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ABSTRACT (THAI) 
 ฐิติยา จิรวฒัน์วณิชย ์: การศึกษาความเป็นไปไดข้องการตรวจดว้ยคล่ืนแม่เหลก็ไฟฟ้าโดยอาศยัเทคนิค การเคล่ือนท่ีของ

โมเลกลุน ้าในเน้ือเยือ่และการวิเคราะห์แบบพาราเมตริกเรสปอนส์แมพ เพื่อท านายผลการรักษาในโรคมะเร็งคอหอยหลงัโพรง
จมูก. ( A Feasibility Study of Diffusion Weighted Imaging and Parametric 

Response Map Analysis for Treatment Response Prediction in Nasopharyngeal 

Cancer ) อ.ท่ีปรึกษาหลกั : ผศ. ดร.โยธิน รักวงษไ์ทย 
  

          เทคนิคการสร้างภาพท่ีแสดงการเคล่ือนท่ีของโมเลกลุน ้า (Diffusion-weighted imaging หรือ DWI) 

เป็นเทคนิคหน่ึงท่ีใชอ้ย่างแพร่หลายในเคร่ืองตรวจคล่ืนแม่เหล็กไฟฟ้า (Magnetic Resonance Imaging หรือ MRI)  ท่ี
แสดงคุณสมบติัการเคล่ือนท่ีของโมกุลน ้ าในเน้ือเยื่อ  การเปล่ียนแปลงของสัมประสิทธ์ิการแพร่ปรากฏ (Apparent Diffusion 

Coefficient หรือ ADC) ท่ีไดม้าจากภาพ DWI ไดถู้กน ามาใชเ้ป็นตวับ่งช้ีทางชีวภาพเพื่อท านายผลการตอบสนองต่อการรักษาใน
คนไขโ้รคมะเร็งได ้ อย่างไรก็ตาม วิธีน้ีอาศยัค่าเฉล่ียการเปล่ียนแปลงของค่าโมเลกุลน ้ าในกอ้นมะเร็งซ่ึงไม่สอดคลอ้งกบัความไม่เป็นเน้ือ
เดียวกนั (heterogeneity) ในกอ้นมะเร็ง ท่ีแต่ละส่วนจะมีความหลากหลายทางชีวภาพต่างกนั เพื่อท่ีจะแกปั้ญหาน้ี ไดมี้การเสนอตวั
บ่งช้ีทางชีวภาพดว้ยวิธีใหม่ข้ึน เรียกวา่พาราเมตริกเรสปอนส์แมพ (Parametric Response Map หรือ PRM) โดย PRM น้ี
จะบอกการเปล่ียนแปลงของโมเลกุลน ้ าในเน้ือเยื่อในแต่ละวอ็กเซล (voxel) ในงานวิจยัน้ี เราศึกษาการใชว้ิธีการวิเคราะห์ดว้ย PRM 

บนค่าของ ADC ท่ีไดจ้าก DWI เพื่อท านายผลของการรักษาในคนไขโ้รคมะเร็งคอหอยหลงัโพรงจมูก  ในขั้นตอนการวิจยั ผูว้ิจยัเก็บ
ขอ้มูลภาพจากผูป่้วยโรคมะเร็งคอหอยหลงัโพรงจมูกท่ีรักษาและติดตามผลการรักษาท่ีโรงพยาบาลจุฬาลงกรณ์  ทั้งหมด 26 ราย โดยเป็น
ผูป่้วยท่ีมีการตอบสนองต่อการรักษาดี (complete response หรือ CR) 20 ราย และผูป่้วยท่ีมีการตอบสนองต่อการรักษา
บางส่วน (partial response หรือ PR)  6 ราย ขอ้มูลภาพของผูป่้วยแต่ละคนประกอบไปดว้ยภาพ DWI และ ADC ท่ีก่อน
การรักษาและท่ีสัปดาห์ท่ีห้าหลังจากการให้ยาเคมีบ าบัดร่วมกับการฉายรังสี ภาพของทั้ งสองช่วงเวลาจะถูกน ามาลงทะเบียนภาพ 

(registration) และเปรียบเทียบกัน ซ่ึงเราสามารถค านวณตัวบ่งช้ีทางชีวภาพ PRM+ ท่ีมีนิยามว่า สัดส่วนของว็อกเซลท่ีมีค่า 
ADC เพิ่มมากข้ึนเทียบกบัจ านวนวอ็กเซลของกอ้นมะเร็งท่ีเป็นเปอร์เซ็นต ์เพื่อยืนยนัความเป็นไปไดใ้นการใช้ PRM+ เราไดค้  านวณ
ค่าเฉล่ียและส่วนเบ่ียงเบนมาตรฐานของ PRM+,  เปอร์เซ็นต์การเปล่ียนแปลงของปริมาตร (%∆Vol)  และ เปอร์เซนต์การ
เปล่ียนแปลงของสัมประสิทธ์ิการแพร่ปรากฏ (%∆ADC) ในคนไขก้ลุ่ม CR และกลุ่ม PR โดยเป็นการแบ่งกลุ่มจากการประเมิน
การตอบสนองต่อการรักษาหลงัจบการรักษาเป็นเวลาหกเดือนตามหลกัเกณฑข์อง RECIST 1.1  เราประเมินความแตกต่างกนัทางสถิติ
ของค่าตวับ่งช้ีทางชีวภาพทั้งสามในผูป่้วยสองกลุ่มดว้ยการทดสอบแบบ t-test และสร้างเส้นโคง้อาร์โอซี (receiver operating 

characteristic curve หรือ ROC curve) เพื่อวดัความสามารถในการท านายผลการตอบสนองต่อการรักษาของตวับ่งช้ีทาง
ชีวภาพเทียบกับกับการเดาสุ่มด้วยการทดสอบแบบ Mann-Whitney’s U-test   ผลการศึกษาพบว่าใน %∆Vol  และ 
%∆ADC ของคนไขท้ั้งสองกลุ่มไม่มีนยัยะส าคญักนัในทางสถิติ ในทางตรงกนัขา้ม PRM+ ของคนไขท้ั้งสองกลุ่มนั้นมีนยัส าคญัทาง
สถิติ (80.5±8.5% ใน CR เทียบกบั 70.2±7.1% ใน PR, p < 0.05)  ในส่วนของการเปรียบเทียบความสามารถในการ
ท านายผลการตอบสนองต่อการรักษาพบว่า PRM+ มีค่าพื้นท่ีใตเ้ส้นโคง้อาร์โอซี (AUC) มีค่ามากกว่าเม่ือเทียบกบัตวับ่งช้ีทางชวัภาพ
ตวัอ่ืน (0.817, 0.633 และ 0.417 ในตวับ่งช้ีทางชวัภาพ PRM+, %ΔADC และ %ΔVol ตามล าดบั ) และ พบวา่มีเพียง
ค่า PRM+ ท่ีท านายผลแตกต่างจากการเดาสุ่มอย่างมีนัยส าคญัทางสถิติ (p < 0.05)  ผลการศึกษาสรุปไดว้่า PRM + ท่ีเสนอจาก 
ADC อาจเป็นตวับ่งช้ีทางชีวภาพท่ีมีศกัยภาพส าหรับการท านายการตอบสนองต่อการรักษาในผูป่้วยโรคมะเร็งคอหอยหลงัโพรงจมูก 
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ABSTRACT (ENGLISH) 
# # 6174007430 : MAJOR MEDICAL PHYSICS 

KEYWORD: Magnetic Resonance Imaging (MRI), Diffusion Weighted Imaging (DWI), 

Parametric Response Map (PRM), Nasopharyngeal Cancer 

 Titiya Jirawatwanith : A Feasibility Study of Diffusion Weighted Imaging and 

Parametric Response Map Analysis for Treatment Response Prediction in 

Nasopharyngeal Cancer . Advisor: Asst. Prof. YOTHIN RAKVONGTHAI, Ph.D. 

  

          Diffusion-weighted imaging (DWI) is an MRI technique which provides 

functional information of tissue by detecting microscopic motion of water molecules. The 

change of apparent diffusion coefficient (ADC) derived from DWI was used as an imaging 

biomarker for treatment response prediction in cancers. However, it was based on whole-

tumor analysis which did not reflect heterogeneity within the tumor. To overcome this 

limitation, a new method called parametric response map (PRM) analysis was proposed to 

evaluate response by quantifying voxel-wise changes in ADC. Here we investigated the use 

of PRM analysis on ADC from DWI as an imaging biomarker for treatment response 

prediction in nasopharyngeal carcinoma (NPC) patients.  We collected twenty-six patient 

datasets including twenty complete response (CR) patients and six partial response (PR) 

patients at King Chulalongkorn Memorial Hospital where one patient dataset consisted of 

DWI and ADC data acquired before (i.e. pre-treatment) and at five weeks after initiation of 

chemoradiation therapy (i.e. mid-treatment). For each dataset, we compared pre-treatment 

ADC image with co-registered mid-treatment ADC image, and calculated PRM+ which was 

defined as the percentage of voxels with increased ADC values with respect to total voxels 

within the tumor ROI.  To validate the feasibility of the PRM biomarker, we computed the 

mean and standard deviation (SD) of percentage change in tumor volume (%ΔVol) and in 

ADC (%ΔADC) and PRM+ across CR and PR patients classified by RECIST1.1 guideline at 

6 months. We determined if each of the three biomarker yielded difference between the two 

patients groups using t-test.  To evaluate outcome prediction performance for each 

biomarker, we constructed the receiver operating characteristic (ROC) and compared with 

random guessing using Mann-Whitney’s U-test.  The results showed that no significant 

difference in %∆Vol and in %∆ADC between CR an PR groups.  In contrast, PRM+ was 

significantly different between CR and PR groups ( 80.5±8.5% in CR vs 70.2±7.1% in PR, 

p < 0.05).  In terms of prediction performance, PRM+ has higher AUC value than both 

%ΔADC and %ΔVol (0.817, 0.633, and 0.417 for PRM+, %ΔADC and %ΔVol, 

respectively).  Only PRM+ was significantly different from random guessing (p < 0.05).  Our 

results implied that the proposed PRM+ from ADC could be a potential biomarker for early 

treatment response prediction in NPC patients. 
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CHAPTER I 
INTRODUCTION 

1.1 Background and rationale 
Nasopharyngeal carcinoma (NPC) is a rather common malignant tumor among 

Asians, especially in male patients living in Southeast Asia (1).  Due to anatomic 

locations of the nasopharynx and atypical early symptoms of NPC, majority (~70%) of 

patients diagnosed with NPC have already reached an advanced stage (2). Standard 

concurrent chemoradiation therapy (CCRT) in locally advanced disease is routinely 

used to manage the disease and seem to be satisfied with high overall survival.  

Currently, this is achieved monitoring change in tumor size by using computed 

tomography (CT) or magnetic resonance imaging (MRI).  Unfortunately, this 

assessment monitors a relatively late event because anatomical change usually occurs 

later than functional changes, and these assessments are usually undertaken halfway 

through the course of treatment.  So, biomarkers that can provide an early indication of 

response are essentially required.  

Diffusion-weighted imaging (DWI) is an MRI technique which provides 

functional information of tissue by detecting microscopic motion of water molecules.  

Conventionally, the change of apparent diffusion coefficient (ADC) derived from DWI 

was used as an imaging biomarker for treatment response prediction in cancers.  

However, it is based on whole-tumor analysis which did not reflect heterogeneity within 

the tumor.  To overcome this limitation, a new method called parametric response map 

(PRM) analysis is proposed to evaluate response by quantifying voxel-wise changes in 

ADC.  

In PRM analysis, individual voxels were labeled into three categories based on 

the change in ADC at mid-treatment with respect to pre-treatment.  Specifically, ADC 

maps which were derived from acquired diffusion MRI data at pre-treatment and mid-

treatment are co-registered.  Voxel-by-voxel subtraction between co-registered mid- 

and pre-treatment ADC maps is performed to create a map of ADC change.  Individual 

voxels within tumor in the co-registered pre-treatment ADC map are classified into 

three categories based on the change in ADC or ∆ADC.  Red voxels represent areas 

where ∆ADC is beyond a pre-defined threshold.  Green voxels represent no change in 

ADC.  Blue voxels represent areas where ∆ADC is below a pre-defined threshold.  After 

compute the voxel of three categories, therefore we got PRM value (PRM+, PRM-, 

PRM0, respectively).  However, only the volume of tumor with a significant increase 

in ADC (PRM+) was directly correlated with favorable clinical outcome.  This PRM 

analysis can also be presented using a scatter plot and percentages assigned to the three 

categories, allowing quantitative assessment of overall changes in tumor ADC values. 
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In this research project, we used PRM+ analysis on ADC from DWI as an 

imaging biomarker to predict treatment response in NPC patients.  We evaluated its 

performance as compared with the conventional methods using change in tumor size 

and change in ADC values between pre-treatment and mid-treatment scans.   

 

1.2 Research questions 

1.2.1 Primary question 

Is the imaging biomarker based on PRM (PRM+) in complete responders 

different from that in partial responders? 

1.2.2 Secondary question    
What is the performance level of PRM+, volume change, and ADC 

change in predicting treatment outcome of nasopharyngeal carcinoma?    

 

1.3 Research objective 

1.3.1 Primary objective 

To compare PRM+ analysis between complete responders and partial 

responders. 

1.3.2 Secondary objective 

 To compare the performance of predicting treatment outcome of PRM+, 

volume change and ADC change in nasopharyngeal carcinoma. 

 

1.4 Significance and impact of the work  

 Chemoradiation therapy is the common types of cancer treatment which work 

by destroying these fast-growing cells. However, it can be damaged along with normal 

cell and cancer cells causing adverse reactions or side effects such as nausea, fatigue, 

and increased change of infection. So, imaging biomarker were used to obtain the 

remarkable clinical benefit for patients and improve entire health care system.  

The objective of this study was to investigate the use of PRM analysis on ADC 

from DWI as an imaging biomarker for early predict response of standard concurrent 

chemoradiation therapy of nasopharyngeal carcinoma. 

 

1.5 Definition  

Apparent diffusion coefficient (ADC) A measure of the magnitude of diffusion 

of water molecule within the tissue, which 

is calculated using MRI with 2 b- value on 

DWI sequence.  The unit is mm2/s. 
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Concurrent chemoradiation therapy (CCRT) The combined use of chemotherapy 

delivered concurrently with radiation in 

cancer treatment. It is for patients with the 

local region advanced stage of NPC. 

Tumor heterogeneity The differences between tumors of the 

same type in different patients, and 

between cancer cells within a tumor. It 

can show distinct morphological and 

phenotypic profiles. 

Parametric response map (PRM) A voxel-based image-analysis technique 

for the change of diffusion of water by 

MRI scan.  It provides a color map and 

gives treatment response to the disease. 

PRM+ The percentage of voxels with increased 

ADC values more than a pre-defined 

threshold with respect to total voxels 

within the tumor ROI (displayed in red 

voxel). 

Voxel A unit of image information that defines a 

point in three-dimensional space, regular 

matrix.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 
THEORY AND RELATED LITERATURE 

2.1 Theory 

2.1.1 Magnetic resonance imaging (MRI)  

MRI is a non-ionizing technique that uses a strong magnetic field (B0) and radio 

frequency (RF) to produce high-resolution anatomical information with excellent soft-

tissue contrast.  MRI is providing information different from other imaging modalities 

because it can characterize tissues by using their physical and biochemical properties 

such as water, iron, fat, and blood.  It can be used to examine almost any part of the 

body.  Moreover, the main advantage for the MRI is diagnostic, MRI can diagnose in 

many different types of diseases such as structural disease, organ dysfunction, and 

cancer. 

In addition, functional MRI (fMRI) is advanced MRI technique used to obtain 

tumor biology by providing quantitative functional information such as diffusion 

weighted imaging (DWI), dynamic contrast enhanced (DCE), and perfusion-weighted 

imaging (PWI).  Nowadays fMRI is more popular because it is non-invasive which 

some sequence does not require the injection of a radioisotope to see the function 

information such as blood vessel and get good spatial resolution.  Increasingly, fMRI 

is being used as a biomarker for disease to monitor therapy, or for studying 

pharmacological efficacy (3).  Moreover, in this study was focus on DWI technique. 

 

2.1.1.1 Diffusion-weighted imaging (DWI)  

Figure  1 Simplified MRI spin echo pulse sequences of DWI (4). 

 

DWI is a powerful MRI technique which probes abnormalities of tissue 

structure by detecting microscopic changes in water molecules due to thermal 

Brownian motion within a voxel of tissue.  In clinical oncology, highly cellular 

tissues or cellular swelling exhibit lower diffusion coefficients because cells 

have dense and restriction diffusion the water movement that it is useful in 
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tumor characterization and classify stroke.  DWI is typically performed using 

an echo-planar imaging (EPI) technique which is a fast magnetic resonance 

imaging technique capable of acquiring an entire MR image in only a fraction 

of a second.   It was achieved all frequency-encoding and phase-encoding by 

rapidly oscillating read-out gradient.  EPI offers major advantages over 

conventional MR imaging, including reduced imaging time, decreased motion 

artifact, and the ability to image rapid physiologic processes.  Moreover, the use 

of EPI has already resulted in significant advances in clinical diagnosis, and 

scientific investigation.  Nevertheless, it also has the disadvantages that are low 

signal to noise ratio (SNR), and some imaging artifact such as chemical shift 

artifacts; susceptibility artifacts; ghosting; and geometric distortion (5).  So, the 

periodically rotated overlapping parallel lines with enhanced reconstruction 

(PROPELLER) technique was developed by Pipe in the late 1990s for artifact 

reduction and overall image quality improvement (6). 

To generate DWI, it must apply two diffusion gradients between the 

180° RF pulse which can be added to conventional MR sequences as can be 

seen in Fig.1.  The first diffusion gradient introduces phase shift to the protons 

depending on their positions while another diffusion gradient is applied in the 

same magnitude but with opposite direction to rephrase the spins.  

Figure  2 The relationship of relative signal intensity of the regions of interest in the 

diffusion-weighted image (Y-axis) and diffusion sensitivity or b-value (X-axis) (7). 

 

 If there are movements of protons, the second gradient will not be able 

to completely undo the changes.  As a result, there will be shown signal 

attenuation given by: 
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𝑆𝑏 =  𝑆0𝑒−𝑏𝐷, 

where Sb is the diffusion-weighted signal, S0 is the signal without diffusion 

weighting (i.e. T2-weighted image), the degree of attenuation is defined by the 

product of b-value, and D is a constant which is the apparent diffusion 

coefficient (ADC) value.  ADC represent averages of the entire voxel and of 

each direction of diffusion (units: mm2/s). 

The diffusion-weighting factor (b-value) is a value that includes all 

gradient effects.  The value is given in units of s/mm2.  It can determine by 

Stejskal-Tanner equation who derived in signal attenuation due to the 

application of the pulse gradient related to the amount of diffusion (8).  The b-

value is given by  

𝑏 = 𝛾2𝐺2𝛿2 (∆ −
𝛿

3
) 

where γ is the gyromagnetic ratio (42.58 MHz/T for Hydrogen atom), G is the 

strength of the diffusion gradients, δ is the duration of the gradient which is 

equal and opposite in two gradients, and Δ is the time interval between these 

gradients. In clinical practice, b-values of 0 – 1500 s/mm2 are applied. 

For the images analysis, to evaluate diffusion-weighted MRI there are 

two general categories: qualitative and quantitative. The image contrast of DWI 

base with T2* effects (b-value equal 0), and it can be adjusted by the range of 

b-value.  As higher b-value, diffusion signal has an increase as shown in Fig.2.  

In case of movement in photon, no net movement of protons in between the two 

gradient applications, both the gradient effects cancel out each other and there 

will be no signal attenuation and it will appear brighter in the image.  If proton 

have diffusion motion, there will not be complete rephrasing and will be 

attenuation in signal resulting in darker regions on the images.  

In clinically, the ADC image leading to an inverted scale similar to the 

DWI but eliminating T2 shine-through effects.  For many abnormalities, it not 

only restricts only the diffusion but are bright on T2. So, it can actually use 

advantage of the T2 shine-through effect to confirm true diffusion restriction of 

lesion on the ADC image as shown in Fig.3. 
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Figure  3 The DWI (a) and ADC (b) image of MRI brain. The red circle is highlighting 

abnormality (a stroke region) in the brain (9). 

 

2.1.2 Biomarker 

Biomarker, which is short form of biological markers, it is a measurable indicator 

of a biological state.  It have been defined by Hulka and colleagues (10).  Biomarkers are 

useful in a number of ways including predicting and monitoring disease, evaluating the 

therapeutic effective for a cancer type, and evaluating the recurrence of cancer (11).  

Biomarkers can be classified based on parameters and characteristics, such as 

imaging biomarkers; base on imaging machine such as CT, PET, and MRI, or molecular 

biomarkers; base on blood and body fluids, and biopsy biomarkers.  In this study, the 

researcher was focus on imaging biomarker by MRI.   

Imaging biomarker is a feature of an image relevant to treatment efficiency of a 

patient.  The advantage of imaging biomarkers by MRI is having a high spatial 

resolution, high sensitivity, and superior soft-tissue contrast for structural or functional 

imaging.  A number of MRI in imaging biomarkers are already established in clinical 

practice for oncological assessments such as BI‐RADS (Breast Imaging Reporting and 

Data System) for the diagnosis of breast (12), transfer constant (Ktrans) from dynamic 

contrast enhanced (DCE) imaging, and ADC from DWI.  Characteristics of a good 

biomarker following features: sensitive, specific and biologically relevant, robust, 

quantifiable and reproducible, and cost effective (13).  For effective and early biomarkers 

can avoid inefficient treatments of individual patients and improve the entire health care 

system. 

 

 

(a)      (b)  
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2.1.3 Parametric Response Map (PRM) 

PRM is a voxel-based analysis technique spatially registered the pretreatment 

ADC map to a mid-treatment ADC map to provide for quantification of diffusion 

changes on the voxel level for predicting the effect of treatment.  PRM of ADC, it is 

widely accepted that tumor ADC values increase following a successful treatment 

which reflects a reduction in cellular density and in barriers to water motion.  In lesion, 

increases in ADC would reflect an increase in the mobility of water, or a decrease in a 

lesion size shown in normal cells.  On the contrary, decreases in ADC reflect a decrease 

in free extracellular water, either through an increase in total cellular size, as can be 

seen with tumor progression (14).  The efficacy of PRM was also studied by Baer A.H., 

et al. (15) and Drisis S., et al. (16).  For treatment response prediction in oncology, change 

of ADC (ΔADC) in a lesion can be used as a biomarker which is computed by 

∆𝐴𝐷𝐶𝑀 = 𝐴𝐷𝐶𝑀 − 𝐴𝐷𝐶𝑃,  

where ADCP is pre-treatment lesion ADC value and ADCM is lesion ADC value at day 

N after the initiation of therapy or the so-called mid-treatment ADC value.  The higher 

ADC change indicates higher chance of better treatment outcome. 

The changes of ADC (ΔADC) in individual voxels within tumor is necessary to 

classify voxels into three categories as increasing, decreasing, or unchanged. Red 

voxels represent areas where ∆ADC is beyond a pre-defined threshold. Green voxels 

represent no change in ADC.  Blue voxels represent areas where ∆ADC is below a pre-

defined threshold.   

 

2.1.4 Image processing 

 Figure  4 Image processing system (17). 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 9 

Medical imaging is the process of producing visible images of the inner 

structures of the body.  The image will classify into two groups analog and digital 

images.  Only digital image can be presented by a discrete value that can make storage 

and processing in the computer.  It has many benefits such as elasticity, adaptability, 

data storing, and communication.  The common standard of medical image for 

managing, and storing is Digital Imaging and Communications in Medicine (DICOM).  

It can keep both of receiving image and patient data. 

The digital image processing system is collection of equipment and software as 

shown in Fig.4.  It starts with acquire digital image (discrete) from the receptor.  If the 

detected image is analog (continuous), it will need to be modify by analog-to-digital 

converter (ADC) after that process and display the image on monitor.  This requires the 

production of an analog signal by a digital-to-analog converter (DAC) (17). 

The medical imaging processing refers to handling images by using the 

computer.  Applications of digital image processing includes has many applications in 

the medical field such as: segmentation, registration, and transformation (18). 

 

2.1.4.1 Image segmentation 

Image segmentation is a highly important tool in image analysis that it 

is a technique of the identifying of region in image.  The basic aim of this 

segregation is to make the images easy to analyze and interpret with preserving 

the quality.  The application include; defined region of interest (ROI), 

measurement of area and volume in medical image datasets, definition of target 

areas under considering, and definition organs-at-risk in radiotherapy (19).  

Figure  5  (a) Original image of retinal vessel, (b) image after registration in 

thresholding technique (20).  

 

Classification of the ROI of an image can be performed using a manual 

or automatic.  The simple of manual way is draw boundary over the region in 

each baring slide.  For automatic segmentation, there are many different 
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techniques had been proposed to detect ROI; for instance, thresholding (Fig.5), 

region growing, and snake (active contour).  The thresholding is the straight 

forward approach which select an ROI by define an intensity threshold.  This 

method is useful for establishing the borders of solid objects in a dark 

background.  In terms of region growing, it is semi-automatic segmentation 

which refines the thresholding and adds a requirement that pixel should be 

connected.  However, it has limitation that the result depends on the choice of 

initial parameters.  

 

2.1.4.2 Image registration  

Image processing is the process of transforming one image into another 

coordinate image.  This process involves determined one image as the reference 

image (fixed image), and using suitable geometric transformations to the other 

images (moving image) so that they align with the reference.  The registration 

can categorize by the type of image data or form of they operate.  

 Intramodal and Intermodal registration 

Intramodal registration is the registering image that from the same 

modality in different time and/or different position two; an example is CTt1-to-

CTt2 registration of volumes acquired at different times.  This procedure is 

helpful when doing time series evaluation, for instance when tracking the effect 

of chemo- or radiation therapy on tumor growth. 

As for intermodal registration is registering image data from different 

imaging modality into the same coordinate system; an example is MR-to-PET, 

MR-to-CT (see Fig.6). 

Figure  6 Intermodal registration CT (cyan color) and transformed MRI (red color).   

(a) unregistered image, (b) registered image (21). 
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 Rigid and Non-rigid registration 

Rigid registration uses a simple transform and uniformly applied.  The 

transformation models include linear transformations, which include rotation, 

scaling, translation, and other affine transforms; thus, they cannot model local 

geometric differences between images.  The parameter of translation and 

rotation in 2D is 3 parameters (2 for translation, 1 for rotation), and in 3D is 6 

parameters (3 for translation, 3 for rotation). 

Non-rigid registration (Deformable registration), it allows one image to 

be deformed to match another in order to account for the non-linear local 

anatomic variations that exist between the images.  The transformation models 

include allow 'elastic' or 'nonrigid' transformations include radial basis 

functions, physical continuum models, and large deformation models. 

 

2.1.5 Nasopharyngeal carcinoma (NPC)  

NPC is one of the major types of head and neck cancer which develops in 

nasopharynx in a small site bordered by the nasal cavity, the posterior wall continuous 

with the posterior wall of the oropharynx, the body of the sphenoid and basilar part of 

the occipital bone, and the soft palate.  About 90% of malignant tumors are squamous 

cell carcinoma (SCC) and 10% are the other type (22).  Due to anatomic locations of the 

nasopharynx and early symptoms of NPC patients, majority of patients (~70%) are 

diagnosed with advance stage disease (stage III to IV) (2). 

 

2.1.5.1 Causes of nasopharyngeal carcinoma 

No one is sure what exactly causes nasopharyngeal carcinoma.  It may 

like other cancers, the risk of developing NPC includes: Epstein-Barr virus 

(EBV), the use of alcohol and tobacco.  Other risk factors are age, gender, family 

history, environmental exposure, and eating habits.  It is commonly diagnosed 

between 40 to 60 years.  Males are more commonly affected, with the ratio of 

2:1 (Male: Female) (20).  The risk of NPC is endemic in Asian, particularly those 

from southern China and southeast Asia.   

 

2.1.5.2 Signs and symptoms of nasopharyngeal carcinoma 

It is often difficult to diagnose NPC in the early stages because of the 

tumor located. In many cases, NPC gets large before patients knew.  In rare 

cases, the cancer may not be detected until a patient has severe bone pain (in the 

legs or spine), and diagnostic tests show a cancer.  The sign and symptoms of 

NPC patients at presentation include a swollen lymph node at the neck; which 

is the most common symptom, hearing loss, bleeding from nose or mouth, 

blurring vision, and headache. 
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2.1.5.3 Radiological staging 

The radiological test is essential in clinical staging of NPC as it used to 

identify the tumor location and lymph node.  For many procedures, MRI is a 

diagnostic procedure that uses a magnet, RF waves, and a computer to generate 

a picture inside the body.  It more sensitive than CT.  According to FDG- 

Positron emission tomography (PET) is the best procedure to find metastasis 

and recurrent NPC.  However, Use the combination of FDG-PET and MRI is 

more accurate for tumor restaging (overall accurate 92.1%) (23).   

    All patients’ NPC staging refers to TNM staging system of malignant 

tumors of the nasopharynx follow the 8th edition of the American Joint 

Committee on Cancer (AJCC).  TNM staging is a diagnostic test to find out the 

cancer stage, prognostic stage groups and decide the treatment of the patient.  

For more details of each part of the TNM staging, where tumor (T) is how large 

of the primary tumor and where it is located, node (N) has the tumor spread to 

the lymph nodes, and metastasis (M) has cancer spared to other organs of the 

body.  So, the cancer stage is combining of the T, N, M. In more information, 

see Table 1 (24). 

 

2.1.5.4 Treatment 

NPC have significantly differences from other head and neck cancers in 

its occurrence, causes, and treatment strategies.  There are different types of 

treatment for NPC patient such as; radiation therapy, chemotherapy, and 

surgery.  However, Radiation therapy has played the most important and central 

role in the definitive therapy for the patients because NPC is highly sensitive to 

radiation therapy.  Moreover, treatment for NPC may cause many side effects 

such as: tooth decay, redness of the skin in the treated area, dry mouth from 

damage to salivary glands, hair loss, nausea, fatigue, pain or difficulty 

swallowing, and loss of appetite because of changes in a person's sense of taste.   

In the high stage cancer, the combination way, which is most recent and 

most popularized nowadays, is the standard concurrent chemoradiation therapy 

(CCRT) followed by adjuvant chemotherapy (AC) in patients with locally 

advanced and non-metastatic stage NPC.  The report from Blanchard P. and 

others founded that CCRT follow by AC had a significantly for 5-year overall 

survival benefit better than radiotherapy alone (67% vs. 37%, respectively) (25). 
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Currently, this is achieved by monitoring changes in tumor size by using 

CT and/or MRI.  Unfortunately, this assessment monitors a relatively late event 

because functional changes occur prior to alterations in size and tumor size 

assessments are usually undertaken halfway through a course of treatment.  So, 

it is increasingly important to predict early response to CCRT in order to 

identify patients who can response to treatment while avoiding unnecessary 

treatment.  Therefore, biomarkers that can provide an earlier indication of 

response are essentially required.  

 Table  1 TNM staging of cancer by AJCC 
 

Stage Stage grouping Stage description  

0 Tis, N0, M0 
The tumor is located inside of the nasopharynx, with no spread to lymph 

nodes and no distant metastasis 

I T1, N0, M0 
The tumor is in the nasopharynx. It might in oropharynx and/or nasal 

cavity, with no spread to lymph nodes and no distant metastasis 

II 

T1 (or T0), N1, M0 

OR 

T2, N0 or N1, M0 

The tumor is in the nasopharynx it might in oropharynx and/or nasal 

cavity. Or, no tumor is seen in the nasopharynx, but it founds in lymph 

nodes in the neck and EBV positive, but no metastasis 

OR 

This stage may also describe a tumor that has beyond the nasopharynx but 

has not spread to lymph nodes or metastasis. It may also describe a tumor 

that has spread to lymph nodes but no metastasis 

III 

T1 (or T0, T2), N2, M0 

OR 

T3, N0 to N2, M0 

A noninvasive or invasive tumor that has spread to lymph nodes on both 

sides of the neck above the triangular area but no metastasis 

OR 

This stage may also describe a larger tumor with or without lymph node 

involvement and no metastasis 

IVA 

T4, N0 to N2, M0 

OR 

Any T, N3, M0 

This describes any invasive tumor with either no lymph node involvement 

or spread to only a single same-sided lymph node but no metastasis (T4, 

N0 or N1, M0). It is also used for any invasive tumor with more 

significant lymph node involvement but no metastasis (T4, N2, M0). 

OR 

It also describes any tumor with extensive lymph node involvement but no 

metastasis. 

IVB Any T, Any N, M1 This describes any tumor when there is evidence of metastasis 

Recurrent 
cancer that has come back after treatment. If the cancer does return, there 

will repeat the tests and determine the staging. 

Abbreviations: Tis = carcinoma in situ 
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2.2 Review of related literatures 

Cui Y., Zhang X. P., Sun Y. S., Tang L. & Shen L. (2008) (26) reported ability 

of ∆ADC as an imaging biomarker in 23 patients with colorectal and gastric hepatic 

metastases in chemotherapy with a total of 87 lesions.  Imaging were performed before 

and 3, 7 and 42 days after starting of chemotherapy.  The mean ADC of patients 

measured by using DWI imaging.  The results showed that ∆ADC after treatment in 

days 3 and 7 seems to be a promising tool for helping predict and monitor the early 

response to chemotherapy of hepatic metastases from colorectal and gastric carcinoma. 

 Like Harry, V. N., et al. (2008) (27), who studied 20 patients with advanced 

cervical cancer and chemoradiation treatment.  Imaging and clinical examinations were 

performed before chemotherapy started, at 2 weeks after the start and at the end of 

therapy.  From the results, ADC values after 2 weeks of therapy showed a significant 

correlation with eventual MRI response and clinical response.  They further concluded 

that DWI has the potential to provide a biomarker of treatment response in advanced 

cervical cancers.   

An extensive review of literature has shown that using an early increase ADC 

may be a predictor of response to treatment.  These are two of many papers that have 

been evaluated ADC as a response biomarker in a number of tumor types across 

different therapies (13). 

Even though lesion ADC change may be a useful predictor for treatment 

response, a recent study reported that change of ADC in lesion had a limitation because 

it was based on whole-tumor analysis which did not reflect heterogeneity within the 

tumor (28).  To overcome this limitation, a new method called parametric response map 

(PRM) was proposed to evaluate response over time by quantifying voxel-wise changes 

in ADC (29). 

 Reischauer C, Froehlich JM, Koh DM, Graf N, Padevit C, et al. (2014) (30) 

compared ∆ADC and PRM analysis in 9 patients diagnosed with advanced non-small 

cell lung cancer with 13 lung tumors total and showed that this approach may prove to 

be more sensitive to changes resulting from therapy compared with mean ADC changes 

averaged over entire lesions as it accounts for heterogeneous changes that occur within 

each tumor with treatment.  In previously published results by Yabuuchi et al. (31) shown 

that an increase in the mean ADC at three to 4 weeks compared with pre-treatment 

values could predict good response in patients with non-small cell lung cancer.  

However, this study has shown that PRM potentially is observed as early as 1 week 

after starting treatment.  It can conclude that this paper used the new method PRM that 

more accuracy for evaluation of cancer treatment response. 
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Figure  7 Representative patients with HNSCC stratified by PRM as a responder (top 

row) and a non-responder (bottom row) at the time of analysis.  The scatter plots show 

the distribution of changes in PRM throughout the entire volume of interest.  Voxels 

with significantly increasing, decreasing, or unchanged are coded as red, blue, and 

green dots, respectively (32).  

 

 Galbán, et al. (2009) (32) evaluated the feasibility of monitoring treatment 

response to chemoradiation therapy in 15 patients with head and neck squamous cell 

carcinoma (HNSCC) AJCC stage III/IV disease based on the recommendation of a 

multidisciplinary head and neck tumor treatment use nonsurgical organ preservation 

therapy (NSOPT) concurrent radiation and chemotherapy.  PRM analysis was 

performed on ADC changes before therapy and 3 weeks after the therapy started.  The 

PRM Analysis will classify treatment response by three categories base on the change 

in ADC voxel where PRM+ is increased ADC shown in red voxels, PRM0 is unchanged 

ADC shown in green voxels and PRM− is decreased ADC shown in blue voxels (shown 

in Fig.7).  This study found that responder and non-responder of patient had negligible 

differences in percentage change in mean ADC.  Nevertheless, percentage change in 

Tumor volume and PRM+ were significantly associated with disease control (p < .05).  

Further evaluation of the predictive value was performed using an ROC curve analysis 

correlated with clinical progression.  The percentage changes in tumor volume and 

mean ADC were not significantly associated with clinical progression shown AUC 

equal 0.758, p = 0.06 whereas PRM+ (AUC = 0.825, p = .02) as shown in Fig.8 
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Figure  8 Receiver operating characteristic curve of treatment response in percentage 

change in tumor volume (red), mean ADC values (blue) and PRM analysis which 

exhibited a significant increase in ADC (green). 

 

It can be concluded that the percentage changes in tumor volume with 

significantly increased ADC values as assessed by PRM+ at 3 weeks in to a course of 

chemoradiation therapy were predictive of disease control at 6 months in head and neck 

cancer patients.  However, their study had a limitation that there is needed to be 

validated with more patient’s data.  Of 15 head and neck cancer patients, only 3 were 

found to have progressive disease 6 months after treatment.  In fact, preclinical models 

have shown that the greatest ability for diffusion MRI to predict response was before a 

significant change in tumor volume had occurred.  So, multiple time-point evaluations 

are needed to measure changes in diffusion. 

Base on the aforementioned studied, it could be concluded that the diffusion 

MRI, when assessed by PRM, has the potential to predicted treatment response in a 

number of tumor types across different therapies.  The volume of the tumor with a 

significant increase in ADC (PRM+) was directly correlated with favorable clinical 

outcome and there was no association between the volume of the tumor with decreasing 

ADC (PRM-) and clinical progression (33). 
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Figure  10 Conceptual framework 

CHAPTER III  
RESEARCH METHODOLOGY 

3.1 Research design  

This research was designed as a diagnostic test in the type of retrospective-

prospective study to a patient with nasopharyngeal carcinoma. 

 

3.2 Research design model 

 

 

3.3 Conceptual framework 

 

 

 

 

 

 

 

 

 

 

 

Figure  9 Research design 
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3.4 Key Word 

 Diffusion Weighted Imaging, Apparent Diffusion Coefficient, Parametric 

Response Map, Nasopharyngeal carcinoma. 

 

3.5 The sample 

3.5.1 Target population 

All MRI with DWI image data set of nasopharyngeal carcinoma patients 

who treated and followed up at division of radiation oncology, King 

Chulalongkorn Memorial Hospital (KCMH). 

 

3.5.2 Sample population 

 The MRI with DWI images dataset at pre-treatment and mid-treatment 

of nasopharyngeal carcinoma patients who treated and followed up at division 

of radiation oncology, KCMH and met the eligible criteria. 

 

3.5.3 Eligible criteria  

3.5.3.1 The inclusion criteria  

Patients with the first diagnostic with nasopharyngeal carcinoma with 

proved pathology complete staging with bone scan, ultrasonography (US), CT 

or MRI, EBV viral load, with or without PET/CT scan at KCMH.  All patient 

will be evaluated with MRI DWI for radiation treatment planning before 

treatment verification and treatment delivery following radiation treatment 

process. 

 

3.5.3.2 The exclusion criteria  

Patients who lost follow up or treatment within the first 6 months.  The 

researcher did not include patients who were undergoing concurrent 

chemotherapy and radiation therapy, or whose data have registration mismatch 

of the tumor at ADC image and contraindications to MRI. 
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𝒏 =
𝟐.𝟎𝟗 (𝒛𝟏−𝜶/𝟐+𝒛𝟏−𝜷) 𝟐

∆𝟐 ,  

𝒏 =
𝟐𝝈𝟐(𝒁𝜶

𝟐
 +𝒁𝜷) 

𝟐

𝒅𝟐
 

 , 

3.5.4 Sample size determination. 

The sample size was determined according to the formula 

 Primary objective 

 

where  

Zα/2   = 1.96 (95% Confidence level;  = 0.05) 

Zβ  = 0.84 (Power of 80%) 

σ2  = 49 (The population variance of patient-response 

patient in PRM) (32)  

d   = 18 (The hypothesis difference) (32) 

∴ n  = 3 (Partial-response patient) 

According to data statistic from Galbán, et al (32), the ratio of patient with 

complete-response and partial-response ≈ 10:3.  Thus, number of patient with 

partial-response are 3 and complete-response are 12.  

So, we will use at least 15 patient datasets.  

 

 Secondary objective  

Comparing two independent groups for continuous data by Mann–Whitney U 

test.   

 

where 

(𝑍1−𝛼/2+𝑍1−𝛽)
2
  = 7.849 ( = 0.05, 1 − 𝛽 = 0.80) 

 ∆    = 0.2 (The participated effect size for “large effect”) (34) 

 n     = 25.631 

    = 26 

Therefore, the eventual sample size was at least 26 patient datasets. 
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3.6 Materials 
3.6.1 Magnetic resonance imaging simulator  

 

Imaging Acquisition of scans was done with the MRI system with 1.5 Tesla at 

Division of Radiation oncology, KCMH acquired in a patient with the six-channel 

surface coil as shown in Fig.11.  The system is manufactured by GE Medical systems 

(Signa HDxt, GE Medical systems, Chicago, United States). 

 

3.6.2 3D Slicer software 

  

 

Figure  11 MRI Simulator GE Medical systems at KCMH 

Figure  12 3D Slicer software 
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The 3D slicer software is an open source software for medical image informatics, 

image processing, and three-dimensional visualization by the National Institutes of 

Health (NIH) and a worldwide developer community (BSD License).  It provides a 

platform for a variety of applications through a community-development model.  The 

resulting system has been used for research in both basic biomedical and clinically 

applied settings.  This study used 3D Slicer version 4.8.1 as in Fig.12 for a region of 

interest (ROI) drawing and reading/writing image into other formats; i.e. .nrrd, .raw, 

and .tiff (35). 

 

3.6.3 Image J software 

Image J is a public image processing and analysis program in Java inspired by 

National Institutes of Health (NIH) and the Laboratory for Optical and Computational 

Instrumentation (LOCI, University of Wisconsin).  Image J is available for Microsoft 

Windows, the classic Mac OS, Linux, and the Sharp Zaurus PDA.  ImageJ can read, 

display, edit, analyze, process, and save images in many format file (see Fig.13)(36). 

 

3.6.4 MATLAB software 

MATLAB (MATrix LABoratory) is a high level technical computing language 

developed by Math Works (The Mathworks, Inc., Natick, Massachusetts), Version 

R2018a.  It can integrate computation, visualization, and programming in an easy-to-

use environment including algorithm development, modeling, simulation, data analysis, 

exploration, and visualization. 

 

3.7 Methods 

3.7.1 Patient data collection 

The patient’s data set were extracted from diagnostic and radiation oncology 

department in synapse (PACS) system.  The data set include images, and the clinical 

characteristics of patient such as age, gender, hospital number, acquisition date, and 

staging were collected in the case record form in APPENDIX B. 

The imaging collected from MRI simulator 1.5 T with routine MRI simulation 

protocol except for diffusion-weighted sequence.  For each patient, MRI study was 

performed at 2-time point before treatment and five-weeks after initiation of 

chemoradiation therapy (CCRT).  DWI data were acquired in the axial plane, non-echo-

Figure  13 Image J software 
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planar imaging (EPI) series with PROPELLER technique.  The field of view covers the 

entire primary tumor volume and interested organ (TR/TE 5000 ms /79.806 ms, b factor 

0 and 800 sec/mm2, receiver bandwidth 650.78 Hz/pixel, slice thickness 5 mm, gap 5 

mm, Echo train length 16, and FOV 260 cm2) in pre-treatment and mid-treatment.  The 

clinical ADC, using all 2 b-values, was used in this analysis.  Display matrix size was 

256 x 256 pixels in Digital Imaging and Communications in Medicine (DICOM) format 

files as in Fig.14. 

3.7.2 Data analysis 

3.7.2.1 Region of interest analysis.  

Regions of interest (ROIs) were manually drawn over primary tumor-

bearing slice of NPC on DWI image (Fig.15) by information from MRI in others 

phase at pre-treatment and mid-treatment.  All manual ROI of the primary tumor 

were performed by one experienced neuroradiologist using 3D slicer program 

and export segmentation data in the NRRD (.nrrd) file format.   

A reduction in size for each tumor was calculated base of ROI into 

percentage change of volume at mid-treatment from pre-treatment given by  

%∆𝑉𝑜𝑙 = 100 ×
(𝑉𝑃−𝑉𝑀)

𝑉𝑃
, 

where VP is lesion volume at pre-treatment and VM is lesion volume at 5 weeks 

after the initiation of therapy. 

Patient data set 

 Series of ADC image Series of DWI image 

Pre-treatment 

  

Mid-treatment 

(5 weeks after 

CCRT) 

  

Figure  14 A series of MRI image in patient data set at pre-and mid-treatment 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 24 

 

 

 

Figure  15 Image of ROI on DWI image in 3D slicer program 

 

3.7.2.2 ADC analysis.  

ADC analysis is a method that calculated the mean of water diffuse in 

the tumor represent in percentage change of whole tumor ADC in lesion at mid-

treatment were calculated relative to the pre-treatment value follow by 

%∆𝐴𝐷𝐶 = 100 × (
𝐴𝐷𝐶𝑀−𝐴𝐷𝐶𝑃

𝐴𝐷𝐶𝑃
),    

where ADCP and ADCM represent average ADC value in lesion at pre-

treatment, and 5 weeks after the initiation of therapy, respectively. 

 

3.7.2.3 PRM analysis.  

To improve ability to define spatial and temporal changes in the tumor 

during treatment, this study used parametric response mapping (PRM).  PRM 

analysis is based on voxel-wise subtraction, which requires that pre-treatment 

and mid-treatment images are aligned.  

Image registration were performed in serial MR images co-registered 

from pre-treatment, and follow-up image at five weeks using affine registration 

of mono-modal image registration using mutual information algorithm in order 

to optimized the registration process on MATLAB (see Fig.16).  Mutual 
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information algorithm is a quantitative measure of how similar the images are.  

These algorithms use the joint probability distribution of a pixels from two 

images to measure the certainty that the values of one set of pixels’ map to 

similar values in the other image.   

 The researcher performed a two-step registration in order to minimize 

potential registration errors.  First, the DWI image of mid-treatment (moving 

image) were co-registered to DWI pre-treatment (fixed image) by “imregister” 

command as follow 

 

𝑚𝑜𝑣𝑖𝑛𝑔𝑟𝑒𝑔 =  𝑖𝑚𝑟𝑒𝑔𝑖𝑠𝑡𝑒𝑟(𝑚𝑜𝑣𝑖𝑛𝑔, 𝑓𝑖𝑥𝑒𝑑, 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑇𝑦𝑝𝑒, 𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑟, 𝑚𝑒𝑡𝑟𝑖𝑐)  

  

where moving is DWI image at mid-treatment, fixed is DWI image at pre-

treatment.  Both moving and fixed images are the same dimensionality. 

“transformType” is affine transformation consisting of translation, rotation, 

scale, and shear.  Optimizer is “regularStepGradientDescent”, and metric is 

mutual information.  As the result, the researcher generated the geometrical 

transformation of registration.  Next, used the result of geometric transformation 

matrix that relates moving to fixed image.  Use “imregister” applied to the mid-

treatment ADC map. 

Figure  16 ADC image of mid-treatment in (a) the original image and (b) the 

registered image. 

 

After registration, The PRM of ADC was calculated the difference 

between the ADC in mid-treatment and pre-treatment for each voxel (∆ADC = 

mid-treatment ADC in lesion - pre-treatment ADC in lesion).  Each voxel will 

be classified according its corresponding ∆ADC and a threshold that designates 

a significant change in ADC.  In this study, the researcher used the predefined 

threshold of 100 × 10−5 mm2/sec defined after experimenting with several 

values.  

 

      (a)          (b) 
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Specifically, the PRM analysis will classify voxels within tumor into 

three categories based on ∆ADC after mid-treatment.  A voxel with ADC 

increasing of more than a pre-defined threshold will be classified as significantly 

increased and displayed in red (∆ADC > 100 × 10−5 mm2/sec).    

 

Figure  17 Construction of PRM of ADC are built by using tumor images at pre- and 

mid-treatment, a difference image is calculated. A significant decrease, increase, and 

no change in ADC is labelled in blue, red, and green.  

 

A voxel with ADC decreasing by more than the threshold will be 

classified as significantly decreased and displayed in blue (∆ADC < -100 × 10−5 

mm2/sec).  Any voxel whose absolute value of ADC change less than the 

threshold will be classified as no significant change in ADC and will be 

displayed in green (-100 × 10-5 ≤ ∆ADC ≤ 100 × 10−5 mm2/sec) (Fig.17).   

The percentage PRM in each category can be obtained by PRM+ 

(increased ADC), PRM- (decreased ADC), PRM0 (unchanged ADC) as follow:  

𝑃𝑅𝑀+ = 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝒓𝒆𝒅 𝑣𝑜𝑥𝑒𝑙𝑠 

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑜𝑥𝑒𝑙𝑠
× 100, 

𝑃𝑅𝑀- = 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝒃𝒍𝒖𝒆 𝑣𝑜𝑥𝑒𝑙𝑠 

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑜𝑥𝑒𝑙𝑠
× 100, 

𝑃𝑅𝑀0 = 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝒈𝒓𝒆𝒆𝒏 𝑣𝑜𝑥𝑒𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑜𝑥𝑒𝑙𝑠
× 100, 

where PRM+, PRM0, PRM- are the percentage within the tumor of red voxels, 

green voxels, and blue voxels, respectively.  For PRM analysis, this study was 

focused on only the percentage of voxel with significant increase ADC (PRM+) 

for the statistical analysis (33).  The distribution changes in PRM of ADC at each 

time point for the entire tumor volume can illustrate by the scatter plots.  The 

pre-treatment ADC on the x-axis and mid-treatment ADC on the y-axis. 
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3.7.3 Classification 

Each patient will be classified complete-response (CR) or partial-response (PR) 

using the response evaluation criteria in solid tumors (RECIST) criteria version 1.1 (37) 

by a radiologist, which is the clinical standard assessment tool for measuring tumor 

treatment response.  The treatment response will be determined by evaluating axial 

unidimensional measurements (UDM) on measuring the maximum diameter of the 

primary tumor and lymph nodes in the largest axial slice of CT and/or MRI at pre-

treatment and 6 months after initiation of the treatment.   

 

3.8 Statistical analysis 

From the data of DWI in each of the CR and PR groups were obtained the mean 

and the standard deviation (SD) of %∆Vol, %∆ADC and PRM+.  An unpaired two-

tailed t-test was used to the determined value of tree biomarkers assessed between a 

patient with a complete response and partial response.  

The test performance for determining whether %∆Vol, %∆ADC and PRM+ 

correlated with tumor control at 6 months were determined using receiver operating 

characteristic (ROC) curve analysis.  ROC curve is a plot of the sensitivity or true-

positive rate (y-axis) and 1- specificity or false-positive rate (x-axis) in over all possible 

cut-points for each biomarker.  Moreover, for each biomarker also computed the 

optimal cutoff point for classify patient group using Youden’s J statistic for each 

biomarker (%∆Vol, %∆ADC and PRM+).  The Youden’s J index, can be formally 

defined as the maximum vertical distance between the ROC curve and random line 

(Youden’s J = sensitivity + specificity - 1).  For a test with poor diagnostic accuracy, 

Youden’s index equals 0, and a perfect test will have a Youden’s index of 1 (38).  

The area under the curve (AUC) represents the overall predictive value across 

all optimal cutoff point, the closer this AUC is to 1 is the stronger ability of the test, 

whereas an AUC of 0.5 indicates that the test is no better in predicting the condition 

than tossing a coin.   

The test to the evaluation of the performance of the biomarker compare with 

random guessing was performed using Mann–Whitney U test.  Statistical computations 

were performed using SPSS version 22 (SPSS Inc., Chicago, IL, USA), p value of less 

than 0.05 was considered statistically significant. 

 

3.9 Ethical consideration 

The data were collected in the patient data set, initial study was approved by 

Institutional Review Board (IRB) of the Faculty of Medicine, Chulalongkorn 

University, Bangkok, Thailand (IRB No. 255/62).  The certificate is shown in 

APPECDIX B. 
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However, the patient data were collected parallel with the research project 

entitled “The utility of diffusion-weighted magnetic resonance imaging in predicting 

treatment response of nasopharyngeal carcinoma” (IRB No. 014/61) but our current 

work adds the PRM analysis of data and statistical analysis of data.  

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter IV 

RESULTS 

4.1 Quality control of MRI system  

The quality control of MRI system was performed in the cylindrical Magphan® 

170.  The performance includes image uniformity, high contrast resolution, low contrast 

sensitivity, and geometric distortion (spatial linearity).  The results are shown in 

APPENDIX A. 

 

4.2 Patient data  

Of the initially enrolled 31 patients with nasopharyngeal carcinoma were 

initially in the study and 5 patents were subsequently excluded for the following 

reasons: change of treatment and lost to follow-up at KCMH.  A total of 26 patients 

were used in the analysis to determine the differences in %∆Vol, %∆ADC and PRM+ 

between pre- and mid-treatment (5 female and 21 male patients with mean age of 

45±12.4 years).  All patients were classified as NPC with locally advanced stage II to 

IVA following 8th edition TNM Classification of head and neck cancer staging from 

the American Joint Committee on Cancer (AJCC2018) (39) and each of them had one 

primary lesion.  The clinical characteristics of the patients are listed in Table 3.  Patients 

were stratified by clinical outcome at 6 months which resulted in twenty complete-

responders (CR) and six partial-responders (PR).    

 

Variable 
All patients 

(N=26) 

Complete-response  

(N=20) 

Partial-response  

(N=6) 

Age (year) 45 43 48 

Range (year) 18-64 20-63 18-64 

Sex (cases)    

Male 21 16 5 

Female 5 4 1 

Staging (cases)       

II 9 7 2 

III 8 7 1 

IVA 9 6 3 

Mean volume Pre (mm3) 3,063 3,395 2,532 

Mean volume Mid (mm3) 607 723 492 

Mean ADC Pre (10−5 mm2/sec) 8,268 7,979 8,821 

Mean ADC Mid (10−5 mm2/sec) 12,893 13,059 12,617 

Abbreviations: Pre = pre-treatment; Mid = mid-treatment 

Table  3 Clinical characteristic of patients 
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The representative cases of PRM analysis of CR and PR patients are displays in 

Fig. 18, 19.  Regions of interest were circumscribed on tumor overlaid on unregistered 

ADC image at pre-treatment as well as the corresponding scatter plots for quantification 

and distribution of pre-treatment ADC value (y-axis) vs mid-treatment ADC value (x-

axis) for the entire tumor volume.  Color coding is as follows: red for; voxels with 

significant increase in ADC; green for; voxels with unchanged ADC; and blue for; 

voxels with significant decrease in ADC.  

Fig. 18 displays images from a patient who was classified as CR, where 92.4% 

of the tumor volume were found to have a significant increase in ADC (shown as red 

voxels), regions within the tumor volume, approximately 3.6%, were found to have a 

significant drop in ADC (shown as blue voxels) and 4.1% unchanged in ADC (shown 

in green voxel).  In comparison, the PR patient (Fig. 19) had only 63.0% of the tumor 

volume producing a significant increase in ADC and 7.3% of the tumor was found to 

have a significant decrease in ADC and 29.7% unchanged in ADC (shown in green 

voxel).  Clearly, the results indicated that PRM+ was higher in a CR patient than in a 

PR patient. 
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(a) 

(b) (d) 

(c) 

Figure  18 A representative case of CR patients.  (a) Axial view of ADC 

phase at pre-treatment of nasopharynx.  (b) mid-treatment ADC image at 5 

weeks after CCRT started.  (c) PRM overlaid on unregistered ADC image 

at pre-treatment.  (d) The scatter plot illustrates the distribution of changes 

in PRM throughout the entire volumes of interest.  Voxels with significant 

increase, unchange, or decrease in ADC values are assigned as red (92.4%), 

green (4.1%) and blue (3.6%), respectively.    
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(a) 

(b) (d) 

(c) 

Figure  19 A representative case of PR patients.  (a) Axial view of ADC 

phase at pre-treatment of nasopharynx.  (b) mid-treatment ADC image at 5 

weeks after CCRT started.  (c) PRM overlaid on unregistered ADC image 

at pre-treatment.  (d) The scatter plot illustrates the distribution of changes 

in PRM throughout the entire volumes of interest.  Voxels with significant 

increase, unchange or decrease in ADC values are assigned as red (63.0%), 

green (7.3%) and blue (29.7%), respectively.    
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4.3 Response Prediction 

 

Figure  20 The box plot of three biomarkers: the percentage change of volume 

(%∆Vol), the percentage change of ADC (%∆ADC) and the percentage of voxel with 

significant increase ADC (PRM+).  The significant difference between both groups of 

patients was as assessed by t-test with p < 0.05. 
 

According to the statistical analysis, %∆Vol were a large change in tumor 

volume at pre-treatment and five weeks after initiation of chemoradiationterapy.  The 

mean value of percentage change (%∆Vol) in tumor volume did not show a significant 

difference between CR (mean value = 84.6%±12.3) and PR (mean value = 88.2%±4.5) 

with p = 0.53.  In this study, no patient showed an increase in tumor volume at the end 

of chemoradiation therapy.  

On the other hand, the mean of percentage changes in ADC (%∆ADC) was 

higher in mid-treatment as compared with pre-treatment in both patient groups. (mean 

ADC at pre-treatment = 8268 mm2/sec; mean ADC at mid-treatment = 12896 mm2/sec).  

The difference between both patient groups did not show any significant difference 

(59.7±28.4% in CR vs 44.3±23.7% in PR, p = 0.26).  The results of treatment response 

of %∆Volume, %∆ADC and PRM+ are presented in Table 4. 

With PRM analysis, it was found that PRM+ was significantly different between 

CR and PR groups (82.7±7.8% in CR vs 66.7±6.5% in PR, p < 0.05) as shown in Table 

4. and Fig 20 (in orange color).  Fig 21 displays the treatment response of three 
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biomarkers of CR and PR patient. In %∆ADC and %∆Vol shown negligible differences 

between clinical groups.  PRM+ of CR patient’s medians (lines through boxes) are lower 

than those of PR patients. Data collection for each patient are shown in Table 5. 

 

 

 

 

 

 

Biomarker 

 Patient groups  

p-value 
CR PR 

Mean SD Mean SD 

%∆Volume 84.63 12.27 88.17 4.51 0.535 

%∆ADC 59.70 28.39 44.32 23.75 0.263 

PRM+ 80.51 8.55 70.23 7.10 0.018 

* Statistically significant at p-value = 0.05. 

Table  4 Treatment response of %∆Volume, %∆ADC and PRM+ 
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4.4 ROC analysis  

Figure  21 Receiver operating characteristic (ROC) curves of PRM+ (orange line), 

%∆ADC (pink line) and %∆Vol (purple line) for predicting treatment response in 

twenty-six patients with NPC.  Area under ROC curves were 0.817, 0.633, and 0.417, 

respectively.  
 

A receiver operating characteristic (ROC) curve was generated for each of three 

biomarkers to compare the performance for predicting treatment response.  Table 6 

presented the AUC value and the optimal cut off point for each of the three biomarkers.  

As can be seen in Fig.21 and Table 6, PRM+ showed the highest AUC than %∆ADC 

and %∆Vol (0.817, 0.633, and 0.417 for PRM+, %∆ADC and %∆Vol, respectively) and 

the optimal cut of point using Youden's J statistic of PRM+, %∆ADC, and %∆Vol to 

predict CR and PR was 80.62%, 47.49%, and 93.62%.  Result of the Youden’s J index 

are presented in Table.7. 

In addition, the AUC value of less than 0.5 indicates that the test performs worse 

than random guessing.  Moreover, only PRM+ was significantly different from random 

guessing (p-value was 0.021), while %∆ADC and %∆Vol were not. 
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Table  6 ROC curve correlated with treatment outcome 

MRI  

Biomarker 
AUC 

95% 

confidence 

interval  

Significant 

level 

Optimal 

cutoff point 

%∆Vol 0.417 0.16 to 0.67 p = 0.542 93.62 

%∆ADC 0.633 0.33 to 0.37 p = 0.330 47.49 

PRM+ 0.817 0.09 to 0.63 p = 0.021 80.62 

Abbreviations: AUC = area under the curve 
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Chapter V 

DISCUSSION AND CONCLUSIONS 

5.1 Discussion 

MRI is a very powerful tool for oncologic imaging, including imaging in 

nasopharyngeal carcinoma.  Several MRI sequence, such as diffusion weighted (DW), 

dynamic contrast-enhanced (DCE) and functional MRI (fMRI) sequences are capable 

of characterizing tumor biology and provide functional parameters within tissue.   

Nowadays, advanced radiation therapy requires precise MRI images for 

contouring, characterizing tumor, providing quantitative functional parameters, and 

monitoring treatment response during and after radiation therapy; hence, the MRI 

simulation was developed and incorporated into radiation treatment planning process 
(40).  The MRI simulator has different purpose and technical requirements from 

diagnosis MRI.  It requires a large scanning bore with more than 70 cm for 

immobilization setup, a flat couch top, and an external laser positioning system in the 

MRI room (41). 

In our study, imaging data were acquired on MRI simulation for radiation 

treatment planning before treatment verification at pre-treatment and MRI at mid-

treatment with thermoplastic immobilization masks.  The immobilization mask was 

made fit with an individual patient to prevent the patient’s head and neck from moving.  

According to the treatment course, the anatomy of a patient who gets the 

chemoradiation will change during treatment; therefore, images acquired from two time 

points will be mismatched, and cannot be readily used for PRM analysis.  To align the 

images from two time points, we need to perform image registration. 

Currently, the intratumor heterogeneity has been reported to have pronounced 

effects on diagnosis and prognosis of NPC, and thus it is considered to be a potential 

predictive factor of NPC (42).  PRM analysis derived from MRI has been reported to be 

an effective biomarker for early cancer treatment response prediction by looking at 

change of tissue function within tumor, which reflects intratumoral heterogeneity.   

Our results indicated that PRM analysis on ADC from DWI had the potential 

for early treatment response prediction in NPC patients at five weeks after treatment.  

Comparing between %∆ADC and %∆Vol, the AUC for predicting response when using 

PRM+ as biomarker was higher than using %∆ADC, and %∆Vol.  

Early prediction of response to treatment is essential to avoid inefficient 

treatment of individual patients and improve the entire health care system.  Our study 

utilized ADC at pre- and 5 weeks after initiation of the CCRT validates PRM+ as 

biomarker because it followed the routine protocol at KCMH that patients have to 

follow-up at 5 weeks after the treatment starts. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 41 

In 2009, Galbán, et al. (32)  investigated the feasibility of using PRM analysis 

for DW-MRI data as an early biomarker for monitoring therapeutic efficacy following 

chemoradiationterapy (CRT) in patients with head and neck cancer.  The result 

indicated that the percentage change of ADC in 3 weeks after therapy have no 

significant difference.  Nevertheless, this was different from our results that %∆ADC, 

and %∆Vol showed no difference between CR and PR groups (see Table.8).  

These can be explained as follows.  Their work focused on head and neck 

(H&N) cancer including the nasopharynx, oropharynx, and hypopharynx where most 

of them were non-NPC, which was different from our work that focused only on 

nasopharyngeal carcinoma.  Although NPC is one of H&N cancers, its characteristics 

are different from other H&N cancers in its occurrence, causes, clinical behavior, and 

treatment.  Another possible reason is the definition of ROI.  In their work, ROI 

included both primary tumor and lymph nodes, while we defined ROI as only primary 

tumor in our work. 

In our work, that %Vol and %ADC did not perform well in predicting CR or 

PR may be because RECIST criteria used to define CR and PR involves several 

parameters such a target size or lymph node.  Therefore, the biomarker from PRM 

analysis was significantly different between CR and PR groups which was consistent 

with our results.  It could be explained that PRM was more predictive for CR and PR 

because PRM indicated heterogeneity, where Vol and ADC did not.  This may be 

because the effect of treatment is pronounced in tissue functional processes earlier than 

in anatomical structures.  Moreover, PRM+ had higher AUC than %∆ADC, which was 

resulted from the fact that PRM+ is a voxel-based technique accounting for 

heterogeneity in the tumor and is more sensitive than a whole-tumor technique, such as 

%∆ADC. 

However, our study had limitations.  First, our study was a preliminary result 

which was based on small sample size.  Second, NPC is the cancer that has complex 

pattern.  It may cause possible mismatch between pre-treatment and mid-treatment may 

occur due to poor registration.  Finally, our study used only one MRI follow-up (at five 

weeks) for NPC patients. 

In addition, although this study focused only on NPC patients treated with 

CCRT, the PRM can, in principle, be applied to most other cancers and treatments given 

allow diffusion measurements in other body regions and a several time point MRI 

follow-up may be needed. 
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5.2 Conclusion 

The Heterogeneity in malignancies has been reported to be a potential predictive 

factor of NPC patients.  The observations in this study indicated that the proposed PRM 

biomarker to quantify the ratio of voxels with significantly increased ADC values as 

assessed by PRM+, was significant different in CR and PR with p value < 0.05.  The 

performance of predicting treatment outcome of CCRT at 6 months in PRM+ had higher 

than %∆ADC, and %∆Vol. 

The propose of PRM+ was based on voxel-based analysis which accounted for 

intratumoral heterogeneity, may be a potential biomarker for early chemoradiation 

treatment response prediction in NPC.  Early prediction of response to treatment is 

essential in order to improve treatments and related toxicity. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX A 

Quality control of MRI system 

 

Location:   MRI simulator room, Radiation oncology department, 
Vongvanich building, King Chulalongkorn Memorial Hospital.   

Manufacturer:   GE Medical systems 

Model name:   Signa HDxt 1.5 T, Serial number 17085  

QC phantom:   Cylindrical Magphan phantom, Model SMR170 (Fig.22) 

 

Quality control of MRI scanners was performed according to Magphan 

manual in the phantom laboratory as follows: 

 Phantom positional verification 

 Image uniformity 

 High contrast resolution 

 Low contrast sensitivity 

 Geometric distortion (spatial linearity) 

Figure  22 Magphan® SMR 170 phantom 
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Phantom position verification 

 

Objective:  To verify positioning of phantom set-up and alignment for scanning. 

Method: 

We placed the phantom in the MRI machine with 6 channels flex PA coil.  The 

center of the phantom was placed in the center of coil and aligned with the positioning 

indicator light along three axes using the plastic level, and the scanner alignment lights 

as a guide.  

Result:  

In the localizer image, we could see the slice width ramps protruding from the 

test cube, and centered the ramp protrusions are opposite each other (see Fig 23).     

 

Figure  23 The localizer image of the phantom Magphan with slice locations for axial 

scans indicated.  
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Image uniformity 

 

Objective:  To test the ability of the MR imaging system to produce a constant 

signal response throughout the scanned volume when the object is being imaged with 

homogeneous MR characteristics. 

Method: 

 We displayed the Magphan housing without the test cube and support disk.  

For image analysis, we placed a large circular ROI at the center of the image of the 

signal producing volume, enclosing at least 80% of the image, excluding regions near 

the edge.  We determined the maximum (Smax) and minimum (Smin) pixel values within 

the ROI by calculating the percent integral uniformity (PIU) as follows: 

𝑃𝐼𝑈 = [1 −
(Smax −  Smin)

(Smax +  Smin)
] × 100 

where Smax is the maximum pixel value within the ROI, Smin is the minimum pixel value 

within the ROI.  

Figure  24 The Magphan® housing without the test cube 

 

Result: 

Table  9 The percent integral uniformity (PIU) of the T1 and T2 FS image. 

Sequence No Smin Smax PIU (%) 
Acceptance 

decision 

T1 

1 2456 2942 90.96 pass 

2 2416 2931 90.37 pass 

3 2430 2940 90.50 pass 
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Recommended action criteria:  

The percent integral uniformity (PIU) should be greater than 80 % for MRI 

systems with field strengths less than 3 Tesla. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Average 2434 2938 90.62 pass 

Sequence No Smin Smax PIU (%) 
Acceptance 

decision 

T2 FS 

1 3781 4459 91.77 pass 

2 3812 4459 92.17 pass 

3 3781 4440 91.98 pass 

Average 3791 4452 91.98 pass 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 48 

High contrast resolution 

 

Objective: To measure the capacity of an imaging system to show separation of 

objects when there is no significant noise contribution. 

Method: 

We displayed the high contrast resolution slice and magnify the image.   We 

looked at the smallest resolvable array element and made a note of the smallest target 

size resolved.  The targets were 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, and 11-line pair/cm as in Fig. 

25.  

 

Figure  25 High resolution pattern  

  

Results: 

Table  10 The results of high contrast resolution in line pair/cm. 

 

Recommended action criteria:  

The high-contrast resolution should be equal to the pixel size or better 

(resolution of 1.0 mm or better). 

 

 

 

  

Sequence 
Smallest resolvable 

array element (lp/cm) 
Accepted 

T1 5 line pair/cm pass 

T2 FS 4-line pair/cm pass 
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Low contrast sensitivity 

 

Objective: To measure the ability to distinguish differences in intensity in the 

image. 

Method: 

 We displayed the slice to be scored and adjusted the display window width and 

level setting for best visibility of low-contrast objects. We determined the actual 

contrast levels of phantom by making ROI measurements at least 4 x 4 pixels in 

diameter of the hole, and calculated the average of the measurements from several scans 

of low contrast section.  The Table 11. refer to Fig. 26., the low contrast targets had the 

following diameters and contrasts: 

 

Table  11 The target diameters and hole depths of the phantom 

 

 

 

 

 

 

 

 

 

 

Figure  26 Low contrast pattern 

 

 

 

 

 

Target diameters Hole depths 

4.0 mm 0.5mm 

6.0 mm 0.75 mm 

10.0 mm 1.0 mm 

 2.0 mm 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 50 

Results: 

Table  12 Mean value of pixel intensity for low contrast sensitivity in T1 and T2FS 

sequence 

 

 

 

 

 

 

 

 

 

  

Sequence 
Depths 

(mm) 

Mean value of pixel intensity 

Diameters (mm) 

4.0 6.0 10.0 

T1 

0.5 1710.19 1672.16 1591.68 

0.75 1769.43 1725.37 1607.61 

1.0 2018.25 2019.13 2017.21 

2.0 2426.92 2474.64 2449.88 

T2 FS 

0.5 2621.15 2599.17 2519.04 

0.75 2820.75 2675.31 2469.64 

1.0 3260.27 3268.08 3302.54 

2.0 3995.73 3959.34 3909.05 
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Scan Slice geometry (slice width) 

 Objective: To estimate the full width at half maximum (FWHM) of the slice profile. 

Method: 

 We displayed the slice to be scored of the 4 test planes in the test cube there are 

two pairs of opposed 14° ramps: one pair is oriented to the x axis, the other pair to the 

y axis.  The ramps are made of 2 mm thick acrylic strips 10 mm wide mounted at 14° 

angles to the imaging plane. These ramps are used to estimate slice width.  The slice 

width or z(mm) can calculating as follows: 

𝑍(𝑚𝑚) = (𝐹𝑊𝐻𝑀)𝑋 × 0.25 

𝑍(𝑚𝑚) = (𝐹𝑊𝐻𝑀)𝑌 × 0.25 

 Figure  27 Scan Slice geometry pattern with location of X and Y ramp 

 To find the FWHM of the ramp from the scan image we need to determine the 

values for the peak of the ramp, and for the background.  To calculate the value for the 

peak of the ramp, close down your window width.  Move the MRI scanner window 

level to the point where the ramp disappears. Note the number of the level at this 

occurrence as your peak. 

 To calculate the value for the background, use the region of interest indicator to 

identify the mean value of the area adjacent to the ramp.  Using the above values 

determine the Half Maximum by calculate the net peak (net peak = peak value – 

background value) after that calculate the 50% net peak and calculate half maximum 

(half maximum = (net peak/2) + background value).  To find FWHM we set the MRI 

scanner window level at the half maximum value and measure the length of the ramp 

in the image. 
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Results: 

Table  13 The result of slice geometry 

Sequence 
Ramp 

 

Mean 

Bg 

Half 

maximum 

FWHM 

(mm) 

Z 

(mm) 

Slice 

thickness 

(mm) 

% 

Difference 

T1 

X 2219 1684 16.33 4.0825 4 2% 

Y 2187 1668 16.47 4.1175 4 3% 

T2 FS 

X 3586 2523.5 15.419 3.85475 4 4% 

Y 3500 2480.5 14.611 3.65275 4 9% 

Abbreviations: Bg – Background, FWHM - The full width at half maximum 
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Geometric distortion 

  

Objective: To assess the accuracy of the image lengths in the imaged subject. 

 Method: 

  We measured the displacement of displayed points within an image relative to 

their known location of the phantom in 4 directions: X, Y, Left and Right (Fig 27,28).  

The percent distortion was defined as following: 

%𝐷𝑖𝑠𝑡𝑜𝑟𝑡𝑖𝑜𝑛 = (
True dimension –  observed dimension  

True dimension 
) × 100 

 

 Figure  28 Geometric distortion (spatial linearity) pattern distance X and Y. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  29 Geometric distortion (spatial linearity) pattern distance left and right. 
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Results: 

Table  14 The results of geometric distortion in X and Y direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table  15 The results of geometric distortion in Z direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sequence Distance 2 cm 4 cm 8 cm 10 cm 

T1 

Measured distance (X) 2.04 4.01 8.03 9.99 

% Difference 2% 0.2% 0.4% 0.1% 

Measured distance (Y) 1.97 3.97 8.03 10.01 

% Difference 1.5% 0.7% 0.4% 0.1% 

T2 FS 

Measured distance (X) 2.02 4.01 8.04 10.01 

% Difference 1% 0.2% 0.5% 0.1% 

Measured distance (Y) 1.99 3.98 8.01 10.04 

% Difference 0.1% 0.5% 0.1% 0.4% 

Sequence Distance 2 cm 8 cm 10 cm 12 cm 

T1 

Measured distance (R) 2.03 7.99 10.08 12.04 

% Difference 1.5% 0.1% 0.8% 0.4% 

Measured distance (L) 2.02 8.04 10.05 12.05 

% Difference 1% 0.5% 0.5% 0.4% 

T2 FS 

Measured distance (R) 1.99 7.99 10.01 12.00 

% Difference 0.1% 0.1% 0.1% 0% 

Measured distance (L) 2.02 8.03 10.05 12.05 

% Difference 1% 0.4% 0.5% 0.4% 
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Table  16 The result of percentage distortion  

 

 

Recommended action criteria:  

 Percent distortions in the spatial linearity are generally considered acceptable 

if they are less than 5%. 

 

Sequence Distortion (%) 
Acceptance 

decision 

T1 <5 pass 

T2 FS <5 pass 
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APPENDIX B 

The approval of institutional review board 

 

Certificate of research approval from Institutional Review Board (IRB) of 

faculty of Medicine, Chulalongkorn University, Bangkok, Thailand. IRB no. 255/62. 
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APPENDIX C 

Case record form 

 

Table 18 A format of case record form for collect the patient data. 

Patient No.  

HN  

Acquisition date (DD/MM/YYYY)  /  /  

Age (year)   

Sex  Male                           Female 

Smoking  Yes                            No 

EBV viral load  

  Less than 316 copies/mL  (_____) 

  More than 316 copies/mL (_____)  

Staging ________,  T___     N___       M___  

Cell type 

  Well differentiation   

  Mod differentiation   

  Poorly differentiation   

  Undifferentiation 

RT +dose (IMRT technique)   

CMT + dose  

ROI by neuroradiologist  

Pre-treatment  Date: 

 Mean ADC = _______________ 

 Volume = __________________  

 Voxel size = ________________ 

 Number of slide = ____________ 
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Mid-treatment (5 week)  Date: 

 Mean ADC = _______________ 

 Volume =___________________ 

 Voxel size = ________________ 

 Number of slide = ____________ 

% ∆Volume  _________________ 

% ∆ADC _________________ 

PRM+ _________________ 

PRM- _________________ 

PRM0 _________________ 

Response to treatment at 6 months after beginning CCRT  

Imaging   MRI                                     CT 

Clinical outcome  Complete- responders         Partial responders 
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Table  20 A format of test result variable 

 

Test Result 
Variable 

No of 
patient 

The 
optimal 
cutoff 
point 

Sensitivity 
1 - 

Specificity 
Youden’s J 

index 

 
1 

    

2 
    

3 
    

4 
    

5 
    

6 
    

7 
    

8 
    

9 
    

10 
    

11 
    

12 
    

13 
    

14 
    

15 
    

16 
    

17 
    

18 
    

19 
    

20 
    

21 
    

22 
    

23 
    

24 
    

25 
    

26 
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