
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


공학석사 학위논문

A geometric approach to separate 

the effects of magnetic 

susceptibility and chemical 

shift/exchange

기하학적 특성을 활용한 위상 정보에서의

자화율과 화학전이/교환 분리법

2020년 2월

은 현 성

서울대학교 대학원

전기정보공학부



A geometric approach to separate 

the effects of magnetic 

susceptibility and chemical 

shift/exchange

지도 교수  이 종 호

이 논문을 공학석사 학위논문으로 제출함

2020년 2월

서울대학교 대학원

전기정보공학부

은 현 성

은현성의 공학석사 학위논문을 인준함

2020년 2월

위 원 장          조남익          (인)

부위원장          이종호          (인)

위    원          오세홍          (인)



i

국문초록

자기공명영상 (Magnetic Resonance Imaging, MRI) 분야에서, 

주파수 변이 또는 위상 영상은 Quantitative Susceptibility Mapping 

(QSM) 기술을 활용해 자화율을 측정하는 데 이용된다. 하지만 주파수

변이는 자화율뿐만 아니라 화학전이 및 화학교환에 의해서 영향을

받는데, 이 때문에 자화율을 정확히 측정하는 것에 어려움이 있다. 본

연구에서는 위의 문제를 해결하기 위해 자화율에 의한 주파수 변이와

화학전이 및 화학교환에 의한 주파수 변이를 분리하는 방법론을

제안한다. 제안된 분리법은 서로 수직인 세 방향의 주 자기장에서

촬영한 영상들이 가지는 기하학적 특성을 활용하였다. 

위 분리법의 유효성을 검증하기 위하여 가상의 인공물을 활용한

컴퓨터 시뮬레이션을 진행하였다. 또한, 올리브유, 알부민 수용액, 

페리틴 수용액, 산화철 수용액을 이용하여 진행한 인공물 실험을

동반하여 효용성을 증명하였다. 본 연구에서 제안된 자화율과 화학전이

및 화학교환의 분리법은 각 물리량의 정확한 측정과 QSM 재구성

알고리즘의 기술적 향상에 공헌할 것으로 기대한다.

주요어 : 정량적 자기 공명 영상, 자화율, 화학전이, 화학교환

학 번 : 2017-24722
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1. Introduction

1.1 Quantitative Susceptibility Mapping

MRI is a useful tool for visualizing biological tissues. 

Depending on the combination of RF pulse, MRI can generate 

different contrast mechanisms which give specific tissue properties 

including T1 and T2 relaxation. However, those commonly acquired 

MR results were lack of specific unit, and MR images were 

evaluated qualitatively. Recently, advances in MR hardware and 

signal processing methods enable to measure quantitative values for 

biological tissues. Quantitative MR enables direct comparison 

between MR images.

Among the quantitative MR contrast mechanisms,

quantitative susceptibility mapping (QSM) is a notable MR contrast 

which reflects the magnetic susceptibility of biological tissues. 

Paramagnetic tissues such as deep gray matter have positive 

susceptibility values, whereas diamagnetic tissues such as white 

matter have negative susceptibility values. Since iron accumulation 

or demyelination affects the susceptibility value, QSM contrast can 
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be utilized in a diagnosis of Parkinson’s disease (PD) or multiple 

sclerosis (MS).

The QSM image is obtained through three stages of MR 

phase imaging: phase unwrapping, background field removal, and 

dipole deconvolution. First of all, wrapped phase images from -π

to π are unwrapped to remove the discontinuous boundaries. Then, 

the phase from the background susceptibility, such as skull and air, 

is removed as it distort the phase of the tissue. Lastly, the phase 

image or frequency shift image is converted to the susceptibility 

map by performing the deconvolution of the dipole kernel.

1.2 Background

With the development of ultra-high field MRI systems, 

phase shift or resonance frequency shift has become a vital contrast 

for high-resolution anatomy (1-3). The origins of the resonance 

frequency shift have been attributed to the effect of magnetic 

susceptibility (4-6), chemical shift (7), chemical exchange (8-11), 

and tissue compartmentalization (12-14). Among them, the 

magnetic susceptibility effect has been suggested as a primary 
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contributor to the resonance frequency shift. Under this assumption, 

quantitative susceptibility mapping (QSM) has been proposed by 

converting a frequency shift image to a susceptibility map (15-19). 

The method has demonstrated great details of anatomical structures 

and has been applied for various clinical studies (20-24). However, 

the accuracy of QSM degrades when the other origins of the 

frequency shift exist. For example, in abdominal QSM, the chemical 

shift from fat introduces substantial artifacts in QSM images if it is 

reconstructed without consideration of the chemical shift of fat 

(25,26). 

Magnetic susceptibility and chemical shift/exchange are the 

properties of a material (e.g., vegetable oil has magnetic 

susceptibility of 0.65 ppm and chemical shift of -3.5 ppm (27); 

bovine serum albumin solution (1 mg/ml) has magnetic 

susceptibility of -0.23 ppb and chemical exchange of 0.079 ppb 

(28)). Hence, understanding the contribution of the two sources is 

important for reliable reconstruction of QSM. In a few previous 

studies (8-10), efforts have been made to separate the effects of 

the magnetic susceptibility and chemical exchange by using a 

reference chemical (e.g., dioxane). However, a more recent study 

has suggested a non-negligible level of interactions between the 
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reference chemical and the material under investigation (29). As a 

result, further research is necessary to determine the validity of the 

reference chemical-based measurements.

In this study, we present a novel geometric method that 

separates the susceptibility and chemical shift/exchange without 

using a reference chemical. A mathematical formation has been 

developed to achieve the separation. Numerical simulation and 

phantom experiments were performed to validate the method.
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2. Theory

2.1 Resonance frequency shift

When the effect of the susceptibility and chemical 

shift/exchange coexist in a material with no additional source for 

the frequency shift, the total frequency shift can be written as

                   [1]

where is the total resonance frequency shift, is a position 

vector, is the chemical shift/exchange-induced frequency shift, 

and is the susceptibility-induced frequency shift. The latter term 

has been shown to be modeled as (30,31):

                        [2] 

                     [3]

where is a dipole kernel, is susceptibility, and is an angle 

between the position vector and B0 orientation. Since is a function 

of B0 orientation, the susceptibility-induced frequency shift is also 

dependent on the orientation of B0 (4,32). On the other hand, the 
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chemical shift/exchange-induced frequency shift has been 

suggested not to be influenced by B0 orientation ((33); see 

Discussion). The characteristics of two frequency shifts are 

demonstrated in Figure 1.

Figure 1. Basic concept of the frequency shift separation. Measured 

frequency shift is affected by chemical shift/exchange and 

susceptibility. The susceptibility-induced frequency shift is 

dependent on the B0 orientation while the chemical shift/exchange-

induced frequency shift is independent of the B0 orientation.
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2.2 Separation of chemical shift/exchange from 

susceptibility

When B0 is applied to an object along the three orthogonal 

axes (i.e., x-, y-, or z-axis), the three susceptibility-induced 

frequency shifts can be written as:

              [4]

where sub-index x, y, and z indicate the orientation of B0 and , , 

and represent the angle between the position vector and the B0

field along the x, y, and z-axis, respectively. 

If we sum these three frequency shifts, it results in a null 

frequency shift,

     [5]
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because equals to 1 for the three orthogonal 

axes.

Using this property, one can measure the chemical 

shift/exchange-induced frequency shift by averaging the frequency 

shifts from the three orthogonal B0 orientations.

     [6]

Then, the susceptibility-induced frequency shift can be 

calculated by subtracting the chemical shift/exchange-induced 

frequency shift from the total frequency shift.

                     [7]

From this susceptibility-induced frequency shift, one can measure 

the susceptibility by using a QSM algorithm. 

This approach of separating the susceptibility and chemical 

shift/exchange requires data acquisition of three different B0

orientations that are orthogonal to each other. If an object has 

geometric symmetry, however, the number of scans can be reduced. 

For example, an infinitely long cylinder has the geometric symmetry 

in the two short axes and, therefore, only two acquisitions, one with 
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B0 along the long axis of the cylinder and the other with B0 along one 

of the short axes, are necessary. The missing frequency shift map 

can be generated by the 90° rotation of the frequency shift map 

acquired with B0 along the short axis. Similarly, a spherical phantom 

can be scanned once to apply our method.

3. Methods

3.1 Numerical simulation I

A numerical simulation was designed to demonstrate that the 

summation of the three susceptibility-induced frequency shifts 

results in a null field (Eq. 5). Four numerical phantoms in the shape 

of heart, cylinder, sphere, and brain (34) were constructed in a 2563-

voxel grid each. For the heart, cylinder, and sphere phantoms, the 

susceptibility of 0.1 ppm was assigned. For the brain phantom, the 

following susceptibility values were assigned to subregions: caudate 

nucleus = 0.04 ppm, putamen = 0.07 ppm, globus pallidus = 0.12 ppm, 

gray matter = 0.02 ppm, and white matter = -0.02 ppm. The 

background had zero susceptibility. No chemical shift/exchange was 
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assumed. Then, the susceptibility-induced frequency shifts of the 

three orthogonal B0 orientations were generated using a Fourier-

based frequency shift calculation method (30,31). Then the three 

susceptibility-induced frequency shifts were summed to 

demonstrate that the result was a null field.

3.2 Numerical simulation II

Another numerical simulation was performed to illustrate the 

process of the proposed method. A cylindrical phantom of the 30-

voxel radius was embedded at the center of a 256×256×40-voxel 

grid. The material inside the phantom was assumed to be fat with 

the chemical shift of -3.5 ppm (35) and susceptibility of 0.65 ppm 

(27). No susceptibility or chemical shift was assigned at the 

background. A susceptibility-induced frequency shift map was 

calculated for each of the three orthogonal B0 orientation using the 

Fourier-based method. Then a chemical shift-induced frequency 

shift map, which was confined to the cylinder with -3.5 ppm 

frequency shift, was generated. The two maps were summed to 

yield a total frequency shift map for each B0 orientation. Then, the 
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three total frequency shift maps were averaged to produce a 

chemical shift-induced frequency shift map (Eq. 6). This map was 

subtracted from each of the total frequency shift maps, providing 

the susceptibility-induced frequency shift maps (Eq. 7). From 

these frequency shift maps, susceptibility maps were reconstructed 

by a QSM method (36) with a regularization factor of 10. For 

comparison, susceptibility maps were reconstructed from the total 

frequency shifts using the same QSM method.

3.3 Phantom experiment

3.3.1 Production of phantom

Olive oil (O1514, Sigma-Aldrich, St.Louis, MO), bovine 

serum albumin (BSA) solution (100 mg/ml; A7906, Sigma-Aldrich), 

ferritin solution (0.43 mg/ml; F4503, Sigma-Aldrich), and iron 

oxide solution (2.5∙10-3 mg/ml; PMC1N, Bang’s Laboratories Inc., 

Fishers, IL) were used to test the proposed method. Each solution 

filled out two identical plastic cylinders (inner diameter = 28 mm, 

outer diameter = 30 mm, and height = 110 mm). Then, the two 
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cylinders were positioned in a large container such that one 

cylinder was parallel to B0 and the other was perpendicular to B0. 

The container was filled with distilled water. In addition to the 

cylinder phantoms, a sphere phantom (diameter = 40 mm) filled 

with the olive oil was placed in a container.

3.3.2 Data acquisition

All scans were conducted on a 3T MRI scanner (SIEMENS 

Tim Trio, Erlangen, Germany) with a 12-channel array coil. The 

scan started with a three-plane localizer. Then shimming was 

performed to reduce field inhomogeneity. Before the main scan, a 

sufficient number of dummy scans were performed to stabilize the 

B0 field. For the main scan of the BSA, ferritin, and iron oxide 

solutions, data were acquired at room temperature using a 3D 

multi-echo gradient echo sequence with the following parameters: 

FOV = 192×192×64 mm3, voxel size = 2×2×2 mm3, TR = 64 ms, 

TE = 5 to 23.75 ms with echo spacing of 3.75 ms, number of 

echoes = 6, bandwidth = 330 Hz/pixel, flip angle = 12°, GRAPPA 

factor = 2, monopolar readout gradient, and total acquisition time = 
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2.03 min. For the olive oil, the readout gradient was modified from 

monopolar to bipolar in order to achieve shorter echo spacing. The 

scan parameters were also modified to TR = 40 ms, TE = 1.5 to 

9.78 ms with echo spacing of 0.92 ms, number of echoes = 10, 

bandwidth = 2000 Hz/pixel, and total acquisition time = 1.6 min. To 

compensate for the artifacts in the bipolar gradient, the sequence 

was repeated with the opposite gradient polarity (37). After 

scanning each solution, the two cylinders (or a sphere) were 

replaced by cylinders (or a sphere) with distilled water. Then the 

scan was repeated to acquire a reference for a background field 

(38). 

3.3.3 Data processing

For data processing, k-space data of each solution were 

reconstructed to complex images. For the scans of the olive oil, the 

two complex images of the opposite gradient polarity were 

averaged (37). Then, the background field of the solution was 

removed by dividing the complex image of the main scan by that of 

the reference. For the cylindrical phantoms, the two frequency shift 
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maps, one parallel and the other perpendicular to B0, were manually 

registered. After that, a third orientation frequency shift map was 

generated by 90° rotation of the frequency shift map whose 

cylinder was perpendicular to B0. The resulting map was registered 

to the other maps. For the spherical phantom, the frequency shift 

map was rotated by 90° in two orthogonal orientations. Then the 

two rotated maps were registered to the original map. Then, our 

method, which is described in the numerical simulation, was applied 

to separate susceptibility-induced frequency shift and chemical 

shift/exchange-induced frequency shift. From the susceptibility-

induced frequency shift maps, susceptibility maps were 

reconstructed using the QSM method with two different 

regularization factors (10 and 100). During the QSM reconstruction, 

voxels that contained the cylinder wall had low signal to noise ratios 

(SNR) and were excluded to avoid partial volume-induced errors. 

For comparison, susceptibility maps were also reconstructed from 

the total frequency shift maps. To quantify the results, a region of 

interest (ROI) was chosen at the central eight slices of the cylinder. 

Then the mean and standard deviation of the susceptibility and 

chemical shift/exchange were measured in the ROI.



15

All data processing was performed using MATLAB 

(MATLAB 2014b, MathWorks Inc., Natick, MA).

4. Results

4.1 Numerical simulation I

In Figure 2, the simulation results of the four numerical 

phantoms in the shapes of the heart, cylinder, sphere, and brain are 

illustrated. In all phantoms, the susceptibility-induced frequency 

shift maps of the three orthogonal B0 orientations clearly show 

orientation dependency. When the three susceptibility-induced 

frequency shift maps are summed, a null frequency shift is 

generated regardless of the shape of the phantom (rightmost 

column in Fig. 2), demonstrating the validity of Eq. 5 in Theory.
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Figure 2. Susceptibility-induced frequency shifts in the heart-, 

cylinder-, sphere- and brain-shaped numerical phantoms. The 

frequency shift maps demonstrate B0 orientation dependency. When 

the frequency shift maps of the three orthogonal B0 orientations are 

summed, a null field is generated. The susceptibility and frequency 

shifts are expressed in parts per million.
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4.2 Numerical simulation II

The process of separating the susceptibility and chemical 

shift/exchange is shown in Figure 3 for the numerical fat phantom. 

The total frequency shift maps of three orthogonal B0 orientations 

are illustrated in Fig. 3a. When the three frequency shift maps are 

averaged to generate a chemical shift map (Fig. 3b), the frequency 

shift measured inside the cylinder is -3.5 ppm, which is the same 

as the assigned chemical shift. This map is subtracted from each of 

the total frequency shift maps, generating the susceptibility-

induced frequency shift maps, as shown in Fig. 3c. When these 

maps are reconstructed for QSM, they result in consistent 

susceptibility estimations for all B0 orientations (Fig. 3e; left 

cylinder: 0.65 ± 0.01 ppm, middle cylinder: 0.65 ± 0.01 ppm, 

right cylinder: 0.65 ± 0.00 ppm) that are equal to the assigned 

susceptibility value (0.65 ppm) regardless of the B0 orientations. On 

the other hand, when susceptibility maps are reconstructed from 

the total frequency shifts in Fig. 3a, the susceptibility values show 

significant variations (Fig. 3d; left cylinder: 4.16 ± 0.60 ppm, 

middle cylinder: 4.16 ± 0.60 ppm, right cylinder: -8.97 ± 0.01 
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ppm). These results demonstrate that the chemical shift/exchange 

induced frequency shift can produce inaccurate susceptibility and 

streaking artifacts. 

Figure 3. Separation of the susceptibility and chemical shift in the 

numerical fat phantom. The three total frequency shift maps 

generated from the three orthogonal B0 orientations include the 

contributions of both susceptibility and chemical shift (a). The 

average of the three total frequency shift maps produces a chemical 

shift-induced frequency shift map (b). The susceptibility-induced 
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frequency shift maps are generated by subtracting the chemical 

shift-induced frequency shift from the total frequency shift maps 

(c). The susceptibility maps reconstructed from the total frequency 

shift maps (d), and the susceptibility maps from the susceptibility-

induced frequency shift maps (e) reveal significant differences with 

the latter reporting correct susceptibility estimations in all 

orientations.

4.3 Phantom experiment

The experimental results using the cylindrical olive oil 

phantom are displayed in Fig. 3. The same trend as in the numerical 

fat phantom is observed. The frequency shift maps from the three 

orthogonal B0 show orientation dependency (Fig. 4a). When the 

three maps are averaged, the chemical shift-induced frequency 

shift map reveals –3.60 ± 0.01 ppm (Fig. 4b). This map shows no 

blooming artifacts, confirming that the chemical shift effect is 

localized to the source. After removing the chemical shift effect, the 

susceptibility-induced frequency shift maps (Fig. 4c) are 

reconstructed to generate the QSM maps (Fig. 4e). The results 
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report consistent susceptibility for all orientations (left cylinder: 

0.63 ± 0.02 ppm, middle cylinder: 0.61 ± 0.02 ppm, right 

cylinder: 0.63 ± 0.01 ppm). The measurements show robustness 

to the regularization factors (Table 1). When susceptibility maps 

are reconstructed from the total frequency shift maps that include 

the chemical shift effect, they result in large susceptibility 

variations (left cylinder: 11.4 ± 0.8 ppm, middle cylinder: 10.6 ±

1.1 ppm, right cylinder: -10.2 ± 0.2 ppm) and streaking artifacts 

(Fig. 4d). The results of the olive oil using a spherical phantom 

report the same trend and are summarized in Figure 5.



21

Figure 4. Separation of the susceptibility and chemical shift in the 

cylindrical phantom with olive oil. The three total frequency shift 

maps generated from the three orthogonal B0 orientations contain 

the effect of both susceptibility and chemical shift (a). The average 

of the three total frequency shift maps produces the chemical shift-

induced frequency shift map (b). The susceptibility-induced 

frequency shift maps are generated by subtracting the chemical 

shift-induced frequency shift from the total frequency shift maps 

(c). The susceptibility maps reconstructed from the total frequency 

shift maps (d) and the susceptibility maps from the susceptibility-

induced frequency shift maps (e) demonstrate significant 

differences with the latter reporting consistent and correct 

susceptibility measurements in all orientations. 
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Table 1. Susceptibility Measurements with Two Different 

Regularization Factors (λ=10 and λ=100).

Susceptibility measurements in ppm B0

orientationλ=10 λ=100

Olive oil

0.63 ± 0.02 0.63 ± 0.02 x-axis

0.61 ± 0.02 0.63 ± 0.02 y-axis

0.63 ± 0.01 0.63 ± 0.01 z-axis

BSA

-0.057 ± 0.001 -0.058 ± 0.001 x-axis

-0.058 ± 0.001 -0.060 ± 0.001 y-axis

-0.061 ± 0.001 -0.061 ± 0.001 z-axis

Ferritin

0.126 ± 0.005 0.130 ± 0.004 x-axis

0.124 ± 0.006 0.131 ± 0.004 y-axis

0.126 ± 0.001 0.126 ± 0.001 z-axis

Iron oxide

0.28 ± 0.01 0.29 ± 0.01 x-axis

0.31 ± 0.01 0.32 ± 0.01 y-axis

0.32 ± 0.01 0.32 ± 0.01 z-axis

The susceptibility and chemical exchange measurements of 

the BSA, ferritin, and iron oxide solutions are listed in Table 2. In 

all solutions, the susceptibility measurements show more consistent 

results in the proposed method than the conventional reconstruction 

with the chemical exchange. 
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Table 2. Susceptibility (χ) and Chemical Shift/Exchange (Ξ) 

Measurements for the Olive Oil, BSA, Ferritin, and Iron Oxide 

Solutions

Ξ, ppm

χ, ppm

B0 

orientation

χ using the 

proposed 

method

χ from the total 

frequency shift

Olive 

oil

-3.60 ±

0.01

0.63 ± 0.02 11.4 ± 0.8 x-axis

0.61 ± 0.02 10.6 ± 1.1 y-axis

0.63 ± 0.01 -10.2 ± 0.2 z-axis

-3.58 ±

0.01

0.66 ± 0.01 -5.07 ± 0.63 x-axis

0.66 ± 0.01 -4.02 ± 1.08 y-axis

0.62 ± 0.01 -4.23 ± 0.07 z-axis

BSA
0.008 ±

0.001

-0.057 ± 0.001 -0.082 ± 0.001 x-axis

-0.058 ± 0.002 -0.080 ± 0.002 y-axis

-0.061 ± 0.001 -0.038 ± 0.001 z-axis

Ferritin
-0.005 

± 0.001

0.126 ± 0.005 0.137 ± 0.006 x-axis

0.124 ± 0.006 0.136 ± 0.008 y-axis

0.126 ± 0.001 0.109 ± 0.001 z-axis

Iron 

oxide

-0.039 

± 0.003

0.28 ± 0.01 0.43 ± 0.01 x-axis

0.31 ± 0.01 0.45 ± 0.01 y-axis

0.32 ± 0.01 0.21 ± 0.01 z-axis



24

Figure 5. Experimental results of the olive oil in the spherical 

phantom. The chemical shift (Fig. 5b, -3.58 ± 0.01 ppm) and 

susceptibility (Fig. 5e, left sphere: 0.66 ± 0.01 ppm, middle 

sphere: 0.66 ± 0.01 ppm, right sphere: 0.62 ± 0.01 ppm) 

measurements are close to those of the olive oil in the cylindrical 

phantom. When the susceptibility maps are reconstructed from the 

total frequency shift maps with the chemical shift effect (Fig. 5b), 

significant susceptibility variations (left sphere: -5.07 ± 0.63 ppm, 

middle sphere: -4.02 ± 1.08 ppm, right sphere: -4.23 ± 0.07 

ppm) and streaking artifacts are observed (Fig. 5d). As compared 

to the cylindrical phantom, the spherical phantom requires only one 

scan for the proposed method. However, the spherical phantom is 
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not practical in some ways, and therefore, the cylindrical phantoms 

are used for the other solutions.

5. Discussion and Conclusion

In this paper, a novel method to separate the susceptibility 

and chemical shift/exchange is presented. The method yields 

quantitative maps of magnetic susceptibility and chemical 

shift/exchange and is tested in numerical simulations and phantom 

experiments.

To validate the proposed method, the susceptibility and 

chemical shift/exchange measurements are compared to literature 

values. The measurements of BSA solution (susceptibility: -0.059 

± 0.002 ppm, chemical exchange: 0.008 ± 0.001 ppm) shows a 

good agreement to the literature values (susceptibility: -0.061 ppm, 

chemical exchange: 0.008 ppm, (28)). The measurements of the 

olive oil (susceptibility: 0.62 ± 0.01 ppm, chemical shift: -3.60 ±

0.01 ppm) are close to the literature values of the vegetable oil 

(susceptibility: 0.65 ppm, chemical shift: -3.46 ppm, (27)) or fat 
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(susceptibility: 0.61 ppm, chemical shift: -3.50 ppm, (39)). These 

results indicate the accuracy of the proposed method.

In the previous studies (8-11), the quantification of 

chemical shift/exchange of a solution was performed using a 

reference chemical (e.g., dioxane), assuming no interaction between 

the reference and solution. In a more recent study, however, a 

non-negligible amount of interaction was reported (29), 

undermining the results of previous studies (8-11). Our approach, 

on the other hand, does not rely on a reference chemical and may 

provide a more reliable measurement.

In a recent study, extended frequency shift model, which 

involves the non-susceptibility contribution as well, is introduced 

and apply to reconstruct the in-vivo susceptibility map (40). The 

results demonstrate that the frequency contrast from tissue 

compartmentalization and chemical exchange leads to the anatomical 

mismatch in susceptibility map. In our study, we support this 

argument in a phantom by demonstrating that non-susceptibility 

contribution on frequency shift can degrade the accuracy of QSM 

results.

The proposed method requires three scans of orthogonal B0

orientations when an object has an arbitrary shape. The number of 
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scans, however, can be reduced in an object with symmetry (e.g., 

sphere or cylinder). In the aspect of the number of scans, the 

sphere is the most efficient geometry. However, when using 

spherical phantoms, there are difficulties in removing the air bubble 

or performing reference scan, and therefore, they are not mainly 

used in this article. Instead, cylindrical phantoms, which require two 

scans of orthogonal B0 orientations, are predominantly used, as they 

are practical. The process of separating susceptibility and chemical 

shift in cylindrical and spherical olive oil phantoms are 

demonstrated in Figure 3 and Figure S1. The susceptibility and 

chemical shift measurements are consistent in both geometries of 

the phantom.

Since the olive oil phantom has large chemical shift-induced 

frequency shift (-3.58 ppm; 458.24 Hz in 3T), shorter echo 

spacing time (<1.09 ms) is required for GRE sequence to 

reconstruct the frequency shift maps from the phase maps. To 

reduce the echo spacing time, we modified the readout gradient of 

the sequence from monopolar to bipolar. Then, two datasets with 

opposite readout gradient are combined to avoid the phase 

modulations (37). This modified GRE sequence with echo spacing of 
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0.92 ms allows reconstructing the frequency shift maps of olive oil 

phantom without any artifacts.

In phantom experiments, we experienced the B0 drift due to 

the mechanical vibration-related thermal effect, which can induce 

measurement errors (41). To minimize the B0 drift-induced errors, 

we stabilized the B0 field through a sufficient amount of dummy 

scans before the main scan. The scan time was also reduced by 

using the generalized autocalibrating partially parallel acquisitions 

(GRAPPA) reconstruction (42).

Our future methodological aim is to apply the proposed 

method for ex-vivo or in-vivo brain. However, it is challenging 

because three orthogonal orientation scans are required due to the 

lack of symmetry. Furthermore, the brain has additional sources of 

frequency shift, such as tissue compartmentalization (13) and 

susceptibility anisotropy (6). These contributions have B0

orientation dependency and are not considered in our model. 

Moreover, even chemical exchange has a B0 orientation dependency 

in anisotropic in-vivo condition (43), which is against our 

assumption.

In this study, we developed a geometric approach to 

separate the susceptibility and chemical shift/exchange in a 
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phantom. The proposed method yields accurate susceptibility and 

chemical shift/exchange measurements in the numerical simulation 

and phantom experiments. When susceptibility maps are 

reconstructed from the total frequency shift maps that include the 

chemical shift/exchange effect, they reveal large susceptibility 

variations and streaking artifacts depending on the B0 orientation. 

On the other hand, the reconstruction results from the 

susceptibility-induced frequency shift maps demonstrate correct 

susceptibility measurements with no artifacts. The proposed 

method is useful not only in measuring magnetic susceptibility and 

chemical shift/exchange but also in improving QSM reconstruction 

algorithms. 
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Abstract

A geometric approach to separate 

the effects of magnetic 

susceptibility and chemical 

shift/exchange

Hyunsung Eun

Dept. of Electrical and Computer Engineering

The Graduate School

Seoul National University

In MRI, the frequency shift or phase image has been widely 

used to measure magnetic susceptibility of a material using 

quantitative susceptibility mapping (QSM). However, the frequency 

shift is also known to be affected by chemical shift/exchange, which 

may introduce errors in the susceptibility estimation. In this study, 
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we proposed a geometric method that separates susceptibility-

induced frequency shift from chemical shift/ exchange-induced 

frequency shift in a phantom using three axes scanned datasets. 

The method was successfully validated in numerical simulation and 

reported susceptibility and chemical shift/exchange in olive oil, 

bovine serum Albumin (BSA), ferritin, and iron oxide solutions. The 

proposed method is useful not only in measuring magnetic 

susceptibility and chemical shift/exchange but also in improving 

QSM reconstruction algorithms. 

keywords : Quantitative MR, Susceptibility, Chemical exchange, 

Chemical shift
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