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ABSTRACT (THAI) 

 กรรณิการ์ กญัญาค า : การวดัค่าทีทู (T2 relaxation time) โดยใชฮิ้สโตแกรมจากการวาดบริเวณท่ีสนใจ (Region of interest) 
ของกลา้มเน้ือเพื่อการศึกษาการท างานของกลา้มเน้ือในเคร่ืองถ่ายภาพสนามแม่เหลก็ก าทอน 1.5 เทสลา . ( The measurement 
of transverse relaxation time (T2)  using histogram from ROI setting in muscle activity study at 1.5 Tesla MRI ) อ.ท่ีปรึกษา
หลกั : รศ. ดร.อญัชลี กฤษณจินดา, อ.ท่ีปรึกษาร่วม : ศ. ดร.โนริยูกิ ทาวาร่า 

  
การตรวจการท างานของกลา้มเน้ือดว้ยเคร่ืองถ่ายภาพสนามแม่เหลก็ก าทอนเป็นการประเมินสมรรถภาพของกลา้มเน้ือโดยการ

เปรียบเทียบภาพสนามแม่เหล็กก าทอนระหว่างก่อนและหลังการออกก าลังกาย ซ่ึงจะช่วยเพิ่มการหดตัวของกล้ามเน้ือท าให้เกิดการ
เปล่ียนแปลงความแตกต่างของความเขม้ของสัญญาณภาพทีทู (T2) การศึกษาก่อนหนา้น้ีส่วนใหญ่จะเลือกใชล้ าดบัพลัส์มลัติเป้ิลสปินเอคโค่ 
(Multiple spin echo: MSE) และวางบริเวณท่ีสนใจ (ROI) เลก็ ๆ หลายอนัในกลา้มเน้ือท่ีตอ้งการวดั ซ่ึง การก าหนดบริเวณท่ีสนใจ (ROI) ดว้ย
วิธีน้ีไม่ไดค้รอบคลุมกลา้มเน้ือท่ีท าการศึกษา ดงันั้นวตัถุประสงคข์องงานวิจยัน้ีเพื่อวดัค่าทีทู (T2) ของกลา้มเน้ือโดยการก าหนดบริเวณท่ี
สนใจใหค้รอบคลุมกลา้มเน้ือท่ีท าการศึกษาทั้งหมดโดยใชค้่าเฉล่ีย และค่ากลางของขอ้มูลจากฮิสโตแกรมของสญัญาณเพื่อตรวจสอบอิทธิพล
ของการตั้งค่า ROI ตามลกัษณะของฮิสโตแกรมตามสัญญาณเอ็มอาเพื่อศึกษาการท างานของกลา้มเน้ือในเคร่ืองถ่ายภาพสนามแม่เหล็กก า
ทอน 1.5 เทสลา ท าการศึกษาโดยสแกนหุ่นจ าลองโดยใชเ้คร่ืองถ่ายภาพสนามแม่เหล็กก าทอน 1.5 เทสลาและใชล้ าดบัพลัส์ MSE ร่วมกบัค่า
รีพิทิชัน่ไทม ์(TR) 1,000, 2,000,…4,000 มิลลิวินาที เอคโค่ไทม ์(TE) 15, 30, …, 390 มิลลิวินาทีและตน้ขาขวาของอาสาสมคัรชายท่ีมีสุขภาพ
ดีจ านวน 8 คน โดยใชรี้พิทิชัน่ไทม ์(TR) 2,000 มิลลิวินาที ตรวจสอบการท างานของกลา้มเน้ือของอาสาสมคัรท่ีออกก าลงักายโดยการงอขา
และเหยียดขาตรงจ านวน 200 คร้ัง แลว้ท าการสแกนตน้ขาขวาของอาสาสมคัรทั้งก่อนและหลงัออกก าลงักาย ค านวณค่าทีทู (T2) โดยใชว้ิธี 
mono-exponential linear least- squares ของค่า เอคโค่ไทม์ท่ี 30, 45, 60, 75 มิลลิวินาที ผลการศึกษาในหุ่นจ าลองแสดงให้เห็นว่าเม่ือค่า
รีพิทิชัน่ไทม ์(TR) เพิ่มข้ึนจ านวนสญัญาณจะเพิ่มข้ึนและกราฟความเขม้ของสญัญาณ (SI curve ) ของรีพิทิชัน่ไทม ์(TR) 1,000 มิลลิวินาทีต ่า
กวา่ค่าอ่ืนแต่เม่ือรีพิทิชัน่ไทม ์ (TR) มีค่า 2,000 มิลลิวินาทีหรือมากวา่สญัญาณท่ีไดจ้ะเท่ากนั ส าหรับผลการศึกษาการออกก าลงักายไดรั้บการ
ยืนยนัวา่วิธีการใชค้่าเฉล่ียในฮิสโตแกรมนั้นเหมือนกบัวิธีการทัว่ไปกลา้มเน้ือทีทู (T2) ในทั้งสองวิธีเปรียบเทียบระหว่างการพกัผอ่นและหลงั
การออกก าลงักายค่าทีทู (T2) มีความแตกต่างอยา่งมีนยัส าคญัและยืนยนัความแตกต่างของการเพิ่มข้ึนของค่าทีทู (T2) จากค่าโหมดในฮิสโตแก
รม นอกจากน้ีการศึกษาการออกก าลังกายยงัพบว่ากล้ามเน้ือตน้ขาจากการออกก าลังกายด้วยวิธี knee extension พบว่าค่าทีทู (T2) ของ
กลา้มเน้ือ RF สูงกว่า VL, VI และ VM ซ่ึงแสดงให้เห็นว่านอกจาก RF แลว้ผลจากการออกก าลงักายดว้ยวิธีน้ียงัส่งผลต่อกลา้มเน้ืออ่ืนด้วย
และการออกก าลงักายด้วยวิธี knee extension มีผลต่อกลา้มเน้ือ VL, VI และ VM เพียงเล็กน้อยจากผลลพัธ์เหล่าน้ียงัได้รับการยืนยนัว่า
ผลกระทบของ SNR ของภาพ MR ท่ีเกิดจากความแตกต่างในการเลือกขดลวดรับสัญญาณรวมถึงการตั้งค่า ROI ท่ีมีขนาดใหญ่โดยสรุป
ผลการวิจัยท่ีได้รับดังต่อไปน้ีขอ้แรกคือการตั้งค่า ROI โดยใช้ฮิสโตแกรมท่ีเสนอโดยการศึกษาน้ีสามารถแสดงคุณลกัษณะภายในของ
กลา้มเน้ือตามขอบเขตของความสนใจโดยมีความแปรปรวน (SD) จากการตั้งค่า ROI ลดลง ขอ้ท่ีสองคือการเพิ่มข้ึนของทีทู (T2) หลงัจากการ
ออกก าลงักายดว้ยวิธี knee extension ไม่เพียงแต่เก่ียวขอ้งกบั RF เป็นส่วนใหญ่แต่ยงัรวมถึงกลา้มเน้ืออ่ืนท่ีไม่ใช่ RF ดว้ยแต่มีส่วนเก่ียวขอ้ง
เพียงเล็กนอ้ยอิทธิพลต่อทีทู (T2) ท่ีค  านวณโดยการตั้งค่า ROI นั้นเก่ียวขอ้งกบั SNR เน่ืองจากผลกระทบของสัญญาณรบกวน(Noise)ของผล
ภาพ MR ดงันั้นการวิเคราะห์ทีทูโดยใชฮิ้สโตแกรมจึงมีประโยชนแ์ละสามารถน าไปใชก้บักิจกรรมของกลา้มเน้ือซ่ึงไม่ไดรั้บการยืนยนัโดย
วิธีการเดิมหรือวิธีทัว่ไป (conventional method) 
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ABSTRACT (ENGLISH) 

# # 6074050230 : MAJOR MEDICAL IMAGING 
KEYWORD: TRANSVERSE RELAXATION TIME (T2), / MULTIPLE SPIN ECHO (MSE), / REGION OF INTEREST 

(ROI), MUSCLE FUNCTIONAL MRI(MFMRI) 
 Kannikar Kanyakham : The measurement of transverse relaxation time (T2)  using histogram from ROI setting in muscle 

activity study at 1.5 Tesla MRI . Advisor: Assoc. Prof. ANCHALI KRISANACHINDA, Ph.D. Co-advisor: Prof. Noriyuki 
Tawara, Ph.D. 

  
Muscle functional MRI (mfMRI) is the method to evaluate the muscle activity before and immediately after the muscle 

exercise by the magnetic resonance images. Exercise of skeletal muscles enhances image contrast in T2-weighted magnetic resonance (MR) 
images. In previous studies, the exercised physiology used multiple-spin-echo (MSE) sequences for calculating transverse relaxation time 
(T2) with several small regions of interest (ROI) within the target tissue. Such a method may not represent all properties of the target tissue. 
The purpose of this study is to measure T2 in rest and exercise muscle at 1.5 Tesla MRI using average mode values in histogram of signal 
intensity of whole target muscle. A PVA-gel cylindrical phantom was scanned by a 1.5 Tesla whole body MR scanner using MSE with TR 
1000, 2000, 3000, 4000 ms, TE 15, 30, ……390 ms, and right thigh of eight healthy male subjects with repetition time (TR) 2000 ms. 
Subjects performed knee extension exercise of the right thigh 200 times and MR images were acquired at rest and after exercises. T2 was 
calculated by mono-exponential linear least-squares of TE 30, 45, 60, 75 ms. Results: for the phantom study, MR signal intensity increases 
with increasing TR. The SI curve of TR 1000 ms is lower than other TR signals, but the relaxation curve of TR 2000 ms and more show 
similar MR signals. In exercise study, it has been confirmed that the method using average value in histogram is the same as the conventional 
method. Muscle T2 in both methods, rest and after exercise, are significantly different and an increase by combining with the result of mode 
values from the histogram. In addition, in the muscle activity of quadriceps muscle by knee extension exercise, involvement of other than 
RF which has not been reported in the past, but in this study, VL, VI, and VM were also confirmed. It could be confirmed that the effect of 
SNR of MR images caused by the difference in the selection of RF receiver coil as well as the ROI setting is large. In conclusion, the 
following findings were obtained: first, the ROI setting using histogram proposed by this study can objectively obtain the characteristics 
within the region of interest with reduced variation. Second, the increase of T2 after the knee extension exercise is not only involved largely 
in RF but other muscles also slightly involved. The influence on T2 calculated by ROI setting is related to SNR because noise of MR image 
is affected. Therefore, T2 analysis using histogram is useful and could be applied for muscle activity, which is not confirmed by the 
conventional method. 
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CHAPTER I  
INTRODUCTION 

1.1 Background and rationale  
 Magnetic resonance imaging (MRI) is a diagnostic imaging technology to determine normal 

pathological and anatomical images without radiation and being used with increasing in research. 

In 1988, Fleckenstein et al [1] reported the first phenomenon in subjects that exercise induces MR 

signal changes resulting primarily from increase in the transverse relaxation time (T2) as a 

consequence. Fisher et al [2] suggested that the increases in T2 could be used as a quantitative 

measurement for muscle activity, this technique is referred to muscle functional MRI (mfMRI) 

since Meyer RA et al [3] and/or Ploutz-Snyder LL’s report [4]. 

The mfMRI is an advanced technique to investigate muscle activation patterns associated with 

various sports by measuring the changes in transverse relaxation time (T2) of muscle tissue after 

specific exercise. This technique known as T2 mapping displays the spatial patterns of muscle 

recruitment and the intensity of muscle activation immediately after exercise [3, 5]. This activity 

induces T2 hyper intensity. Increased T2 may be partly related to osmotically driven shifts of muscle 

and water. However, the underlying cellular mechanism for the increase in muscle T2 during and 

after exercise is still not fully understood. The phenomenon underlying these mechanisms have 

been efforts in many MRI studies by T2 to map the location and relative intensity of whole muscle 

recruitment during various types of exercise. The accurate measurement of muscle T2 can affect 

many MRI applications such as repetition time, echo time, receiving coil selection, and region of 

interest (ROI) setting, etc. [3, 5-9] 

In particular, ROI settings are essential effect on the precision of T2 calculated by regression 

analysis. The previous studies in exercised physiology and sports medicine use multiple-spin-echo 

sequences for calculating T2 with several region of interests (ROI) selected within the target tissue 

in the images. This method may not represent all the properties of the target tissue. Therefore, it is 

necessary to verify T2 calculated in ROI setting is reflected in the characteristic of the target tissue.  
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1.2 Research objective 
To measure T2 values in rest and exercise muscle for investigation of the influence of ROI setting 

based on the characteristics of the histogram of the MR signal at 1.5 Tesla.  

 

1.3 Definition  
MRI scanner  MRI scanner is the machine that the magnetic field and 

radio frequency (RF) signals are used to produce images 
of anatomical structures, of the presence of disease, and 
of various biological functions within the human body. 
MRI produces images that are distinctly different from 
the images produced by other imaging modalities. The 
difference is that, MRI does not use radiation (x-rays) 
and the process can selectively image several different 
tissue characteristics. 

Region of interest (ROI)  ROIs are samples within a data set identified for a 
particular purpose. The concept of ROI is commonly 
used in many application areas. The ROI defines the 
borders of an object under consideration. 

Histogram Represents the actual distribution function of gray 
values or the numerical data. In the terms of image 
processing, it is therefore possible to provide the viewer 
with an entirely black or white image that contains 
relevant information.  

Transverse relaxation time (T2) The transverse magnetization generated by applying the 
RF pulse begins to decay immediately after stopping the 
application. T2 relaxation time or transverse relaxation 
time (T2) is the time until the transverse magnetization 
decays to a size of 37%.  
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CHAPTER II  
REVIEW OF RELATED LITERATURE 

2.1 Theory 
 Magnetic resonance imaging (MRI) is a medical imaging process that uses a magnetic field 
and radio frequency (RF) signals to produce images of anatomical structures, of the presence of 
disease, and of various biological functions within the human body. MRI produces images that are 
distinctly different from the images produced by other imaging modalities. The difference is that 
the MRI process can select image of several different tissue characteristics and pathologic process 
and produce image contrast, visible in an image because of its effect on other characteristics.  

MRI was originally called nuclear magnetic resonance imaging (NMRI). Certain atomic 
nuclei are able to absorb and emit radio frequency energy when placed in an external magnetic 
field. In clinical and research MRI, hydrogen atoms are most often used to generate a detectable 
radio-frequency signal that is received by antennas in close proximity to the anatomy being 
examined. Hydrogen atoms are naturally abundant in human and other biological organisms, 
particularly in water and fat. For this reason, most MRI scans essentially map the location of water 
and fat in the body. Pulses of radio waves excite the nuclear spin energy transition, and magnetic 
field gradients localize the signal in space. By varying the parameters of the pulse sequence, 
different contrasts may be generated between tissues based on the relaxation properties of the 
hydrogen atoms [10]. 

Atom consists of a nucleus and a shell, which is made up of electrons. In the nucleus, there 
are protons, that have a positive electrical charge. These protons are constantly turning, or spinning 
around an axis recall that a moving electrical charge is called a current and that an electrical current 
generates a magnetic field. Thus, protons have their own magnetic fields and behave like little bar 
magnets as shown in Figure 2.1[10, 11].   

https://en.wikipedia.org/wiki/Atomic_nucleus
https://en.wikipedia.org/wiki/Atomic_nucleus
https://en.wikipedia.org/wiki/Radio_frequency
https://en.wikipedia.org/wiki/Magnetic_field
https://en.wikipedia.org/wiki/Magnetic_field
https://en.wikipedia.org/wiki/Hydrogen
https://en.wikipedia.org/wiki/Properties_of_water
https://en.wikipedia.org/wiki/Lipid
https://en.wikipedia.org/wiki/Spin_(physics)
https://en.wikipedia.org/wiki/Pulse_sequence
https://en.wikipedia.org/wiki/Relaxation_(NMR)
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2.1.1 The protons in an external magnetic field. 
The magnetic field for each proton is known as a magnetic moment. Magnetic moments 

are normal randomly orientated as shown in figure 2.2(a). However, when protons are exposed to 

a strong external magnetic field (B0), they are aligned in only two ways, either parallel or 
antiparallel to the external magnetic field as shown in figure 2.2(b). The preferred state of alignment 

is the one that requires the least energy: that is, parallel to B0. Accordingly, more protons align with 

B0 than against it. The difference in the number of protons aligning parallel and antiparallel to B0 is 

typically very small but ultimately depends on the strength of B0 as well as the temperature of the 
sample [10, 11].  

 

  (a)                 (b) 

Figure 2.1 Protons possess a positive charge and are constantly spinning around their own axes. 
This generates a magnetic field making protons similar to bar magnets. 
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2.1.2 The movement of protons - precession 
When put protons in an external static magnetic field, the overall effect on a group of protons 

(that individually are aligned either parallel or antiparallel to B0) means that the group of spins 
classically move in a particular way called precession. Precession can be likened to the movement 
of a spinning top. When spun, the top wobbles but does not fall over and the axes of the top circles 
form a cone shape as shown in Figure 2.3. The speed of precession, that is, how many times the 
protons precess per second, is measured as the precession frequency (also named the Larmor 
frequency, ω0, in MHz) and determined by the Larmor equation [10, 12]:  
 

 

ω0 = γ∙B0 
 

 

ω0   =   Larmor frequency 
B0     =   The strength of a magnetic field 
 γ   =   Constant, for hydrogen γ is 4257 Hz/T 

 

 

 

 Protons precess parallel to B0 and begin to cancel each other out in all directions. The 

direction of the z-axis, along B0 Figure 1.4 (a). The result is a sum magnetic field or net 

Figure 2.2 (a) Protons spin with their axes in random directions in the absence of a magnetic field. 

In the presence of an external magnetic field B0 (b), the atoms largely align along or against the 
gradient.  

Figure 2.3 The atom precession, proton spinning top around axis of the magnetic field gradient B0, 
in the path of a cone.  
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magnetization, often given the symbol M, with the value M0. It is characteristically shown as a 
vector. As this sum magnetization parallels the external magnetic field it is also referred to as 
longitudinal magnetization Figure 2.4 (b).  

 

Figure 2. 4 Average of many protons produces the net magnetization M0 

2.1.3 Effect of Radiofrequency Pulses 
The net magnetization M can be changed by application, via a coil, of a radiofrequency 

(RF) pulse applied at the Larmor frequency ω0. The degree of rotation of the axis M is called the 
flip angle. This angle is determined by the strength and duration of the RF pulse. A 90˚ pulse moves 
the direction of M from the z plane into the transverse x-y plane as shown in Figure 2.5 [12].  

 

 
                                        (a)                            (b)                    (c) 

An RF pulse at the Larmor frequency will allow energy to be absorbed by the protons, thus 
causing the net magnetization to rotate away from the z axis. After transmission of the RF pulse 
cease, the effective magnetic field returns to B0. M lies in the x-y plane as shown, and processes 
about the z axis as shown in Figure 2.6(a). This precession induces a current in a receiving coil, 

Figure 2.5 Absorption of RF energy. Prior to an RF pulse, the net magnetization (small black 
arrow) is aligned parallel to the main magnetic field and the z axis. (b, c) 
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which the scanner uses to translate an image. As soon as the RF pulse ceases, however, the signal 
begins to diminish as Mxy (where the signal is at its maximum) returns to Mz. This free induction 
decay (FID) as shown in Figure 2.6(b).  
 
 
 
 
 
 
 
  

(a)                              (b)       
 

 
2.1.4 Magnetization Properties of Tissues  

With the patient in the magnet and processing longitudinal magnetization, RF pulses are 
switched on and off. The purpose of RF pulse is to disturb the protons that proton fall out of 
alignment with B0 as shown in Figure 2.5. RF pulses transfer energy to the protons. This can only 
occur when the RF pulse has the same frequency as the processional frequency of the protons, a 
phenomenal call resonance; hence the term magnetic resonance imaging. Accordingly, RF pulses 
are set at the Larmor frequency. The activation of an RF pulse has two main effects on the protons. 
First, longitudinal magnetization, protons gain energy and move to the higher energy state of being 
antiparallel to B0. Second, the RF pulse causes the protons to move in phase (in the same direction, 
at the same time) with each other rather than in random directions. The result is transvers 
magnetization in which a new magnetization vector is created in the XY plane and moves in the 
line with the processing protons at the Larmor frequency [10, 12].  

Relaxation occurs in two different ways. Transverse magnetization begins to disappear, a 

Figure 2.6 (a) After the pulse knocks M into the transverse plane, it rotates about the z axis. (b) 
The signal, which decreases over time, is detected by the receiver coil.  
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process called transverse or T2 relaxation and longitudinal magnetization starts to return to its 
original value, a process termed longitudinal or T1 relaxation time.  

T1 Relaxation Time and / or Spin-lattice relaxation time (T1) 

T1 relaxation time or longitudinal relaxation time (T1) is the process whereby protons 
exchange energy with their surroundings to return to their lower energy state and in during cause 
the restoration of longitudinal magnetization. After a 90° RF pulse rotates the longitudinal 
magnetization into the transverse plane, this magnetization may be called transverse magnetization. 
After a 90° RF pulse, the longitudinal magnetization is zero. The magnetization then begins to grow 
back in the longitudinal direction as shown in Figure 2.7 [11].  
 

 
Figure 2.7 Longitudinal (T1) relaxation. Application of a 90° RF pulse causes longitudinal 

magnetization to become zero. Over time, the longitudinal magnetization will grow back in a 

direction parallel to the main magnetic field. 

The definition of T1 is the time required for the longitudinal component of MZ recovering 
to 63% of its initial value as shown in the figure 2.8. The magnetization of tissues with different 
values of T1 will grow back in the longitudinal direction at different rates as shown in table 2.1.  
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Figure 2. 8 T1 Relaxation Time 

Table 2.1 T1 for some tissue types at 0.5 Tesla and 1.5 Tesla MRI 

Tissue T1(ms) at 0.5T T1(ms) at 1.5T 
Fat 210 260 
Liver 350 500 
Muscle 550 870 
White matter 500 780 
Gray matter 650 900 
Cerebrospinal fluid 1800 2400 

 
T2 Relaxation Time and/or Spin-spin relaxation time (T2)  

Transverse relaxation describes the process whereby protons fall out of phase in the x–y 
plane and transverse magnetization decreases and disappears. There are two causes for this loss of 
phase coherence.  

The first, T2 relaxation results from slowly fluctuating magnetic field inhomogeneity with in 
the local tissue. The internal inhomogeneity of spins (protons) influencing other neighboring spins 
have led to the term spin–spin relaxation also being used for T2 relaxation.  

The second of loss of phase coherence is due to inhomogeneity with in B0. Magnetic field 
variations result in slightly different Larmor frequencies for protons at different locations within 
the field. T2* (T2-star) relaxation is the name given to describe the effects that result from the 
combination of T2 relaxation and the de-phasing that results from inhomogeneity in B0. T2* 
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relaxation determines the actual rate of decay observed when measuring a free induction decay 
(FID). The description of T2 or transverse relaxation begins with the net magnetization aligned with 
the z direction and a 90° RF pulse that rotates this net magnetization into the transverse plane as 
shown in Figure 2.9 [11, 12]. 

 

The transverse magnetization generated by applying the RF pulse begins to decay immediately after 

stopping the application. The definition of the T2 relaxation time or transverse relaxation time (T2) 

is the time until the transverse magnetization decays to a size of 37% of its initial value as shown 

in the figure 2.10. Spin–spin interaction governs the speed of T2 relaxation and hence influences 

the T2 values for different tissues [10-12] as shown in table 2.2.  

 

 

 
 
 

 

Figure 2.10 T2 Relaxation Time 

The T2 value for each tissue is unique. T2 contrast in spin echo imaging: the longer the T2, the 
higher the signal.  

Figure 2.9 Transverse (T2*) relaxation. Immediately after application of a 90° RF pulse, transverse 
magnetization is maximized  
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Table 2. 2 T2 for some tissue types at 1.5 Tesla MRI 

 
2.2 Magnetic resonance (MR) Pulse Sequences  

2.2.1 Spin Echo (SE) 
Spin Echo is the process that uses an RF pulse to produce the echo event such as proton 

density weighting, T1 weighting, and T2 weighting. 
 
The spin echo process  

The SE pulse sequence (Figure 2.11) starts with a 90-degree pulse and produces FID that 
decays according to T2* ralaxation. After delayed time TE/2, a 180-degree RF pulse inverts the 
spins that re-establishes phase coherence and produces an echo at a time TE [10, 12]. 

 
Figure 2. 11 The spin echo process 

Tissue T2 (ms) 

Fat 80 

Liver 40 

Muscle 45 
White matter 90 
Gray matter 100 

Cerebrospinal fluid 160 
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The timing of RF pulses, the signal formed from these pulses, and the digitization of the 
signal is shown in Figure 2.12. TE is shown as the time to the echo, and the repetition time is shown 
as the time it takes to go through the pulse sequence once. This pulse sequence uses a 90° RF pulse 
with a 180° RF pulse to rephase spins to form an echo. T1 and T2-weighted images may be created 
with this pulse sequence. ADC is analog-to-digital converter; in all pulse sequence diagrams, G is 
gradient [12].  

 

 
Time of Repetition (TR) 

Time of Repetition (TR) is the period from adding the RF pulse (= 90° pulse and/or 
excitation pulse to adding the next RF pulse. During the TR interval, T2 decay and T1 recovery 
occur in the tissues as show in figure 2.13 [10, 12]. 
 
 

 
 
 
 

 
Figure 2. 13 Time of Repetition (TR) 

Figure 2. 12 Pulse sequence diagram. A pulse sequence diagram can be used to show the relative 
timing of certain events during an MR imaging acquisition.  
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Time of Echo (TE) 
 The time of echo (TE)  is the time between the RF pulse and the appearance of the peak 

amplitude of an induced echo, which is determined by applying a 180° RF inversion pulse or 
gradient polarity reversal at a time equal to TE/2.  as shown in Figure 2.13 
 

2.2.2 Multiple Spin Echo  
Multiple Spin Echo produces a series of echo events within cycles as illustrated in Figure 2.14. 

This is done by apply several 180° RF pulses after each 90° excitation pulse. The advantage is that 
echo events with different TE values are produced in one acquisition cycle.  Separate images are 
formed to each TE value [10, 12]. 

 

 

Figure 2. 14 Multiple spin echo imaging 

Figure 2.14 T2 decay is determined from multiple 180° refocusing pulse acquired during the 

repetition period. While the envelope decays with the T2* decay constant, the peak amplitudes of 

subsequent echoes decay exponentially according to the T2 decay constant, as extrinsic magnetic 

field inhomogeneity are cancelled. 
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2.3 Normal anatomy of quadriceps femoris muscle  
The quadriceps femoris (QF) muscle is a large muscle group which located in the anterior 

compartment of the thigh. It is composed of 4 muscle bellies consist of the rectus femoris (RF), 
which lies in the anterior portion of the thigh; the vastus medialis (VM) and vastus lateralis (VL) 
on the inner and outer portions, respectively; and the vastus intermedius (VI), which is located 
posteriorly. The vastus muscles originate from the anterior, medial, and lateral aspects of the femur. 
The RF originates from the anterior inferior iliac spine (AIIS) as shown in figure 2.15 and figure 
2.16 [13].   
 

 
(a) (b) 

 

Figure 2. 15 Anatomy of the quadriceps muscle. (a) = deep plane; (b) = superficial plane; VL = 
vastus lateralis; VI = vastus intermedius; VM = vastus medialis; RF = rectus femoris.  
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Figure 2. 16  Anatomy of the quadriceps muscle. Axial plane (diagram): VL = vastus lateralis; VI 

= vastus intermedius; VM = vastus medialis; RF = rectus femoris.  

 

2.4 Review of related literature 
Akima H. et al [14] investigated the coordinated activation of individual the quadriceps femoris 
(QF)  muscle during repetitive knee-extension exercises by using muscle functional MRI.  They 
found a moderated correlation between the rectus femoris muscle (RF) and vastus medialis muscle 
(VM), and between the vastus lateralis muscle (VL) and VM. They also found a strong correlation 
between the vastus intermedius muscle (VI) and VM, and between the VL and vastus intermedius 
muscle (VI).  They concluded that recruitment of the working muscles is dependent on type of 
exercise.  During repetitive isokinetic knee extension exercise, the rectus femoris muscle is more 
activated than the other three muscles. 

Prior BM. et.al [15] studied the validity of the threshold method for estimating active muscle area 
by examining the distribution of pixel T2 in muscles at rest and after moderate vs. intense voluntary 
exercise.  They gave the reason that if the implicit assumption of the threshold method is correct, 
then the pixel- to- pixel distribution of T2 should be broadest after moderate exercise, ideally 
approaching a bimodal distribution, because in that case some motor units (and, therefore, some 
pixels) would be active while others would not. 
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Figure 2. 18 Representative magnetic resonance (MR) images for biceps brachii (Bic, A), tibialis 

anterior (TA, B), and quadriceps (Quad, C) muscle groups. 

After a single repetitive exercise of lifting a weight equal to 50% of previously determined 1 

repetition maximum at a rate of 20 repetitions per minute until failure (Max exercise). The mean 

T2 of the active muscle also increased slightly with exercise intensity, but the magnitude of this 

increase was small compared with the T2 change averaged across the whole muscle. The variation 

of the pixel-by-pixel T2 calculation depends on the inherent signal-to-noise ratio (S/N) of the 

Figure 2. 17 Representative pixel T2 histograms for biceps brachii (A), Tibialis anterior (B), and 
quadriceps (c) muscle groups at rest (solid line) and after ½ max (dotted line) and max (dashed line) 
exercise.  
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images, which in turn is a complex function of the ratio of echo time, TE to T2, the receiver coil’s 

properties, the pixel size and slice thickness, the receiver band- width, and other factors. They 

suggested that after moderate-intensity exercise, when a muscle is not fully active, the pixel T2 

histogram should substantially broaden, ideally approaching a bimodal distribution. They also 

found no evidence for such bimodal behavior in the muscles after exercise. 
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CHAPTER III  
RESEARCH METHODOLOGY 

3.1 Research design  
This study is experimental study that performed in phantom and subjects 
3.2 Research design model 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. 1 Research design model 

 

 

 

 

     Measure the signal intensity of the target tissue in the images of T2 measurement 
study   

 3.Draw ROI around the target tissue in the images 
 

Evaluate muscle activity in T2- weighted images using average 
value and mode values in histogram 

Compare T2 values and histogram between rest and exercise study 
 

1.Phantom study 
 

2.Subjects’ study 
 

Rest study 
 

 Exercise study  
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3.2.1 Phantom study  
 
 
 
     
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 3. 2 Research design model of phantom study 

 

 

 QC of MR Scanner 

Perform MRI in PVA-gel 
phantom 

 Multiple spin echo  

      TR=1000 ms 

    TR=2000 ms 

TR=3000 ms 

TR=4000 ms 

Draw ROIs (TR=1000 ms, TR=2000 ms, TR=3000 ms and TR=4000 ms) and select 
the best TR to use in the exercise study and calculate T2 in phantom study 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 28 

3.2.2 Subject study  
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 

 
 
 

 
 
 
 

 
Figure 3. 3 Research design model of subject study 

 

 

                              Before Exercise  
Perform MRI at thigh on a dominant side using 18 channel 

body coil 

After Exercise 

Perform MRI at mid thigh using 18 channel body coil 

    Measure the signal intensity in the target tissue of rest and exercise 

Obtain the histogram and mode value and T2 muscle in different muscle activity 

 

Knee extension exercise 200 times 
(ten sets of twenty repetitions with a 30-sec. rest period between each 

set) 
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3.3 Conceptual framework 
 
 
 
 
 
 
 
 

 
 
 
   

Figure 3. 4 Conceptual framework 

 

3.4 Research question 
What are the T2 values from histogram, using region of interest (ROI) in muscle activity 

study at 1.5 Tesla MRI? 
 
3.5 The sample 

3.5.1 Target population 
The healthy male subjects will be recruited based on the following inclusion and 

exclusion criteria. 
3.5.2 Inclusion criteria 

 - The healthy male volunteer age range 20-35 years old. 

 - Repetition time  
 - Echo time (TE) 
 - Slice thickness 
 - Matrix size 
 - Field of view (FOV)      
 - Bandwidth  
 -  NEX 

 ROI setting 

The choice of 

RF coil 

 
MRI signal intensity 

 
 

T2 Muscle 

 Histogram 
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- No history of abnormal muscle.  
- Male with dominant side. 
- Competent to give inform consent. 

3.5.3 Exclusion criteria 
- Pacemakers, ferromagnetic implants, aneurysm clip in the body 
- Claustrophobia and those who cannot perform MRI. 
- Unable to exercise as defined. 

3.5.4 Sample size determination 

The sample population will be determined using this formula  

Ν =
(Ζ𝛼∕2+ Ζ𝛽)

2
𝜎2

𝑑
2  

-   Ν is Number of subjects in each of two groups  
-   Ζ𝛼/2 is 95% confidence Interval (1.96) from table 

           -    Ζ𝛽 is corresponding to power 90% (1.282)  
          -   𝜎2 is the variance of different in the two groups  
          -    𝑑     is the acceptable error 
 

Ν =
(1.96+ 1.282)2(2.5)2

32
=

65.691

9
= 7.2 ≅ 8 

 

 
          -     Ν          =    Number of subjects in each of two group  
    -    Ζ𝛼/2  =    1.96 (2-tailed 0.05 hypothesis test) 
              -    Ζ𝛽      =    1.282 (power = 0.9) 
                  -    𝜎2      =     The variance of different in the two groups 
              -     𝑑              =     Acceptable error 
  
Need total sample size = 8 
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3.6 Materials 
3.6.1 MRI 1.5 Tesla Whole body scanner, MAGNETOM Aera; Siemens AG, 
Erlangen, Germany 

 

 
 
 
 
 
 

Figure 3. 5 MRI 1.5 Tesla Whole body scanner, MAGNETOM Aera; Siemens 

This MRI scanner model MRI 1.5 Tesla with 70 cm open bore diameter and in combination 
of All digital-in/digital-out Direct-RF architecture with transmit and receive components at magnet 
with ultra-short system design installed in 2012 at King Chulalongkorn Memorial Hospital. 

3.6.2 Polyvinyl alcohol (PVA)-gel phantom 
 

 

 
 
 
 
 
 

Figure 3. 6 PVA-gel phantom 

A Polyvinyl alcohol gel (PVA-gel) phantom that have T2 range 80-100 ms. The physical 
characteristic is approximate of long-term stability and can be used as a reference of human tissue 
[1, 6].  
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3.6.3 18-channel Body coil 
 

 
 
 
 
 
 
 

Figure 3. 7 18-channel Body coil 

18-channel design with 18 integrated preamplifiers, with 3 rows of 6 elements each operates 
in an integrated fashion with the Spine 32. Dual-Density Signal Transfer enables ultra-high-density 
coil design by integrating key RF components into the local coil. 

 
Quality control (QC) 

3.6.4 The 20-channel head/neck phase array coil   
 
 
 
 
 
 
 
 

Figure 3. 8 The 20-channel head/neck phase array coil 

The 20-channel head/neck phase array coil is the 20-channel design with 20 integrated pre-
amplifiers, two rings of 8 elements each and one ring with 4 elements with the Combination coil 
for head and neck examination for optimized workflow. 
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3.6.5 ACR MRI accreditation phantom 
 
 
 
 
 
 
 
 
 

 
Figure 3. 9 ACR MRI accreditation phantom 

The ACR MRI accreditation phantom is constructed of acrylate plastic, glass, and silicone 
rubber. Ferromagnetic materials have been excluded. The unit is a cylinder 20.40 cm in diameter 
by 16.50 cm in length. Internal dimensions are 19.00 cm diameter by 15.00 cm in length. The 
phantom is filled with 10 millimolar (mmol) nickel chloride solution containing sodium chloride 
(45 mmol) to simulate biological conductivity. The contrast vial contains 20 mmol nickel chloride 
and 15 mmol sodium chloride solutions providing a difference in T1 and T2 values. Actual values 
will depend on the field strength in use and the temperature of the phantom [16]. 
 
3.7 Method 

3.7.1 Quality control (QC) of MRI scanner  
 Perform QC using head/neck phase array coil 20 channel head/neck following ACR MRI quality 
control manual 2015. 

3.7.2 Phantom study  
Position PVA-gel phantom with 18-channel body array coil at the center alignment of the magnetic 
field. The protocol was MSE pulse sequence with using parameter protocol by following table 3.1 
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Parameter protocol of phantom 
Table 3. 1 The protocol used for phantom study on different TR 

Parameter protocol Multiple spin echo (MSE) 

Repetition time (ms) 4TRs (1,000, 2,000…, 4,000) 

Echo time (ms) 26 TEs (15, 30, 45, …, 390) 

Matrix size 256 x 256 

Flip angle (deg) N/A 

Bandwidth (Hz/Px) N/A 

Acquisition time (min) 4:20, 8:36, 12:53, 17:10  

Slice thickness (mm) 5 

FOV (mm2) 200 x 200 

Number of excitations 1 

 
3.7.3 Subjects’ study 

           Eight healthy male subjects (mean age ± SD = 26.88 ± 5.10 years; mean height ± SD = 

171.00 ± 5.20 cm; mean body weight ± SD = 72.63 ± 5.60 kg) were performed MR imaging at the 

level of intermediate of thigh. Set the pulse sequence acquisition parameters as in table 3.2. All 

Subjects were fully informed of the procedures to be used as well as the purpose and risk of the 

study, and written informed consent was obtained.  

Before Exercise 
1.Position the thigh on the dominant side of male with body coil at the center alignment of the 
magnetic field. 
2. Perform MRI at the middle of the thigh using multiple spin echo pulse sequence and set repetition 
time by select from phantom study that the suitable repetition time. (short scan time, high SNR)  
3. Regarding ROI setting, draw ROI for measurement of the signal intensity and calculate T2 value. 
The anatomy of muscle is approved by the radiologist.  
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Exercise study  
Exercise of the thigh on a dominant side. Perform the knee extension by lying and slowly extend 
the knee, until leg is fully extended, then return to the start, subject exercises 200 times. 
After exercise  
Perform MRI at the thigh 5 minutes after exercise by using parameter protocol as before exercise. 
Table 3. 2 Parameter protocol of subject study 

Parameter protocol Multiple spin echo (MSE) 

Repetition time (ms) TR 2000  

Echo time (ms) 26 TEs (15, 30, 45, …, 390) 
Matrix size 256 x 256 
Flip angle(deg) N/A 
Bandwidth (Hz/Px) N/A 
Acquisition time (min) 4:20, 8:36, 12:53, 17:10  
Slice thickness (mm) 5 
FOV (mm2) 250x250 
Number of excitations 1 

 

3.7.4 Data analysis 
MR images were transferred to a personal computer for image analysis. Signal intensity (SI) 

was determined from MR images using Image J version 1.47 (NIH, USA; 

http://rsb.info.nih.gov/ij/). Muscle T2 was calculated from reconstructed T2- images on a pixel by 

pixel using mono-exponential linear least squares methods of four TEs, TE = 30, 45, 60, 75 ms. 

First for the phantom study, four region of interests (ROIs) were placed on PVA-gel image at the 

center core of the image (Figure 3.10 a) that is conventional method and set single large ROI at the 

center core of the image (Figure 3.10 b). Second, for subjects’ study, four ROIs were created within 

the target tissue that is conventional method as shown in Figure 3.10 (c) and ROI created around 

whole target muscle on rectus femoris (RF), vastus lateralis (VL), vastus intermedius (VI) and 
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vastus medialis (VM) that are whole muscle method (Figure 3.10 d) to obtain the average values 

and employ the histogram.  

 

                    (a)                                 (b)             (c)                   (d) 

     Figure 3. 10 Representative of ROI created within the PVA-gel phantom (a), (b) and axial MR 

image of right thigh at RF muscle (c), (d).   

T2 were calculated using a nonlinear least-square curve fitting as a mono-exponential 
function. The Y of T2-weighted images was modelled on an exponential decay with increasing TE 
as follows: 
                                                                                                                                         

𝑌(𝑇𝐸) =  𝑌𝑇𝐸=0  × exp (−
𝑇𝐸

𝑇2
) 

Where, 

 𝑌𝑇𝐸=0 is the SI at TE = 0, and the unknown coefficient is 𝑌𝑇𝐸=0 and T2.  

 

3.8 Statistical analysis 
3.8.1 Statistical analysis of phantom 
The results of T2 comparison exceeding 10 percent were assumed to be significantly 

different. Reference form the previous studies concluded that relaxation times (T1 and T2) within the 
majority of the biological range can be estimated by MRI with an overall accuracy of 5 to 10 percent 
[17]. The wide spread in relaxation time measurement is due to real variations and not a lack 
precision. 
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3.8.2 Statistical analysis of subjects 
This study is experimental study performed in phantom and subjects to determine: 

Maximum, Minimum, Mean, SD, Mode and Histogram of T2. 
3.8.2.1 The one-sided t-test was used to determine the statistical difference between 
the T2 at rest and after exercise; P<0.05 was considered significant. 
3.8.2.2 SPSS version 22 and Excel will be used to analyze the data. 

3.9 Outcome measurement 
 Measurement variables 

- Independent variables: setting ROI 
- Dependent variables: Signal intensity, T2  

T2 relaxation time is calculated from rate of signal intensity 
3.10 Expected benefit 

Obtain T2 values of quadriceps femoris muscles (QF) in healthy male volunteer, age range 
20-35 years old for evaluation of the muscle function during exercise in Sport Medicine. 
3.11 Ethical consideration 
This study is performed in phantom and in healthy male by measurement the signal intensity and 
setting the ROI in MR images using histogram and mode value for study muscle activity at 1.5 
Tesla MRI. The research proposal was submitted to the Ethic Committee, Faculty of Medicine 
Chulalongkorn University for approval.  The participants received the adequate information about 
the study before signing a consent form at King Chulalongkorn Memorial Hospital and each 
participant decided whether or not to participate as research subjects.  The participant can refuse 
participation at any time. 
Add Belmont  
Respect for persons  
 Respect for free and informed consent: Participants will receive adequate information 
about the study before signing a consent form and have the right to refuse participation at any 
time. 

Respect for confidential:  Researchers will maintain the confidentiality of the volunteer 
records in no identifiable data of participants. 
 Beneficence/Non-maleficence 
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Potential risks to the participants are protected by a check list for screening before and after perform 
MRI. There is the protective equipment to avoid skin contact with the coil directly and a device 
used to reduce noise.  

Justice 

The Justice is a clear inclusion and exclusion criteria, non-bias  

3.12 Limitation 
The forces of exercise study in each subject are different 
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CHAPTER IV  
RESULTS 

 
4.1 Quality control of MRI scanner 
 The quality control of 1.5 Tesla MRI system was performed by following the ACR manual 
(2015). The results of quality control of MRI scanner were illustrated in table 4.1 
 
 Table 4. 1 Report of MRI 1.5 Tesla performance test 

Location King Chulalongkorn Memorial Hospital  
Date  30 March 2018 
Manufacturer Siemens Healthcare 
Model MAGNETOM Aera 1.5 Tesla installed 2012 
Series number  52058 
Software version Syngo MR E 11 
PASS Geometric Accuracy 
PASS High Contrast Spatial Resolution 
PASS Slice Position Accuracy 
PASS Slice Thickness 
PASS Image Uniformity 
PASS Signal to Noise Ratio 
PASS Low Contrast Detectability 
PASS Magnet Visual Inspection 
PASS Overall Phantom Test Results 
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4.2 Phantom study  
In phantom study: Figure 4.1 shows the T2 relaxation curve of the PVA-gel phantom from 

histogram data use average values.  

 

Figure 4. 1 T2 relaxation curve of PVA-gel phantom from average values in histogram 

 

 

Figure 4. 2 T2 relaxation curve of PVA-gel phantom from mode values in histogram  
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From Figure 4.1 and Figure 4.2 MR signal of PVA-gel phantom increase with increasing TR. The 

SI curve of TR 1000 ms is lowest among than the other TR’s signals. The relaxation curve when 

TR is 2000 ms or more, tended to show approximately the same MR signal. T2 of PVA-gel phantom, 

TR 2000 ms calculated by use average value from histogram data by average values T2 = 65.36 ms 

and mode value T2 = 70.42 ms.  

 
Figure 4. 3 T2 relaxation curve of PVA-gel phantom from conventional method 

Figure 4.3 T2 relaxation curve of PVA-gel phantom by conventional method, MR signal increases 

with increasing TR as the same T2 relaxation curve by using average and mode values from 

histogram data. 

 

 
ROI setting 

T2 (ms) 
TR 1000 ms TR 2000 ms TR 3000 ms TR 4000 ms 

Conventional method 69.44 ± 5.22 69.93 ± 4.74 71.42 ± 2.55 71.42 ± 0.53 
Histogram (average value) 71.43 ± 3.03 70.92 ± 0.00 69.93 ± 0.65 70.92 ± 1.34 
% Difference 0.01 0.74 1.26 3.22 
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Table 4. 2 T2 of PVA- gel phantom by conventional method and histogram data by using average 
value versus the percent different values in each TR. 
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Table 4. 3 T2 of PVA- gel phantom by conventional method and histogram data by using mode 

value versus the percent different values in each TR. 

 
ROI setting 

T2 (ms) 
TR 1000 ms TR 2000 ms TR 3000 ms TR 4000 ms 

Conventional method 66.01 ± 5.22 64.88 ± 4.74 64.41 ± 2.55 64.04 ± 0.53 
Histogram (mode value) 63.43 ± 0.23 63.86 ± 1.72 64.52 ± 0.00 67.73 ± 4.12 
% Difference 3.90 1.57 0.17 5.76 

Although T2 data acquisition conditions are the same, it is reported that data obtained due to 
causes such as differences between devices have an error of about 10 percent. The results of T2 

comparison exceeding 10 percent difference are assumed to be significantly different [17]. In these 
results, the results of comparison method are not significantly different in each TR from table 4.2. 

 
4.3 Subjects’ study              

Rest                After exercise    
  
 
 
 
 
 
 
 
 
 
 
Figure 4. 4 T2-weighted MR images (A, B) and T2 map images (C, D) of the right thigh at rest and 
after exercise. In colored T2 map, when muscle T2 becomes high, it changes from blue to green, 
yellow. 
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In Figure 4.4, T2-weighted images of the right thigh as shown in image A is muscle at rest and B is 
after exercise. The arrows indicated the area of activated muscle and color reconstructed T2 map. 
Image C and D show an apparent muscle activation difference between rest and after exercise, rest 
is blue color and after exercise, the blue color changes to the green and yellow color. 

 
Subject No. 

T2 (ms) 
Rest 

RF VL VI VM 

1 33.04 35.42 34.88 33.15 
2 33.57 32.44 35.94 35.38 
3 31.61 31.62 31.35 31.10 
4 33.75 33.78 33.45 34.29 
5 33.37 35.08 35.17 33.86 
6 31.38 32.47 34.68 34.41 
7 32.68 33.82 36.50 33.60 
8 33.68 36.00 35.93 35.81 

Mean ± SD 32.89 ± 0.35 33.83 ± 0.45 34.74 ± 0.32 33.95 ± 0.39 
 
 
 
 
 
 

 
 

Table 4. 4 T2 of subjects’ study from eight healthy male volunteers at rest of rectus femoris (RF), 
vastus lateralis (VL), vastus medialis (VM) and vastus intermedius (VI) calculated by using average 
values from histogram data.  
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Table 4. 5 T2 of subjects’ study from eight healthy male volunteers at after exercise of rectus 

femoris (RF), vastus lateralis (VL), vastus medialis (VM) and vastus intermedius (VI) calculated 

by using average values from histogram data.  

 
Subject  

No. 

T2 (ms) 
After exercise 

RF VL VI VM 

1 50.60 37.42 43.53 37.94 
2 45.52 33.45 38.56 35.71 
3 37.88 34.17 34.17 34.56 
4 49.26 34.09 35.26 34.73 
5 38.46 35.35 37.22 37.04 
6 42.68 33.83 37.45 35.38 
7 42.86 34.88 36.64 33.71 
8 42.20 37.21 37.04 36.10 

Mean ± SD 43.68 ± 0.85 35.05 ± 0.50 37.48 ± 0.69 35.65 ± 0.77 

Table 4. 6 T2 of subjects’ study from eight healthy male volunteers at rest and after exercise of 

rectus femoris (RF), vastus lateralis (VL), vastus medialis (VM) and vastus intermedius (VI) 

calculated by using average values from histogram data. 

Histogram data (average values) Statistical difference 

between T2 of rest and 

after exercise 
 

Muscle 

T2 (ms) 

Rest After exercise P-value 

RF 32.89 ± 0.35 43.68 ± 0.85 < 0.01 

VL 33.83 ± 0.45 35.05 ± 0.5 0.03 

VI 34.74 ± 0.32 37.48 ± 0.69 0.02 

VM 33.95 ± 0.39 36.65 ± 0.77 0.03 
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Subject No. 

 

T2 (ms) 
Rest 

RF VL VI VM 

1 33.00 34.50 32.82 36.00 
2 31.25 32.00 31.00 32.00 
3 30.00 30.00 30.00 30.00 
4 31.00 31.75 32.00 31.00 
5 32.94 31.68 34.77 31.48 
6 32.12 33.67 33.44 34.38 
7 31.00 33.90 32.00 32.00 
8 32.00 32.79 33.71 32.25 

Mean ± SD 31.66 ± 0.25 32.54 ± 0.39 32.47 ± 0.16 32.39 ± 0.26 

Table 4. 8 T2 of subjects’ study from eight healthy male volunteers at after exercise of rectus 

femoris (RF), vastus lateralis (VL), vastus medialis (VM) and vastus intermedius (VI) calculated 

by using mode values in histogram.  

 
Subject No. 

 

T2 (ms) 

After exercise 
RF VL VI VM 

1 51.00 35.21 47.31 36.00 
2 50.30 32.00 33.00 32.00 
3 34.00 31.00 31.00 32.00 
4 46.00 33.00 32.00 31.75 
5 41.04 32.90 42.44 32.05 
6 43.89 35.21 34.56 40.49 
7 42.00 35.21 36.10 32.00 
8 42.07 34.01 32.91 32.30 

Mean ± SD 43.79 ± 0.83 33.29 ± 0.87 36.17 ± 1.36 33.57 ± 0.16 

Table 4. 7 T2 of subjects’ study from eight healthy male volunteers at rest of rectus femoris (RF), 
vastus lateralis (VL), vastus medialis (VM) and vastus intermedius (VI) calculated by using mode 
values from histogram data.  
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Histogram data (mode values) 

 

Muscle 

T2 (ms) 

Rest After exercise 

RF 31.66 ± 0.25  43.79 ± 0.83 

VL 32.24 ± 0.39 33.90 ± 0.87  

VI 32.47 ± 0.16 36.17 ± 1.36 

VM 32.39 ± 0.26 33.57 ± 0.16 

 
Table 4. 10 T2 of subjects’ study from eight healthy male volunteers at rest of rectus femoris (RF), 

vastus lateralis (VL), vastus medialis (VM) and vastus intermedius (VI) calculated by using average 

values from conventional method.  

   
Subject  

No. 

T2 (ms) 
Rest 

RF VL VI VM 

1 34.29 34.65 36.03 34.33 
2 34.24 35.59 33.81 31.21 
3 31.04 32.23 31.32 30.89 
4 32.90 32.71 31.22 32.14 
5 34.90 34.55 33.21 30.84 
6 32.19 31.17 32.01 34.12 
7 32.28 32.49 32.86 32.21 
8 33.57 33.40 33.94 33.72 

   Mean ± SD 33.18 ± 1.73 33.35 ± 1.54 33.05 ± 2.11 32.43 ± 1.75 

Table 4. 9 T2 of subjects’ study from eight healthy male volunteers at rest and after exercise of 
rectus femoris (RF), vastus lateralis (VL), vastus medialis (VM) and vastus intermedius (VI) 
calculated by using mode values in histogram.  
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Table 4. 11 T2 of subjects’ study from eight healthy male volunteers at after exercise of rectus 
femoris (RF), vastus lateralis (VL), vastus medialis (VM) and vastus intermedius (VI) calculated 
by using average values from conventional method.  

 
Subject No. 

 

T2 (ms) 
After exercise 

RF VL VI VM 

1 51.40 36.33 41.78 35.84 
2 46.00 35.69 34.38 33.11 
3 36.75 32.74 32.19 39.25 
4 49.32 36.13 31.97 34.15 
5 39.90 34.29 35.19 34.98 
6 43.36 35.10 34.59 34.78 
7 43.72 34.10 32.99 32.38 
8 40.82 35.02 36.08 37.21 

Mean ± SD 43.91 ± 1.82 34.92 ± 2.43 34.89 ± 1.99 35.21 ± 2.56 

Table 4. 12 T2 of subjects’ study from eight healthy male volunteers at rectus femoris (RF), vastus 
lateralis (VL), vastus medialis (VM) and vastus intermedius (VI) calculated by using average values 
from conventional method.  

Conventional method Statistical difference between 

T2 of rest and after exercise  

Muscle 

T2 (ms) 

Rest After exercise P-value 

RF 33.18 ± 1.73 43.91 ± 1.82 < 0.01 

VL 33.35 ± 1.54 34.92 ± 2.43 0.02 

VI 33.05 ± 2.11 34.89 ± 1.99 0.02 

VM 32.43 ± 1.75 35.21 ± 2.56 0.02 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 48 

From table 4.9 and table 4.12, the paired t-test was used to determine the statistical difference 
between T2 at rest and after exercise; T2 calculated by use average value from histogram data tends 
to be slightly higher than the conventional method. RF, VL, VI and VM after exercise confirmed 
the significantly difference of T2 in both methods. In addition, the result of statistical analysis was 
confirmed to be a difference as an increase by combining with the result of mode values from the 
histogram. 
 

 
Representative histogram data 

 
 

  
 
 

 
Figure 4. 5 Representative histogram data of T2 for RF, VI, VM and VL at rest and after exercise. 
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Rest T2 (ms) 

ROI Setting RF VL VI VM 

Conventional 33.18 ± 1.73 33.35 ± 1.54 33.05 ± 2.11 32.43 ± 1.75 
Whole muscle (our method) 32.89 ± 0.35 33.83 ± 0.39 34.74 ± 0.32 33.95 ±  0.39 
% Difference 0.87 1.44 5.11 4.69 

 

Table 4. 14 Compare T2 relaxation of eight subjects at after exercise of rectus femoris (RF), vastus 

lateralis (VL), vastus medialis (VM) and vastus intermedius (VI) between conventional and whole 

muscle method (mode and average values in histogram).  

After exercise T2 (ms) 

ROI Setting RF VL VI VM 

Conventional 43.91 ± 1.82 34.92  ± 2.43 34.89 ± 1.99 35.21 ± 2.56 
Whole muscle (our method) 43.68 ± 0.85 35.05 ± 0.50 37.48 ± 0.69 36.65 ± 0.77 
% Difference 0.52 0.38 7.42 4.09 

 
From the table 4.13 and table 4.14 the comparison between conventional and whole muscle method 
are show in the same way as phantom study (TR 2000 ms) muscle T2 of quadriceps muscle are not 
significantly different. The results of T2 comparison exceeding 10 percent difference are assumed 
to be significantly different [17]. 
  

Table 4. 13 Compare T2 relaxation of eight subjects at rest of rectus femoris (RF), vastus lateralis 
(VL), vastus medialis (VM) and vastus intermedius (VI) between conventional and whole muscle 
method (mode and average values in histogram).  
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CHAPTER V  
DISCUSSION AND CONCLUSIONS 

5.1 Discussion  
The mfMRI is a non-invasive technique showing exercise enhances image contrast among 

induced skeletal muscles in T2- weighted magnetic resonance (MR) images. Most previous studies 
in exercised physiology use MSE sequences for calculating transverse relaxation time (T2) with 
several regions of interest (ROI) selected within the target tissue in the images. Such the method 
may not represent all the properties of the target tissue. The purpose of this study is to measure T2 
values in rest and exercise muscles for investigation of the influence of ROI setting based on the 
characteristics of the histogram of the MR signal at 1.5 Tesla using average values in histogram of 
signal intensity by setting ROI around the whole target muscle. 

5.1.1 Phantom study 
  MR signal increases with increasing TR. The SI curve of TR 1000 ms is lower than the other 

TR’s signals because a short TR offers low SNR according to an incomplete recovery of 

longitudinal magnetization. However, the relaxation curves of TR 2000 ms and more are similar 

MR signals. In order to detect changes of MR signal that induced exercise in more detail in the 

analysis of muscle activity using MRI, the acquiring time of MR images as short as possible is 

desirable. It is suggested that TR at 2000 ms is reasonable from the relationship between MR signal 

change due to incomplete recovery of longitudinal magnetization and the optimization to reduce 

the acquiring time. From the previous study, Thomsen C. et al [17] reported that device-to-device 

variation of data acquired by imaging under the same conditions occurs within 10%, T2 of each TR 

in conventional method and histogram data using average values and mode values are not 

significantly different. 

 
5.1.2 Subjects’ study 

For exercise study, in the statistical test, one-sided t-test was used to determine the statistical 
difference between the T2 at rest and after exercise; P<0.05 was considered significant. 
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Regarding the conventional method using high SNR MR images in exercise study, an 
increasing T2 was confirmed for a slight muscle activity RF, VL, VI and VM and similar to the 
previous studies [14]. The results also confirmed with VL, VM, and VI during repetitive knee 
extension exercise in average value and mode from histogram. RF is more activated than the VL, 
VI, and VM and similar to conventional method in Akima report [14]. Many studies reported that 
T2 of muscular activity of the quadriceps muscle induced by knee extension exercise was obviously 
increasing in RF. In this study, T2 of VL, VM, and VI were slightly increasing after muscle activity 
by the effect of SNR of MR images using the RF phase array coil (18 channel body coil). Therefore, 
a slight muscle activity is expected to be new finding for clarifying the physiological mechanism 
of muscle activity induced exercise. The results confirmed that T2 of quadriceps muscle at rest, and 
after exercise was a normal distribution. The conventional method and histogram, T2 of quadriceps 
muscle at after exercise was significantly higher than T2 at rest but SD of histogram showed a lower 
value. Therefore, it was suggested that the variance in ROI influences the extraction result in the 
conventional method.  

The results of this study show that the image noise always affects both the setting method of 
ROI and the calculation process of T2, and it is necessary to eliminate the influence as much as 
possible. 
 
5.2 Conclusions  

T2 analysis using average and mode values from histogram of quadriceps muscle, by using 
average value at rest and after exercise, RF=32.89, 43.68, VL=33.83, 35.05, VI=34.74, 37.48, 
VM=33.95, 36.65 ms and using mode value, RF=31.66, 43.79, VL=32.24, 33.90, VI=32.47, 
36.17, VM=32.39, 33.57 ms respectively. It was confirmed that the increase of T2 after the knee 
extension exercise is not only obviously increasing in RF but also slightly increasing in VL, VI, 
VM after muscle activity. The ROI setting using histogram proposed by this study, can objectively 
obtain the characteristics within the region of interest with reduced variation. 

Therefore, T2 analysis using histogram is useful and could be applied for muscle activity, 
which is not confirmed by the conventional method.  
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Appendix A: Data record form 
Table A. 1 Data record form for phantom study 

Study: Phantom study Date:                               
 

TE  
Signal Intensity (Mean ± SD) 

TR (ms) 

1000 2000 3000 4000 
15     
30     
45     
60     
75     
90     
105     
120     
135     
150     
165     
180     
195     
210     
225     
240     
255     
270     
285     
300     
315     
330     
345     
360     
375     
390     
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Table A. 2 Record T2 of phantom study in different TR  

 

Table A. 3 Subject information of subject study. 

 

Subject 

NO. 

Age 

(Years) 

Body Weight 

(cm.) 

Height 

(kg.) 

1    

2    

3    

4    

5    

6    

7    

8    

Mean ± SD    

 
Pulse Sequences 

T2 (ms) 

TR 1000 ms TR 2000 ms TR 3000 ms TR 4000 ms 

Mean ± SD     
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Table A. 4 Mean signal intensity in each TE of in subject study.   

Study: Exercise Study 
Study Date: 
Center/Room: 
Subject No. 
Thigh (dominant side)                   Right side                     Left side 
                             Rest       •  After Exercise 

 
TE  

Signal Intensity (Mean± SD) 
TR = _____ (TR from Phantom study) 

15  
30  
45  
60  
75  
90  

105  

120  
135  
150  
165  
180  
195  
210  
225  
240  
255  
270  
285  
300  
315  
330  
345  
360  
375  
390  
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Table A. 5 T2 of subjects’ study at rest and after exercise study of rectus femoris (RF), vastus 

intermedius (VI), Vastus medialis (VM) and vastus lateralis (VL) 

Subject 
No. 

T2 (ms) 
Rest After exercise 

 
RF 

 
VI 

 
VM 

 
VL 

 
RF 

 
VI 

 
VM 

 
VL 

1         
2         
3         
4         
5         
6         
7         
8         

 

Table A. 6 Average of T2 at rest and after exercise of rectus femoris (RF), vastus intermedius (VI), 

vastus medialis (VM) and vastus lateralis (VL) 

              
Muscle 

T2 (ms) 
Rest After exercise 

Rectus femoris (RF)   
Vastus intermedius (VI)   
Vastus medialis (VM)   
Vastus lateralis (VL)   
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Appendix B: Quality control of MRI scanner 
The Quality Control Program of MRI scanner use ACR protocols for scan two phantoms 

on routine clinical head protocol. The scan parameters for localizer and the first 2 axial series of 
image refer to ACR sequences or ACR images.     

1.  Phantom set-up and alignment for scanning 

1. Position an ACR phantom in head coil, the word “NOSE” is where the nose would be for 
a standard head study and the word “CHIN” is where the chin would be located in a 
standard head study.   

2. The center of the phantom should be place in the center of the head coil and aligned with 
the positioning indicator light at the center alignment of the magnetic field. 

2.  Scanning the phantom  

▪ A sagittal locator sequence should be acquired with the acquisition parameters listed on 
the Site Scanning Data Form. 

 

 

 

 

 

 

Figure B. 1 Sagittal localizer view of ACR MRI Phantom with slice locations for transaxial scans 

indicated. 

▪ The sagittal locator scan should result in an image similar to Figure B.1. If the pairs of 45° 
crossed wedges are not visible in the scan, the phantom must be repositioned and 
rescanned.  

▪ A horizontal line used for slice prescription should be parallel to the low contrast disks 
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located at the top of head coil. If not, the phantom must be repositioned.  
▪ The next two scan acquisitions are transaxial pulse sequences acquired with identical 

spatial parameters follow the table B.1. 
▪ At least 11 slices should be obtained, aligned using graphic prescription from the sagittal 

locator as shown in Figure B.1. 
 

Series 
 

Sequence 
TR 

msec 
TE 

msec 
FOV 
mm 

Thick 
mm 

Gap 
mm 

NEX Matrix 

ACR T1 SE 500 20 250 5 5 1 256 x 256 

ACR T2 SE 2000 20/80 255 5 5 1 256 x 288 

Clinical Brain T1 SE 525 12 220 5 0 1 256 x 255 

Clinical Brain T2 TSE 3989 100 250 6 1 1 255 x 256 

 

Quantitative tests  

1. Geometric Accuracy 

2. High contrast spatial resolution 

3. Slice Thickness Accuracy 

4. Slice position accuracy 

5. Image intensity uniformity 

6. Percent signal ghosting 

7. Low contrast object Detectability 

8. Image Artifact Evaluation 

9. Magnet Visual Inspection  

Table B. 1 Pulse Sequence Acquisition Parameters 
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1. Geometric Accuracy 
 Purpose:   To assess the accuracy of the image lengths in the imaged subject. A failure 

means that dimensions in the images differ from the true dimensions substantially 
more than ± 2 mm. 

Methods: 1. Display the localizer, measure the end-to-end length of the phantom as it 

appears in the localizer (line No.1) as shown in figure B.2. 

   2. Display slice 1 of the ACR T1 series. Measure the diameter of the phantom in 2    

directions: top-to-bottom (line No.2) and left-to-right (line No.3). 

3. Display slice 5 of the ACR T1 series. Measure the diameter of the phantom    in 

4 directions: top-to-bottom (line No.4), left-to-right (line No.5) 

 

 

 
 
 
 
 

Figure B. 2 The end to end length and diameter measurement illustrated of the phantom 

 

 
 
 
 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 62 

Table B. 2 Geometric accuracy test results used ACR protocols 

 
Line 
No. 

True Value 
(mm) 

Sag 
Locator 

 
ACR T1 

 
ACR T2 _TE20 

 
ACR T2 _TE80 

  
 

Meas. 
(mm) 

Diff 
(mm) 

Meas. 
(mm) 

Diff 
(mm) 

Meas. 
(mm) 

Diff 
(mm) 

Meas. 
(mm) 

Diff 
(mm) 

1 148.00 148.00     0 - - - - - - 

2 190.00 - - 191.12 +1.12 189.60 -0.40 190.81 +0.81 

3 190.00 - - 189.73 -0.27 189.43 -0.57 189.89 -0.11 

4 190.00 - - 190.80 +0.80 190.48 +0.48 191.02 +1.02 

5 190.00 - - 190.60 +0.60 189.95 -0.15 190.27 +0.27 

 

Results of Geometric accuracy 

Table B. 3 Geometric accuracy test results used routine protocols 

 

Recommended Action Criteria:   +/- 2 mm in all planes.       

Comment:  PASS 

Lie 
No. 

True 
Value 
(mm) 

Sag Locator Clinical T1 Clinical T2 

Meas. 
(mm) 

Diff  
(mm) 

Meas. 
(mm) 

Diff  
(mm) 

Meas. 
(mm) 

Diff 
 (mm) 

1 148.00 148.00 0 - - - -  
2 190.00 - - 191.67 +1.67 191.25 +1.25 
3 190.00 - - 189.97 -0.03 190.26 +0.26 
4 190.00 - - 190.64 +0.64 191.34 +1.34 
5 190.00 - - 190.26 +0.26 190.25 +0.25 
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2. High contrast spatial resolution 
Purpose:   To assess the scanner’s ability to resolve small objects when the contrast-to-

noise ratio is sufficiently high. 

Methods:       1. Display the slice  

2. Magnify the image by a factor of between 2 and 4, keeping the resolution 
insert visible in the display. This is illustrated in Figure B.3.  

3. Begin with the leftmost pair of hole arrays, which is the pair with the largest 
hole size, 1.1 mm.  

4. Look at the rows of holes in the UL array, and adjust the display window and 
level to best show the holes as distinct from one another.  

5. If all 4 holes in any single row are distinguishable from one another, score the 
image as resolved right- to-left at this particular hole size.  

 

 

 

 
 
 
 

 

 

 

 

 

Figure B. 3 Magnified portion of slice 1 displayed appropriately for visually assessing high contrast 
resolution. 
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Results of High Contrast Spatial Resolution test  

 

Series 
Spatial Resolution (mm)  

Result UL  RL 

ACR Axial T1 1.0  1.0  PASS 

ACR Axial T2 1.0  1.0  PASS 

Clinical Axial T1 1.0  1.0  PASS 

Clinical Axial T2_TE 20 1.0  1.0  PASS 

Clinical Axial T2_TE 80 1.0  1.0  PASS 

 

Recommended Action Criteria: 1 mm or smaller  

Comment:  PASS 

 

3. Slice Thickness Accuracy 
Purpose:  To assess the accuracy of a slice of specified thickness. The prescribed slice 

thickness is compared with the measured slice thickness. 

Methods: 1. For each ACR series, the length of the signal ramps in slice 1 is measured 
according to the following procedure: 

2. Display slice 1, and magnify the image by a factor of 2 to 4. Adjust the display 
level so that the signal ramps are well visualized. The ramp signal is much lower 
than surrounding water. 

3. Place a rectangular ROI at the middle of each signal ramp as shown in Figure 
B.4. Note the mean signal values for each of these 2 ROIs then average those 2 

Table B. 4 Results of High Contrast Spatial Resolution test  
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values together. The result is a number approximating the mean signal in the 
middle of the ramps. 

 

 
 
 
 
 
 
 

 

Figure B. 4 ROIs placed for measuring average signal in the ramps. 

 

4. Display level to half of the average ramp signal calculated. Use the on-screen 
length measurement tool of the display station to measure the lengths of the top 
and bottom ramps. Record these lengths. 

 

 
 
 
 
 
 

 

 

Figure B. 5 Magnified region of slice 1 showing slice thickness signal ramps 
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5. The slice thickness is calculated using the following formula 

 
 

Results 

Series 
Slice 

Thickness 
Setting (mm) 

Slice 
Thickness 

Measurement 
(mm) 

Difference 
(mm) 

Result 

ACR T1 5 5.18 +0.18 Pass 

ACR T2_TE 20 5 5.28 +0.28 Pass 

ACR T2_TE 80 5 5.41 +0.41 Pass 

Clinical T1 5 5.58 + 0.58 Pass 

Clinical T2 5 5.62 +0.62 Pass 

 

Recommended Action Criteria: The measured thickness should be 5.0 ±0.7mm (4.3-5.7 mm) 

Comment: PASS 

 

4. Slice position accuracy 
Purpose:  To assesses the accuracy with which slices can be prescribed at specific 

locations utilizing the localizer image for positional reference. 
Methods: Slice position accuracy test the differences between the prescribed and actual 

positions of slices 1 and 11 are measured. These measurements are made for the 
ACR T1 and T2 series. The slices 1 and 11 are prescribed so as to be aligned with 
the vertices of the crossed 45 wedges at the inferior and superior ends of the 

 Table B. 5 Slice Thickness Accuracy 

Slice thickness = 0.2 x (top x bottom) / (top + bottom) 
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phantom respectively. On slices 1 and 11 the crossed wedges appear as a pair of 
adjacent, dark, vertical bars at the top (anterior side) of the phantom. For both slice 
1 and slice 11, if the slice is exactly aligned with the vertex of the crossed wedges, 
then the wedges will appear as dark bars of equal length on the image. By design 
of the wedges, if the slice is displaced superiorly with respect to the vertex, the 
bar on the observer’s right (anatomical left will be longer. If the slice is displaced 
inferiorly with respect to the vertex, the bar on the left will be longer. 
Measurements are made for slices 1 and 11 of the ACR T1 and ACR T2 series. Use 
the following procedure for each image:  

1. Display the slice. Magnify the image by a factor of 2 to 4, keeping the vertical 
bars of the crossed wedges within the displayed portion of the magnified image.  

2. Adjust the display window so the ends of the vertical bars are well defined and 
use the on-screen length measurement tool to measure the difference in length 
between the left and right bars. The length to measure is indicated by the arrows 
in Figure B6.  

 

 
 
 
 
 
 
 

Figure B. 6 Images of slice 1 (a) and slice 11 (b)with the pairs of vertical bars from the 45° crossed 

wedges indicated. 
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(a) The bar on the right is longer, meaning the slice is mispositioned superiorly; this bar length 

difference is assigned a positive value (+). 

(b) The bar on the left is longer, meaning the slice is mispositioned inferiorly; this bar length 

difference is assigned a negative value. 

Results  

 

Recommended Action Criteria: The magnitude of each bar length difference should be less or 
equal to 5mm. 
Comment: PASS 

Figure B. 7 Images of slice 1 illustrating measurement of slice position error. The arrows indicate 
the bar length difference measurement that is to be made. 

Table B. 6 Slice position accuracy test result 

Series Slice 1 Slice 11 Result 

ACR T1 +1.01 +1.37 Pass 
ACR T2_TE 20 +1.54 -0.79 Pass 
ACR T2_TE 80 +1.00 -1.00 Pass 
Clinical T1 +1.49 -0.75 Pass 
Clinical T2 +0.83 -1.38 Pass 
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5. Image intensity uniformity 
Purpose:  To measures the uniformity of the image intensity over a large water-only region 

of the phantom lying near the middle of the imaged volume and thus near the 
middle of the head coil 

Method:   

1. Display slice location 7.  

2. Place a large, circular region-of-interest (ROI) on image. This ROI should 

have an area of between 195 cm2 and 205 cm2.  

3. Set the display window to its minimum, and lower the level until the entire 

area inside the large ROI is white.  

4. Measure low signal value as shown in Figure B.8 (b) by place the small ROI 

roughly 1 cm2 at the region of dark pixels develops inside the large ROI.  

5. Record the mean pixel value for this 1 cm2 ROI. This is the measured low-

signal value.  

6. Raise the level until all but a small, roughly 1 cm2 region of white pixels 

remains inside the large ROI. This is the region of highest signal as shown in 

figure B.8 (a).  

7. Record the average pixel value for this 1 cm2 ROI. This is the measured high-

signal value. 

 
 

 
 
 
 
 
 
Figure B. 8 (b) ROI placement for low signal-value, (a) ROI placement for high signal-value. 
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The measured high-and low-signal values for each of the ACR series are combined to produce a 
value called percent integral uniformity (PIU). Use the following formula to calculate PIU: 

 
 
 

 

Result: 
 

Recommended Action Criteria: PIU should be greater than or equal to 87.5% for MRI systems with 
field strengths less than 3 Tesla. 

Comment: PASS 

 

6. Percent signal ghosting 
Purpose:  To assesses the level of ghosting in the image. 

Method:  

1. Display slice 7 of the ACR T1 series.  
2. Using the workstation’s ROI tool, 5 intensity measurements are made: Place 

a large ROI on the image an area between 195-205 cm2, and the average 
intensity in the background at 4 locations outside of the image area of the ROI 
about 10 cm2 as shown in figure B.9.  

Table B. 7 Image intensity uniformity test result 

Series Low signal High signal PIU (%) Result 

ACR T1 961.46 934.48 98.58% Pass 

ACR T2_TE 20 1025.33 1050.9 98.10% Pass 

ACR T2_TE 80 504.61 475.74 97.06% Pass 

Clinical T1 1005.73 985.89 99.00% Pass 

Clinical T2 582.69 560.87 98.09% Pass 

 
PIU = 100 x (1 – {(high – low)/ (high + low)}) 
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The value for the ghosting, as a fraction of the primary signal, is calculated 
using the following formula: 

Figure B. 9 Image of slice 7 illustrating ROI placements for percent-signal ghosting measurements. 

                                                                   

Recommended Action Criteria: The ghosting ratio should be less than or equal to 0.025  

Comment: PASS 

Table B. 8   Percent signal ghosting result 

 Series      Large Top Right Left Bottom 
Calculated 

value 
Result 

ACR T1 987.03 12.15    3.67     0.64    2.21 0.0053 Pass 

ACR T2_TE 20 1018.39 15.59    6.69    9.10    3.30 0.0017 Pass 

ACR T2_TE 80 444.43 15.17    4.39     6.70    1.49 0.0006 Pass 

Clinical T1 1034.56 21.57    7.86    12.08    3.74 0.0026 Pass 

Clinical T2 552.46 15.96    6.44     7.22    2.09 0.0039 Pass 

 

Ghosting ratio =
(top+btm)−(left+right)

(2xLarge ROI)
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7. Low contrast object Detectability 
Purpose:  To assesses the extent to which objects of low contrast are discernible in the images 

Method:  

The low-contrast objects appear on 4 slices: slices 8 through 11. In each slice the low-
contrast objects appear as rows of small disks, with the rows radiating from the center 
of a circle like spokes in a wheel. Each spoke is made up of three disks, and there are 
ten spokes in each circle as show in Figure B.10. All the disks on a given slice have 
the same level of contrast. In order, from slice 8 to slice 11, the contrast values are 
1.4%, 2.5%, 3.6%, and 5.1%. All the disks in a given spoke have the same diameter. 
Starting at the 12 o’clock position and moving clockwise, the disk diameter decreases 
progressively from 7.0 mm at the first spoke to 1.5 mm at the tenth spoke. The 
measurements for this test consist of counting the number of complete spokes seen in 
each of the four slices. This is done for each of the 4axial series. 

Use the following procedure to score the number of complete spokes seen in a slice:  

1. Display the slice to be scored. It helps to start with slice 11, which has the 
highest contrast objects.  

2. Adjust the display window width and level settings for best visibility of the 
low-contrast objects. 

3. Count the number of complete spokes and record the score. 
 
 
 
 
 
 
 

Figure B. 10 Image of slice 11 showing the circle of low contrast objects for the low-contrast object 

detectability test. 
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Result  

Series Slice 8 Slice 9 Slice 10 Slice 11 Total Result 

ACR T1 8 8 9 10 35 Pass 
ACR T2_TE 20 8 10 10 10 38 Pass 
ACR T2_TE 80 8 8 10 10 37 Pass 
Clinical T1 4 8 10 10 32 Pass 
Clinical T2 2 7 9 9 27 Pass 

 

8. Image Artifact Evaluation  
 

Recommended Action Criteria: For both in the ACR series and clinical series should have a total 
score of at least 9 spokes. 

Comment:  PASS 

 

 

Table B. 9 Low contrast detectability test result 

Table B. 10 Image artifact evaluation 

 

Series 

Excessive 

Ghosting 

Excessive 

Truncation 

RF Noise 

Leak 

DC offset 

Pass Fail Pass Fail Pass Fail Pass Fail 

ACR T1 ✓  ✓  ✓  ✓  

ACR T2_TE 20 ✓  ✓  ✓  ✓  

ACR T2_TE 80 ✓  ✓  ✓  ✓  

Clinical T1 ✓  ✓  ✓  ✓  

Clinical T2 ✓  ✓  ✓  ✓  
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9. Magnet Visual Inspection 
 

Visual Inspection Pass Fail 

RF door flange is present and door lock works properly ✓  

Patient alarm works properly ✓  

Magnet bore lights are working properly ✓  

Patient fan is working properly ✓  

Positioning lights are working properly ✓  

Patient table works properly ✓  

RF coils stored properly, cables are insulated, no visual defects ✓  

Patient/operator intercom system works properly ✓  

Daily QA system implemented ✓  

Operator’s monitor is calibrated properly (SMPTE) ✓  

Images on film match display images (SMPTE) ✓  

 

 

 

 

 

 

 

 

Table B. 11 Magnet visual inspection 
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Results Summary 
 

Table B. 12 Medical physics phantom test results summary 

TEST Pass Fail 

Geometric Accuracy ✓  

High Contrast Spatial Resolution ✓  

Slice Position Accuracy ✓  

Slice Thickness ✓  

Image Uniformity ✓  

Signal to Noise Ratio ✓  

Low Contrast Detectability ✓  

Magnet Visual Inspection ✓  

Overall Phantom Test Results ✓  
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Appendix C: T2 Calculation method 
In this study, T2 were calculated using a nonlinear least-square curve fitting as a mono-

exponential function. T2 relaxation equation curve is as follows. 

 

𝑌(𝑇𝐸) = 𝑀0  ×  𝑒  (−
𝑇𝐸

𝑇2
) 

 

Where M0 is signal intensity from MR images in TE = 0 ms, TE is time of echo, T2 is T2 

relaxation time  

The Y(TE) of T2-weighted images was modelled on an exponential decay with increasing 

TE as follows: 

𝑌(𝑇𝐸) =  𝑌𝑇𝐸=0  × exp (−
𝑇𝐸

𝑇2
) 

 

Where, 𝑌𝑇𝐸=0 is the SI at TE = 0, and the unknown coefficient is 𝑌𝑇𝐸=0 and T2.  

 

 The following is the formula is deformed by the function of the natural logarithms.  

ln 𝑌 = ln 𝑀𝑂−(
𝑇𝐸

𝑇2

) 

     ln 𝑌 = ln 𝑀𝑂−(
1

𝑇2

) X 𝑇𝐸 

Where, ln Y = Y, ln Mo = B and 1/T2 = A is assigned to the above function and it becomes the 

linear function equation. 

𝑌 =  −𝐴 × 𝑇𝐸 + 𝐵 

 

Thus, T2 is obtained in the form  

𝑇2  =  
1

𝐴
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Appendix D: Consent form 
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Appendix E: Certificate of Approval of Institutional Review Board (IRB) 
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