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Abstract 

 

Tae Hyun Hwang 

Electrical and Computer Engineering 

The Graduate School 

Seoul National University 

 

In this study, we developed a computer simulation to 

demonstrate the importance of reference in QSM. The results 

show that QSM values were not only dependent on the brain 

slab width but also dependent on brain mask size. 

Furthermore, when the background removal was not perfect, 

this difference was more dependent on this condition. Only 

when the data are referenced using a neighboring region, the 

QSM results provide correct susceptibility difference values 

regardless of these conditions. Also, we demonstrate this new 

approach for a Parkinson’s disease (PD) patient study. In 

contrast to the previous QSM study, the use of differential ROI 

reference avoids the assumption of equal susceptibility in the 

reference between groups in group comparison and directly 

reports the susceptibility difference between two ROIs, no 

longer allowing ambiguity in interpretation. 

Keywords : Magnetic Resonance Imaging, Quantitative Susceptibility 

Mapping, Susceptibility, Reference, PD 

Student Number : 2016-20991 
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1. Introduction 

 

 

1.1 MRI Basics 

Magnetic resonance imaging (MRI) began with the Bloch's 

equations of motion of nuclear magnetization [1], followed by 

the discovery of novel principle in nuclear resonance imaging 

by Lauterburg [2]. 

MRI depends on the magnetic properties of the hydrogen in 

water, which accounts for about 70 percent of the human body. 

When a hydrogen atom enters a powerful magnetic field, each 

spin of hydrogen atom aligns with the direction of the 

magnetic field, and resonance begins. If a radio frequency (RF) 

pulse is applied in this state, the protons became rotated by 

90.  

MRI, which produces highly detailed images of soft tissues 

and organs without using X-rays. Therefore, a noninvasive 

medical imaging that lacks radiation exposure. In addition, 

MRI can produce a variety of tomographic images and can 

perform vascular imaging without contrast agents. However, 

it requires a longer scan time (~30 min) than other medical 

imaging, and it has a disadvantage that it is difficult to scan 
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patients with claustrophobia or metallic substances in the 

body. 

 

1.2 Multi Gradient Echo Imaging 

 

1.2.1 GRE Principle 

The gradient echo imaging is primarily used for fast 

scanning and magnetic susceptibility imaging in MRI.  

In the gradient echo sequence technique, a gradient 

magnetic field is used to refocus the spins and a pulse with a 

small angular orientation is used instead of a 90 degree 

stimulus pulse to maintain a constant magnitude of longitudinal 

magnetization. By using the gradient coil, the time for 180-

degree pulse can be shortened and the TR can be shortened 

by accelerating the loss of the transverse magnetization by 

increasing the magnetic field inhomogeneity. In the gradient 

echo data, as the external magnetic field inhomogeneity and 

the internal magnetic field inhomogeneity remain, the 

disappearance of the transverse magnetization is accelerated 

(T2* effect). As shown in Figure 1, gradient echo is 

generated by a method of refocusing the spins using a pair of 

bipolar gradient pulses during one TR to obtain gradient echo 

signals at multiple TEs. 



 

 3 

 

Figure 1. Multi gradient echoes are generated by a method of 

refocusing the spins using a pair of bipolar gradient pulses 

during one TR to obtain gradient echo signals at multiple TEs. 

1.2.2 GRE-Magnitude & Phase Image 

Gradient echo imaging has an advantage of obtaining 

magnitude data and phase data including influence of magnetic 

susceptibility (Figure 2.). Due to the effect of iron 

(paramagnetic susceptibility) on deep gray matter, the GRE 

magnitude image in the deep gray matter region is found to 

have lower signal and more positive phase accumulation than 

nearby tissues. On the Contrary, in the case of white matter 

such as optic radiation or splenium, due to the effect of myelin 

(diamagnetic susceptibility), lower signal and negative phase 
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accumulation occurs more in nearby tissues. 

 

Figure 2. GRE magnitude and phase image include influence 

of magnetic susceptibility. Due to the effect of iron 

(paramagnetic susceptibility) on deep gray matter, the GRE 

magnitude image in the deep gray matter region is found to 

have lower signal and more positive phase accumulation than 

nearby tissues. On the Contrary, in the case of white matter 

such as optic radiation or splenium, due to the effect of myelin 

(diamagnetic susceptibility), lower signal and negative phase 

accumulation occurs more in nearby tissues. 

1.3 Quantitative Susceptibility Mapping 

Quantitative Susceptibility Mapping (QSM) has been 

previously reported to be a promising medical imaging 

technique in brain MRI that can visualize the magnetic 
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susceptibility of tissue like myelin with diamagnetic 

susceptibility and iron with paramagnetic susceptibility 

(Figure 3.). 

 

Figure 3. In brain, iron with paramagnetic property is mainly 

distributed in basal ganglia, while myelin with diamagnetic 

property is mainly distributed in white matter.  

Therefore, many researchers desire to apply QSM to 

several brain diseases such as Parkinson's disease, where 

iron content changes in basal ganglia, or Multiple Sclerosis 

(MS) disease, where myelin changes in optic radiation. 

However, since QSM only can quantify magnetic susceptibility 

in relation to a reference value (including offset value) [3], 

not the absolute value, an appropriate reference region or 

value is needed for inter-subject comparison study which 

compares the susceptibility contents between subjects 

(Figure 4.). 
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Figure 4. Reference in QSM is needed for inter-subject 

comparison study. 

The schematic of QSM is shown in Figure 5.  
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Figure 5. GRE phase and magnitude data is processed with 

QSM reconstruction pipeline 

First, multi-GRE k-space data is acquired in MRI. 

Magnitude data and phase data are acquired through the 3d 

inverse fourier transform of multi GRE k-space data. Total 

phase can be acquired as a linear regression of the phases at 

multiple TEs [4]. Also, if the wrapped regions remained in the 
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total field map, processed using the unwrapping method such 

as Laplacian based approach [5]. To extract only the phase 

information caused by tissue susceptibility in the total field, 

including the phase information due to air outside the brain 

with no proton, the background removal method is performed. 

To separate the phase of the target brain tissue from the 

whole MRI data, background removal method needs a brain 

mask from the GRE magnitude by using the brain extraction 

tool (BET) [6] in FSL [7]. Background removal step has been 

done with many methods such as PDF [8], HARPERELLA [9], 

SHARP [10], etc. Next, final step in QSM reconstruction is 

deconvolution of the tissue phase map with the unit dipole 

kernel.  

However, the deconvolution of dipole kernel is big challenge 

in QSM since there are many zeros in dipole kernel on k-

space over two conical surfaces (Figure 6). 
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Figure 6. Zeros in k-space dipole pattern is located in two 

conical surface and origin. 

To solve the QSM challenge, a few methods have been 

developed including MEDI method [10] using L1-norm 

regularization. 

 

2. Importance of reference in QSM and a new 

differential ROI reference method 

 

 

2.1 Purpose 

In QSM, reconstructed susceptibility values do not report the 

susceptibility difference from water or vacuum but have 

arbitrary offsets from reconstruction. Therefore, QSM values 
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are often reported relative to that of reference in the same 

map. Previously, susceptibility maps were referenced to CSF 

[10-12] or white matter [13-16] or the mean of the whole 

brain QSM values [17, 18]. In a few studies, no reference has 

been reported [19]. In this work, we demonstrate that QSM 

values are affected by scan and reconstruction parameters 

such as the coverage of the brain slices and the extent of 

brain mask to demonstrate the importance of a proper 

reference. Additionally, we propose a “differential” ROI 

reference as an alternative approach of setting a reference in 

QSM. 

 

2.2 Method 

 

2.2.1 Importance of Reference in QSM 

To demonstrate the importance of a proper reference in QSM, 

a simulation phantom was developed using Zubal’s phantom 

model [20]. The matrix size of the simulation phantom was 

set to 256 x 256 x 74 mm3 and the resolution was set to 1 x 1 

x 2 mm3. The susceptibility values were assigned as follows: 

Caudate nucleus (CN) = 0.04 ppm, Putamen (PU) = 0.07 ppm, 

Global pallidus (GP) = 0.12 ppm, Cerebrospinal fluid (CSF) = 

0 ppm, White matter (WM) = -0.09 ppm, and Grey matter 
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(GM) = 0.04 ppm. To show the change of QSM offset 

according to background field removal condition and spatial 

coverage in computer phantom simulation, the simulation's 

background removal conditions were divided into three cases, 

as in Figure 7. 

 

Figure 7. First simulation condition : (a) True susceptibility 

in the Zubal phantom where air susceptibility value is 

allocated to 0 ppm. (b) Tissue phase applied with perfect 

background removal method (PDF) with (a) condition. Second 
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simulation condition: (c) True susceptibility in the Zubal 

phantom where air susceptibility value is allocated to 9 ppm. 

(d) Tissue phase applied with perfect background removal 

method (PDF) with (c) condition. Third simulation condition: 

(e) True susceptibility in the Zubal phantom where air 

susceptibility value is allocated to 0 ppm. (f) Tissue phase 

applied with imperfect background removal method (PDF) 

with (e) condition. 

First, background removal method can be ideally performed 

by setting the air susceptibility value to 0 ppm in first 

simulation condition. Secondly, when the background removal 

method is completely performed with the air susceptibility 

value at 9 ppm in second simulation condition, and finally, 

background removal was less performed with the same air 

susceptibility value in third simulation condition, as shown in 

Figure 7. Using the phantom, a magnetic field distribution was 

generated by convoluting the susceptibility map with a dipole 

kernel [4]. Then, the results were reconstructed using a 

background removal method and QSM algorithm [4] for three 

different slab widths (92 mm, 104 mm, and 116 mm) and 

three different mask sizes (-0 mm, -2 mm, and -4 mm) 

(Figure 8). 
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Figure 8. QSM reconstruction using different slab widths (92 

mm, 104 mm, and 116 mm) and different brain mask sizes (0 

mm, -2 mm, and -4 mm) to demonstrate the effects of the 

slab width and mask size on QSM values.  

 

Figure 9. Neighboring ROIs : CN, PU, and GP and Distant ROI : 

CSF_P were manually drawn in the Zubal phantom. 
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Neighboring ROIs are located in the center of the phantom 

(36-38th slices) and Distant ROI is located in the edge of the 

phantom (55th slice). 

To compare the true susceptibility values assigned to the 

Zubal phantom and the reconstructed susceptibility values 

from QSM with different simulation conditions, Neighboring 

ROIs: CN, PU, and GP and Distant ROI: CSF posterior (CSF_P) 

were manually drawn as shown in Figure 9. Neighboring ROIs 

are located in the center of the phantom (36-38th slices) and 

Distant ROI is located in the edge of the phantom (55th slice). 

 

2.2.2 Differential ROI Reference  

As an alternative to conventional reference, we propose a 

new “differential” ROI reference. In this approach, we 

report the susceptibility difference between two (adjacent) 

ROIs and provide an interpretation of the results as 

“susceptibility difference” between “two ROIs”. This 

suggestion may sound trivial but has important implication 

particularly in group comparison because it no longer assumes 

that a “reference” region has no susceptibility difference 

between groups. In most studies, this assumption of no 

susceptibility difference in reference is asserted without any 

evidence. When the differential ROI reference is used with a 
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proper interpretation (i.e. report group level difference in 

susceptibility difference between two ROIs), no such 

assumption is necessary. As an example of this new 

differential ROI reference, QSM results were compared 

between Parkinson disease patients (PD) and healthy controls. 

 

2.2.3 In-vivo study (Parkinson disease)  

We use 16 Parkinson disease patients (54-77 years; mean 

age 65.3 years) and 16 normal subjects. (50-80 years; mean 

age 67.4 years) in-vivo data. All patients were scanned at a 

3T whole-body MR system (Achieva, Philips Medical 

Systems) with a 8-channel head-matrix coil during routine 

clinical workup with a clinical protocol including a T1-

weighted spin-echo (pre- and post-contrast), a 3D 

gradient-echo sequence. Imaging parameters for the 3D-GRE 

were (pre-contrast): flip angle = 20°, TR = 42.8 ms, TE = 

3.4, 9.4 15.4, 21.4 ms, acquisition matrix = 352 x 352 x 80, 

voxel size = 0.625 x 0.625 x 2 mm³, readout bandwidth 80 

Hz/pixel, partial parallel imaging (SENSE) with an 

acceleration factor R = 1.8. Brain masks were generated from 

the magnitude images using FSL-BET [6, 7]. Phase images 

were unwrapped using a Laplacian-based phase unwrapping 

[12, 16, 18]. The background field was removed with PDF [8]. 
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Susceptibility maps were calculated using the MEDI method 

[4] and MEDI-parameters recommended for effective 

removal of streaking artifacts and accurate quantification of 

susceptibility were used [17].  

To observe the change of t-test result in PD and healthy 

controls group study according to the coverage of QSM brain 

mask, QSM was reconstructed by different brain mask 

coverage. For the different brain mask coverage to be used 

for QSM reconstruction and background removal, the slab 

width of the brain mask was repeated five times to remove 

two slices up and down (-8 mm) and the mask size of the 

brain mask also was repeated five times to remove two pixels 

(-2 mm) in the edge of brain mask. 

For ROI analysis in QSM reference study, all subject’s data 

were registered by the following step. First, we obtain the 

linear warping matrix by warping each subject’s multi-

gradient echo data to each subject’s T1 map using FSL-flirt 

[13]. T1 map was bias-corrected using FSL-FAST [13]. 

Next, we obtain nonlinear warping matrix by warping each 

subject’s T1 map to 1 x 1 x 1 mm MNI template. After 

processing QSM maps from multi-gradient echo data, QSM 

maps were warped to MNI template by linear and nonlinear 

warping matrix. As shown in Figure 10, this process was done 
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by using large deformation symmetric normalization (ANTS) 

[21]. 

 

Figure 10. QSM registration to MNI template pipeline using 

large deformation symmetric normalization (ANTS). 

 Five deep gray matter (SN, RN, CN, GP, and PU) in the 

brain were identified as suitable reference regions in our 

study and drawn on the average of QSM map which was 

warped to 1 x 1 x 1 mm MNI template of each subject 

(Normal 16, Parkinson 16) (Figure 11.).  
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Figure 11. Five deep gray matter (SN, RN, CN, GP, and PU) 

in the brain were manually drawn in average of warped QSM. 

Student’s t-test was performed between the two groups for 

each pair of ROIs with multiple-comparison correction using 

FDR-BH [22].  

 

2.3 Result 

The simulation results are summarized in Figures 12, 13, 

and 14. when reconstructed with different slab widths and 

mask sizes in our three simulation condition. In the first 

simulation condition (ideal case), where background removal 

can be ideally performed, the mean susceptibility values in CN, 

PU, and GP located in the center of the brain were almost 

unchanged according to the slab width and mask size, but the 
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mean susceptibility value in the CSF_P located at the edge of 

the brain slightly was changed. (Figure 12.) 

 

 

Figure 12. In the first simulation condition, where 

background removal can be ideally performed, the mean 

susceptibility values in CN, GP, and PU located in the center 

of the brain were almost unchanged according to the slab 

width and mask size, but the mean susceptibility values in the 

CSF_P located at the edge of the brain slightly changed. 

In the case of second simulation condition (real case), 

where the background removal performed well with air 

susceptibility (9 ppm) values, the mean susceptibility values 

in CN, GP, PU, and CSF_P changed more than the first 

simulation condition depending on the slab width and mask 

size. 
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Figure. 13. In the second simulation condition, where 

background removal can be ideally performed, the mean 

susceptibility values in CN, GP, and PU located in the center 

of the brain were slightly changed according to the slab width 

and mask size and the mean susceptibility values in the CSF_P 

located at the edge of the brain changed more. 

 In the third simulation condition (bad case), where the 

background removal performed slightly less than the second 

simulation condition, CN, GP, PU, and CSF_P changed more 

than the first and second simulation conditions, depending on 

the slab width and mask size. 
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Figure 14. In the third simulation condition, where the 

background removal performed slightly less than the second 

simulation condition, CN, GP, PU, and CSF_P changed more 

than the first and second simulation conditions, depending on 

the slab width and mask size 

When the susceptibility values are referenced by using 

physically neighboring references (e.g. CN referenced by GP 

and PU; Figure 15.), they become close to the correct values 

in all simulation conditions. Especially in the case of bad case, 

QSM values with offset were corrected. Also, for each 

simulation condition, mean of the reconstructed QSM values 

and known values are close to the correct values and standard 

deviation of them is significantly low when the neighboring 

ROIs is used as the reference (e.g. CN referenced by GP and 

PU) with the mask coverage changes compared to distant ROI: 
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CSF_P (Table 1). When the W-brain value is used for 

reference value, compared to the CSF_P, standard variation of 

the QSM values in changes depending on reconstruction 

masks was lower and closer to the known susceptibility value 

(Table 1). Also, QSM variation was higher depending on the 

slab width than mask size.  

Table 1. Mean and standard deviation of the reconstructed 

QSM values and known susceptibility values with slab width 

changes and mask size changes in each simulation conditions. 

 Slab width Mask size 

ROI 
Phantom 

susceptibility 
Simulation 

1 
Simulation 

2 
Simulation 

3 
Simulation 

1 
Simulation 

2 
Simulation 

3 

CN 40.00 
38.74 ± 

1.43 
34.83 ± 

4.36 
29.88 ± 

7.11 
39.87 ± 

0.16 
38.97 ± 

1.68 
39.33 ± 

7.41 

GP 120.00 
118.57 ± 

1.52 
114.63 ± 

4.44 
109.79 ± 

7.25 
119.90 ± 

0.12 
118.92 ± 

1.82 
119.65 ± 

7.29 

PU 70.00 
68.35 ± 

1.30 
64.65 ± 

4.16 
60.07 ± 

7.03 
69.12 ± 

0.59 
68.36 ± 

1.89 
69.31 ± 

6.86 

CSF_P 0.00 
0.52 ± 

0.61 
-2.02 ± 

2.39 
-4.78 ± 

3.31 
-0.14 ± 

0.46 
-1.64 ± 

1.20 
0.34 ± 

4.96 

W_brain 2.34 
0.73 ± 

1.14 
-2.34 ± 

3.38 
-6.35 ± 

5.99 
1.24 ± 

0.74 
0.35 ± 

2.02 
0.45 ± 

5.77 

CN-GP -80.00 
-79.83 ± 

0.52 
-79.80 ± 

0.28 
-79.91 ± 

0.60 
-80.02 ± 

0.05 
-79.95 ± 

0.31 
-80.32 ± 

0.24 

CN-PU -30.00 
-29.60 ± 

0.91 
-29.82 ± 

0.63 
-30.19 ± 

0.42 
-29.25 ± 

0.50 
-29.39 ± 

0.49 
-29.98 ± 

0.55 
CN-

CSF_P 
40.00 

38.23 ± 
1.68 

36.85 ± 
3.20 

34.66 ± 
4.32 

40.02 ± 
0.58 

40.61 ± 
1.33 

38.99 ± 
2.97 

CN-
W_brain 

37.66 
38.01 ± 

0.83 
37.17 ± 

1.43 
36.24 ± 

1.19 
38.63 ± 

0.65 
38.62 ± 

0.74 
38.88 ± 

2.19 

   QSM values are given in mean ± std (ppb) over QSM Mask 
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Figure 15. ROI averaged susceptibility values relative to 

reference in all simulation condition. When neighboring ROIs 

were used as a reference, the susceptibility differences were 

close to true susceptibility differences independent of slab 

widths and mask sizes. On the other hand, the differences 

changed with slab width and mask size when a distant ROI or 

whole brain susceptibility value was used as a reference.  

In the t-test result of the PD data is summarized in (Table 1. 

and Table 2.).  

 

 

Figure 16. When susceptibility values reconstructed with 

whole brain mask were used, difference susceptibility values 

between SN and CN, between PU and CN, and SN with no 

reference showed significant results in the t-test.  

When susceptibility values reconstructed with whole brain 
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mask were used, difference susceptibility values between SN 

and CN, between PU and CN, and SN with no reference 

showed significant results in the t-test (Figure 16.). 

Difference of susceptibility values between SN and CN and 

between PU and CN always yield significant results in the t-

test regardless of slab width. In contrast, with susceptibility 

values in SN, PU using no reference and the difference of 

susceptibility values between SN and CN show significant 

results changes in depending on slab width. (Table 2). As the 

mask size was changed, the difference of susceptibility values 

between SN and CN and between PU and CN was still 

significant in t-test, but the significant result of difference 

susceptibility values between RN and CN and SN with no 

reference was changed. (Table 3).  

 

Table 2. T-test results between PD and Healthy controls 

with QSM values in deep gray matter obtained by changing the 

slab width. 
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Table 3. T-test results between PD and Healthy controls 

with QSM values in deep gray matter obtained by changing the 

mask size. 

 

 

3. Discussion and Conclusion 

 

QSM is imaging technique visualizing and getting relative 

magnetic susceptibility sources in brain. In order for QSM to 

be meaningful quantitative imaging technique, it is necessary 

to establish a reference. Nonetheless, many researchers have 

used various domains without any logic in selecting 

references in QSM. Moreover, there are few studies on QSM 

offset in the literature. 

In this work, we introduced importance of reference in QSM 

and a new differential ROI reference method.             

Susceptibility values in this phantom study were not only 

dependent on the brain slab width but also dependent on brain 
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mask size. The effect of slab width changes was more 

influential on the changes of QSM value than the effect of 

mask size changes. Also, we adjusted the condition of the 

background removal by changing the PDF tolerance value [8]. 

In the ideal case where the background field can be removed 

well, the susceptibility values reconstructed by QSM are 

almost the same as the true susceptibility values, regardless 

of the QSM reconstruction mask coverage. In the real case 

and bad case where the background field cannot be completely 

removed, the susceptibility values reconstructed by QSM have 

offset from the known susceptibility values in the phantom 

depending on the mask coverage. This means there is 

unresolved offset in QSM varying differently in many 

conditions. Also, this result shows that difference of QSM in 

adjacent region is mostly equivalent to difference in adjacent 

region of known susceptibility value, but not in distant region. 

The reason for this is because that the offsets in QSM are 

similar to each other in the relatively close region. In distant 

ROI, since these offset are different, the susceptibility 

difference between ROIs is different from the known 

susceptibility difference in the phantom. In addition, the use of 

the mean value of susceptibilities of the whole brain as a 

reference was similar to the known susceptibility difference 
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regardless of the mask coverage. Moreover, it was less 

affected by the mask coverage than distant ROI: CSF_P.  

We performed the t-test between PD and healthy controls 

with QSM values in five deep gray matters acquired by 

changing the slab width and mask size. To avoid the 

subject’s variation of QSM value due to different ROI 

positions, all subject’s QSM map were warped to the MNI 

template and the five deep gray matters were manually drawn 

in the average of warped QSM. When susceptibility values 

reconstructed with original brain mask were used, difference 

susceptibility values between SN and CN, between PU and CN, 

and SN with no reference showed significant results in the t-

test. However, in the t-test results of reconstructed 

susceptibility values with changes of the brain mask coverage, 

the results slightly changed. When the differential ROI 

reference method was used in five deep gray matters for the 

t-test, the t-test result was almost maintained depending on 

the mask coverage, but the t-test results using subject’s 

susceptibility values of the deep gray matters without 

reference were changed depending on the mask coverage 

such as SN and PU. 

The use of differential ROI reference avoids the assumption of 

equal susceptibility in the reference between groups in group 
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comparison. This assumption is rarely validated and, therefore, 

be cautious in reporting the results. One draw of the 

differential ROI reference is the interpretation of the results. 

Since the “susceptibility difference” between two regions is 

compared, the interpretation becomes verbose as compared to 

the previous interpretation of, for example, the QSM value in 

SN being different between PD and control groups. However, 

this conventional interpretation is also incorrect since the 

QSM value in SN is calculated relative to a reference and the 

choice of reference is important and needs to be reported. 

The differential ROI reference directly reports the 

susceptibility difference between two ROIs, no longer allowing 

ambiguity in interpretation. 
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초록 

정량적 자화율 영상 매핑 기법에서 기준 영역의 중요성과 

새로운 차등영역 기준 방법  

황 태 현 

전기정보공학부 

서울대학교 대학원 

 

본 논문에서는 QSM에서 기준 영역의 중요성을 설명하기 위해 

컴퓨터 팬텀 시뮬레이션을 개발했다. 컴퓨터 팬텀의 QSM 값은 

재구성 공간 범위에 따라 영향을 받는 것을 알 수 있었다. 특히 

MRI의 위상 데이터에서 비조직 위상이 제대로 제거되지 않았을 

때 그 영향은 더 큰 것을 알 수 있었다. 하지만 목표 영역의 QSM 

값을 근접한 영역의 QSM 값으로 기준을 두면 QSM 재구성 공간 

범위와 관계없이 원래 컴퓨터 팬텀의 자화율 차이와 비슷한 

결과를 보였다. 또한, 이 방법을 파킨슨 군과 정상 군 집단 간 

비교 연구에 적용했다. 기존의 QSM에서 통일되지 않은 기준 영역 

사용 방법과 달리, 차등 영역 기준 방법을 사용함으로써, 집단 간 

비교연구에서 피실험자 간의 기준 영역의 자화율 값이 비슷해야 

한다는 가정을 피할 수 있고, 직접적으로 두 영역 간의 자화율 

차이를 보고함으로써, 더 이상의 QSM의 상대적 기준에 대한 

해석의 여지를 남기지 않을 수 있다. 

 

주요어 : 자기공명영상, 정략적 자화율 매핑, 자화율, 기준, 파킨슨 

학 번 : 2016-20991 
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