to generate the Tl map 

(repetiiiun lime. TR = 2.7 ms; echo time, TE = 0.9 ms; flip angle, a = 
2, 10. 20, 30’； slicc thickness, TH = 4 mm. matrix size - 128 X 128. 

t , Held of view. FOV =• 230 mm; number of acquisitions. NSA - 4). 
V̂ y Dynamic gradient eclio images were then acquired ut a lime resolution 

of 3.5 s for 106 times (repetition “me, I R = 2.7 ms; ccho time, TR = 
P-s： 0.9 ms; flip ungie. <t = 20'; slice thickness, TH = 4 mm, matrix size = 
_ 128 X 128, FOV = 230 mm; number of acquisitions, NSA = I). The 

contnisl ageni (Dolurcm, GucrbcU Francc) at a dose of 0.2 ml/kg was 
injccied iniravenously with a power injcctor ul a rale of 3 nil/s, 
beginning al 20 s after the start of the dynumic scqucnce. Immediately 
after the injection, the same amouqi.of saline was Hushed into ihc 
syringe ut the same injection rale. 

m 
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(b) 

r A I. 

Parotkl Contouvm^ 

I "or cach paticni. both parol id glands were contoured on the I IP2() 
scan before and after treat men*. A single observer (IK 1.) pcrlormctl 
ihc contouring. Volume atrophy was tlermctl as ihc pcrccniage 
rciUiciion in volume of the parotid gland afler raduuhcriipy 

Image ami Data Processing 

Images were exporlcil Irohi ihc scanner console to an olYline 
computer for processing vviih in-houMr developed sollware. The Tl 
n inp wiis ca lcula lcd by the use of the gradicnl ccho images w i lh ihc 

Frnst formula The contrast conccruration map was then calculatcd 
a c c o r d i n g l o d e t a i l s d c s c n b c d b y / h u ei al | / . � > . A n a l y s i s w a s b a s e d 
on I he pharmacokinelic model described by Tofts and KernuKle (.5), 
which uses a iwo-comparlincnl model lo represent ihe dynamic 
transfer of contrast agent bclwcen the plasma and ihe extracellular-
cxiravascular space (HHS). Studies suggest that the arterial input 
f u n c l i o n (AIF") g i v e s a r e p r e s e n t a t i o n o f i h c c o n l r a s l i n f l u x , a m i i h c 
internal carotid artery was delineated maiuiutly lor cach dynamic scan 
lo obtain ihc All-. This artery was chosen bccaiisc it is a major 
arterial supply lo ihc parolid gland and is large enough lo avoid 
substantial pnrtial volume cn'cci. The Icrm rcprcscnliiig the 
plasma coniribiuion of conlrasl conceniralion, was also added in the 
culculation model 

The model expression is 

(
 

f
i
 ⑴ 

(2) 

Ai')c � » > ( , „ < / > , (3) 

where (;’（,： and (，户 arc the contrast concentration of the total volume 
of tissue, HliS and plasma, respectively. 

Using this model, Ihrce panimciers, \\ and v̂ , were cslimalccl for 
every pixel usio^ multiplc-starling-p<)int Marquardt-Lcveiidag curve 
filling The paramclcr k一 represents the permeability surlacc area 
prod 11̂  per unit volume of tissue, represenls the HES volume per unit 
volume of tissue, and ly represents the blood plasma volume per unit 
voliiiTM! of tissue. The mean DCF parameters of cach of. glund were 
obtained for analysis. Examples o! ihc parameter images wilh Ihc TIW 
conlrasl-enhanccd image are shown in l-ig. I 

Staiisiical Analyxis 

The slulislicul analysis had Ihrcc ohjeclives. The first was to 
idenlify a significant changc in any of the DCF. parameters after 
radiotherapy using a paired / lesl. The second was lo correlate any 
changes in DCH parameters wilh radiation dose. The third was lo 
correlate baseline DCE paramclers and poslirradialion change in 
DCF parameters with parotid volume atrophy. Vox ihc lasl two 
objt'ciivcs, Pearson's icsl was used to test for any significant 
corrclalions. P values were cornxMccl by the Bonlcrroni method on 
multiple correlalion tests. All Mdtistical icsls were torn! UL led wilh the 
soriwarc PRISM (La Jolla, CA). 

RKSULTS 

Paiienls 

The study included 21 patients (16 males and 5 

females wilh mean age 49 土 10 years, range: 30 

nr, ntTir Tr/iifi"îi;fiirUv“rff̂f “益溢ifi“、îirtr̂hmTrthilii 
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DISCUSSION ^ 

Human and animal studies have shown that parotid i 

gland volume atrophy and reduced salivary production i 

arc both common in irradiated parotid glands (/. 3, 16), i 
and the radiation dose delivered to the parotid glands 雪 

correlates with the loss of parotid function (2). Other M 

animal studies have shown that this change in salivary I 

function is directly related to histological changes {3, 4). j 

Degeneration, necrosis of acinar cells, and innamination 

arc seen in the early stage of irradiation, while later 

changes include organ atrophy and an increase in the ：書 

amount of conncctivc tissue (.?). , j 

Imaging studies on irradiated parotid glands have.: , 

been published, with an emphasis on changes in salivary • • 

production {17) or dosimetric sparing of the organ {18). Js 

In this study, wc used DCE as a tool to investigate the ^ 

effect of radiation on the parotid glands. Because no •.灣 

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 急 

shown to be related to parotid function. Tcshima et al. --m 

{19) showed in radiation-trcatcd head and neck cancer 3 

patients thai a fractional reduction in parotid gland、凄 

volume was significantly correlated to reduction in ^ 

salivary amount. The author concluded that parotid | 

volume reduction may prcdict irradiated saliva gland i 

function. On the olhcr hand, acinar cells are known to ^ 

contribute the water and protein contcnt of saliva {20) 
and acinar cell loss was one major causc of volume 

Conelatkm o f Parotid Gland A trophy with DCE 
Parameters before and after Treatment 

Parotid gland atrophy corrclalcd with baseline v,, and 

V,, (F = 0.0008 and 0.0003, respectively) and change in v̂  

after treatment (P = 0.0022) with atrophy being less in 

patients with a higher baseline v.. and v," and a lower 

percentage increase in \\. after radiotherapy (Figs. 3 and 

4). There was no correlation between parotid gland 

atrophy and k,•‘,„�, 

62 years), with 42 parotid glands for analysis. The mean 

radiation dose received by the parotid glands was 47.1 土 

6.6 Gy. Concurrent chemotherapy was'also adminis-

tered to the patients. The mean parotid gland atrophy 

was -32 士 20%. 

All AlFs extracted from the patients were visually 

inspected to contain dearly distinguishable first and 

sccond pusses of contrast in the contrast concentration 

curve. This served as a quality assurance process to 

excludc artifacts in the arteries. Also, wc examined the 

reproducibility of the A lF and obtained repeatability 

(variation with the 95% confidcncc interval) of about 

30% for AUC60 and AUC90 of AlF. The induced 

variation in DCE parameters is significantly less than 

the changc induced by radiation in this study. 

DCE Parameters 

The mean DCE parameters before radiotherapy 

(baseline) and after radiotherapy (3 months posl-trcai-

mcnt) are shown in Table I. All DCK 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 

correlation between percentage changc in k,咖 and 

radiation dose (P = 0.0045), with a higher radiation 

dose being correlated with a smaller pcrccnlagc changc 

in k,哪(Fig. 2). However, I he correlation was insignif-

icant (P = 0.1695) when a possible outlier with a greater 

change in k,職、was removed from the analysis. No 

significant correlation was found between Vp and 

radiation dose. 

TABLE 1 
Summary Statistics 

Parameter Baseline 3 monllis P 

kiran 0.89 ± 0.40 1.52 ± 0.33 <().(X)()I 
»V 0.42 土 0‘I3 0‘8 丨 ± 0.13 < 0 . _ l 
»V 0.044 ± 0.018 0.21 ± 0.12 <0.0001 
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reduction in human parotid glands after irradiation …. 

“ Loss of acinar cclls thus resulted in a reduction of 

t ’ parotid gland volume and the ability to producc saliva, 

p These studies provided cvidcncc lor the dose rclalion-

Li ship between volume atrophy and loss of funclion in the 

|l parotid gland. Thus, if we could show a relationship 

between DCE parameters and alrophy, the results would 

『1. indicate the possibility that DCE parameters may also 

i " be correlated with parotid funclion. This would be 

useful clinically, although further DCE studies to 

include functional data arc neccssary for confirmation. 

The first objective was to determine whether radio-

_ ihcrapy would cause a significant change in the DCE 

^ parameters and if so whether there was a correlation 

with radiation dose. 1 he results of this study dcmon-

g strated that ail three D C E parameters increased 
significantly 3 months after completion of radiotherapy 
compared to the baseline values. It is postulated that the 

_ increase in k 一 may be the result of the early 
^^ inf lammat ion and disruption of normal endothel ium 

� i n d u c e d by radiat ion. Such observations have been 
reported in irradiated tumors during radiation ihcrapy 
(5. 27). It is also known that radiation subsequently 

damages the vessels and rcduccs permeability and 

-•••rs Avascular density, which would be cxpccled lo lead lo a 

_ decrease in the k,..,„，. The fact that a rise and not a fall in 
爆 w a s seen in this study suggests that the glands were 

still going through this earlier phase of damage at 

3 months after radiotherapy, with inflammation and 

endothelium disruption being the predominant features. 

However, a weak negative correlation was found 

between the percentage changc in k,“,„, and radiation 

dose; that is, higher radiation doses caused a smaller 

pcrccntagc rise in I he k,,肌” A possible explanation for 

I his uncxpcclcd result is that glands that received the 

higher dose were already starting to enter the later phase 

of damage so I hat ihc etTects of inflammation and 

endothelium disruption were being counteracted by the 

cffccts of vessel damage, which cause a decrease in 

permeability and vascular density and hence a decrease 

in k,•卿.However, our observation was limited by the 

fact thai I he radiation doses rcccivcci by the parotid 

glands in our sludy were quite large. A better correlation 

may be dcmonslrated in future studies of DCK 

parameters over a wider range of radiation doses. 

The V,, and r" also increased after radiolhcrap'y. In the 

ease of it is postulated that the rise may have been be 

related lo the increase in - extracellular cxlravascular 

space (EES) caused by serous acinar cell loss and edema. 

In the case of ‘’尸，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,r咖,neither of these two DCK 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 iv and、’,, but not with 

the k,ru„、. A higher baseline v,. and v" was associated wilh 

less glandular atrophy. The cause for this association 

wilh respect to v‘. is unclear, but for v̂  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 v̂  

was observed in organs with greater atrophy, which 

would be cxpccled given thai organ atrophy and 

increased HES arc results of increased radiation dose. 

A similar study from Juan ei al. (22) using I he Brix 

model showed a correlation between DCH parameters 

and radiation dose. They found that the peak cnhancc-
mciil and time to peak enhancement were correlated 
positively while the k ,̂ was correlated negatively to dose. 

They attributed the decrease in K, to increased hES after 

ccll loss, which is in accord to our observation of 
increased vv after radiotherapy. The k^, which is the 

transfer rate constant between plasma and EES, al5o 

dccrcascd after radiotherapy. This is in contradiction to 
our observation of increased k ,咖.Par t of the reason for 
this discrepancy may be the difference in the timing of 
image acquisition between the two studies. The cohort of 

Juan et al. included imaging limes varying from 2 to 

43 months after radiotherapy. Our sludy imaged 

patients at baseline and at 3 months after treatment, 

which is belter for describing the early efTects of 

radiotherapy. 
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The main limitation of this study is that wi lhou i 

excision o f the parotid gland the cellular causc' for the 

D C E - M R I observations can only be postulated. An ima l 

studies would be needed lo confirm I he histological basis 

of the D C E findings. Also, our study examined the . 

effects o f radiation at only one lime soon after 

treatment, with no correlation with gland function. To 

study the correlation between D C E - M R I 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 o f 

vascular changc by the use o f D C E - M R I . Baseline 

parameters such as v, and v̂  thai demonstrated a 

significant correlation with organ atrophy showed the 

potential o f such parameters in predicting response after 

radiotherapy. Treatment planning may make use o f this 

information For tailor-made sparing strategics with 

individual patients. 

Conclusions 

This study shows the potential of D C E - M R I as a non-

invasive tool for examining radialion-induccd injury in ” 

the parotid glands at the ccllular level. A significant 

increase in k,咖”v., and v；, has been shown in the parotid 

gland 3 months after irradiation for the treatment o f 

head and ncck canccr. The correlation between greater 

glandular atrophy and a lower baseline »v and »’尸 and a 

higher post-treatment increase in v., shows the potential 

for using D C E - M R I for prediction and asscssmenl o f 

radiation damage to the organ. 
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