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IR SWI LABEE 19 (Gradient Recalled-Echo, GRE) 14 FEFI3EA . 16 KR
PR RGES W VP, SWI AJ USRS 405 (IR IRAE B, 55 MR U5 )3 21 AR 4 AH
B
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3 AP AT ORI QSM 4R v, BAJ% QSM 7 MRI IR fil, JEXE QSM 15K
R AT R
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Bl 1 SHARP 53500 IFS 4528 (a) HEHFEMAISCIR IR IR (b) Bl IR () S/l (d)
SERANEET () ML H B b
Fig.1 The processed result of IFS images using SHARP algorithm. (a) the thalamostriate area, (b) the midline

brain in sagittal view, (c) cerebellum, (d) basal ganglia, (e) the upper brain in axial view!'®’
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2 EIA R RLERS . ROT A AR T A A 37 55 AT 5 75 5t B (o2 A A0 07 1A b A £ 1A B Ky 40 {1 e K
(a) MW (b) JEARI; () JARMT. REANREMN T M RZE; (d) B, (o) ki () KR
E[ZO]

Fig.2 Approximate orthogonality between dipole fields. For each local dipole inside ROI, the maximum
absolute normalized inner product between any background unit dipole fields, (a) axial, (b) coronal, (c) sagittal
sections. The relative error for each local dipole, (d) axial, (e) coronal, (f) sagittal sections™>"

(©

(€9) ()

B3 AL, (a) WA (b) S (o) ROIIX (A); (d) PDF ST TE SHREAL R 53 i s

(e) PDF {EUHSIL 15 5647 () PDF AT SR (o) HPF AT 5% (h) HPF &3H 5

I¥y Jrd 37

Fig.3 Patient brain images. (a) Magnitude image, (b) The total field, (c) ROI (white region), (d) Estimated
background susceptibility distribution using the PDF method, (e) Background estimated by the PDF method, (f)
Local fields estimated by the PDF method, (g) Background estimated by the HPF method, (h) Local fields
estimated by the HPF method*”!
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T HAIE PDF J7vEM a4, ¥ PDF J7vk[Rl =il J&iki%: (High-Pass Filtering,
HPF) — & M 21 i 8 ifn s A MRI E& R (B 3). 5 PDF JiikitE M s
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WAk, HEWT R B - RS St 5 R ) Sk R 15 54 3(h), F T SkAL], 1R
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It, PDF Jy ks fef i 7 i A8, b i iR s S A JR 3% b HPF D735 2 )5
i SR 3(), (h) B OF kALY, e R E rp 44t T AR EU

2 QSM ER&F ik
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NFEH k 23 0) B4 4 #1)7%  (Threshold-based k-space Division, TKD). £ Z/NHEEH
(Y122 77 [ RFEREAL 7557751 MEDI J7i% (Morphology Enabled Dipole Inversion,
MEDD U7 IE Uk i), DL B /N AR ) & 23 DA sy R i
AP 3 5 QSM S 207 MERAEREAC AR T ST DU WAL T3 3200 ke
() DA Gl 732
21 ZHEREHLRITE R E—COSMOS

COSMOS (Calculation of Susceptibility Through Multiple Orientation Sampling) 75 7%
SR 2 7 ARER SR ) COSMOS Tkt s JBAR . B e Tk
Bo X A A A 5 R BN I HEAT 2 07 ke, AR5 R et in il /s sk Rt
S I ARG AR o DI, e E A AR IR T TR X 2 ) S AN I P REAT A
BT, VEAINAKT By 207 ikt A 2 07775, B COSMOS J7ik.

laboratory frame laboratory frame | |

y y object’s frame
(a) (®)

4 FRAIE. () B KEAHAE: (b) BTWEHME: (o) FEMAE R

Fig. 4 The scan positions. (a) The first scan position, (b) The second scan position, (c) The object’s frame!'”!

/N B R R U W O REAC R AR S FR AR R R . AESR AR 51 5 P (2) 2R 36 ) 8
i, COSMOS J7yk4 Il B i i 56 T L Rl e 3 9 H. 22 UCR R SRR BG4 R 434
B 4 e T E AR, AE PRI W (KR AT A T 3 P 2E AR o R AR TR, A 1
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146, },n=1,2,-,N {5 HCh -
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N
min ——
gk ok, ; 3 k2

IRHEREETT 104 {Hn} =arg min{e iy Ko.0,000,0 1= 1,2,---,N .

BN B HRAE I 0 5 R B/ — Feidon) Ja O EAT QSM. H gt T LAAS B d 4k R
ARG TR IR IF IR B R Y S G 25 S ) TR R U, N R A
2.031, AN AR FET A 000 60°. 120°. & 5 A RESIEEE AL BRAE B, K 5(d)Fl
WA Y EILBE £ e e A 2 EE i WL ) A B AOIR O 5 , U BH 3 N Il e e KA ml DA
U M A Y SR AR AR A A . F R R S LSRG R AR ZE I P IME N 4.627 27,
FES T B SR A 2R R 1A ] AW 1

(0)

L (@

K5 BHEBIREACE S MER. () BROHLESME: (b) BB WEE: () —AT7m MRS
T (d) 3 A7 R 4 A T e )

Fig.5 Reconstructed susceptibility distribution image from simulation data. (a) The true susceptibility
distribution, (b) Simulated field shift, (c) Reconstructed susceptibility distribution image from one orientation,

(d) Reconstructed susceptibility distribution image from three orientations!')
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T AR A S AR TR R R [ 6(d)], 3R T A B R AT (R
K096, ~1), SEMERM (RP=0.9997) (ilE R e, & 6(b) k15 2 1 3% 1
B, FEELXT He 7R AE B ] LA B i A BB A5, Rk 5 Sk I At BRAR R R e 7S
LG TS S S B REIE R . 1] 6(c) IR T H COSMOS 5 i 43 1 fd Ak % & ¢ 1R,
AN TR B (ALY LR AT AN R KN R A 2R 0 A, I HLBAT ISR Dy 32

®) 9

745 =0.960 7x-0.804 6,0
dp2 e

gﬁ R=0997

44 »

3 -

- T r Tr 1
-4 2 4 6 8 I

expected susceptibility/ppm &

expected susceptibility/ppm

6 AL KBIREAR AL R AR, () ARG (b) B () COSMOS L i i # (L3 53 A
Bl (d) BALSR LA S R
Fig.6 Reconstructed susceptibility image from Gd-water phantom data. (a) The raw magnitude image, (b)

Field shift, (c) Reconstructed susceptibility distribution image use COSMOS, (d) The correlation between

estimated susceptibility and expected susceptibility!'>)
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RIDWALRAFIE . HE G =[G, G, G.1' T 3 NTTI B EER T, SR N A IE L 2
B 5w R, W= W, WA TR A, R X P
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5 MR IEAEAE 5 VST ).

H W, PR — AT BRSO SRR, DUAR S T NS G|, 41 R —
B JEA# . Berkin Bilgic %A[”]%%Hﬂ%(9)itaﬂz%ﬁ
=2+ 2| Gx (10)
B 1 ye %05 A RER in i%Tf ROI A, ANIENMLZHL, fRUEEHE — Sk
(P9 B . XA IR SR T R 4 4% 7% (Compressed Sensing, CS) H4 TERK
FE k2SR P E A MR BRI SIN M Hbspi %L, B CS B n LURIE, KT

Bl A2 AR BRI AR BRI, T EAA AR et F i BTSRRI & 225 1) B v st
K. AWT5NAR R 1 8O R R TN AR A BRI 7(d)], I RS

(a) (b) (©) )

7 LWEHOTEHA R R EE . (2) WEE () MAZE: (o) REBBE: @) RS AE
Fig.7 Reconstructed susceptibility distribution image from /; norm method. (a) The magnitude image,
(b) The phase image, (c) The local field, (d) The susceptibility distribution image
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KETETTRFEME B e, A 7(d)rhnl LA 2T B R s i 5 54, 9 HLAE R
AR BRI B BAT B BRI EE R (Uit FUERD, IR S8l 55 BAE IR A B [ 7 ()] 2
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AR AR 1A R IR R AN K
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k] T 4 FASFENE WAL IS AR L, I& 1. B — ROk £ 1 3 Al A 24,
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VRS HOE AR IENAE, S5 RAE 8 Pias. EIFFal UG, ik 4 75 20 e
I BAE 4 FhO5 P BOR B, FAl 3 Bl R I 4l R b B T WS 1 ey SR e e 75 5
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Table 1  Four regularization weighting types and corresponding parameterst'”’

A AL oI H =T
1 Bt Wo=1, a 78 p=0
2 Bs ML eI a=0 wi=1, A%
3 XARAM 0, B5I B EE AL Wo= 4N, a=10" wi=1, pr7%
4 DXARAh 0, 3558 AL Wo= 4Mi%, a=10" W= 4%, paE
Jitk 1 Jiik 2 ik 3 Jyik 4

b=l

5

s

é

K8 4 FOUENMLTT LR B AR R AT RAEVLECE S SRR BRI AR, AT = AT
g I YAk A 11 4k 5 R0

Fig.8 Reconstructed susceptibility distribution images from four regularization methods. The middle row was
obtained with the matched-noise parameter, the first row and the third row were obtained with under- and
over-regularized methods!"”!
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LI At S 2, DURE e 7S 2 Bk, XSO A BT ES B RN RS T IR 13
MRS . 7V 4 0P GAK 26 1) B e PR I AT Bl A DE TC e 75 S 50 AR A0 R A B ARk,
BEE Lo

MRI SE 565758 4y AN [F) 94 JE (R ALK L A2 A A 8L, ALK LE R BE AR IR A 0.5% 1%
1.5% 2% 2.5%-. 3%, i N B0 H4 0.81. 1.63. 2.45, 3.26. 4.08.
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P9 B DU S0 L A AN R AR T A 2R T A . (a). () WIRMELIEL, (b) (DO AHRIRIAH
L2, () (@)FI(d)s (h)F3 5] g DT TE I 75 2 HORT 10 5 DG HC R 7 23 50 Tt O mA Ak 23 A T e J 1)
Fig.9  Reconstructed susceptibility distribution images of two different axial slices using Bayesian

Regularization method. (a), (¢) The magnitude images, (b), (f) The associated phase images, (c), (g) and (d), (h)

The reconstructed susceptibility distribution images for the matched-noise parameters and 10 times greater!'”!
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Fig.10 Reconstructed susceptibility images of numerical phantom. (a), (b) The phase images of X-Z and X-Y

plane, (c), (d) The k-space susceptibility distribution images calculated by the threshold and the direct method in
the X-Z plane, (e), (f) The susceptibility distribution images calculated by the threshold and the direct method in
the X-Y plane, (g) (h) The susceptibility distribution images calculated by the threshold and the direct method in
the X-Z plane, (i), (j) The susceptibility distribution images calculated by the threshold and the direct method in
the X-Y plane in the presence of noise with the SNR of 30"
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Fig.11 Comparison between the LSQR methods and the WKD method. (a), (b) The susceptibility distribution
images in X-Y plane by LSQR and WKD method, respectively, (c), (d) The k-space susceptibility distribution
images corresponding to (a) and (b), (e), (f) The susceptibility distribution images in X-Z plane by LSQR and
WKD method, respectively, (g), (h) The k-space susceptibility distribution images corresponding to (¢) and (f) '
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Fig.12 Comparisons between normal and shiverer mouse of the susceptibility distribution image and the phase
image. (a) Frequency map of the control mouse, (b) Corresponding susceptibility distribution image to (a), (c)
Electron micrograph of the control mouse, (d) Frequency map of the shiverer mouse, (e¢) Corresponding

susceptibility distribution image to (d), (f) Electron micrograph of the shiverer mouse®®'!
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Fig.13  The diffusion tensor maps, susceptibility distribution images and the phase images of three ROIs.

(a) Around the ventricles, (b) In the anterior commissure, (c) The cerebellum®®"
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Fig.14 The three slices MRI images of two different brain haemorrhage patients. (a)~(f) Magnitude images,
(2)~(1) SWI images, (m)~(r) Local field maps, (s)~(x) Susceptibility distribution images!"*!
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Table 2 Susceptibility of various anatomical structures relative to CSFI'%

Anatomical structure Relative y /ppm
CSF (reference) 0+0.019
Red nucleus 0.032 +0.024
Substantia nigra 0.053 +0.026
Globus pallitus 0.087 + 0.028
Putamen 0.043 +0.020
Sagittal stratum —0.075+0.019
Splenium of corpus collosum —0.038 £ 0.013
Caudate nucleus 0.019+0.012
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Fig.15 Magnitude, phase and susceptibility contrast in the axial view of the brain. (a)~(c) Magnitude images;
(d)~(f) Phase images; (g)~(i) Susceptibility images. GP: globus pallitus; Pu: putamen; CI: capsula internal; RN:
rednucleus; SS: sagittal stratum; scc: splenium of the corpus collosum. SN: substantia nigra, LV: lateral ventricle!'”
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Quantitative Susceptibility Mapping
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Abstract: Phase images of magnetic resonance imaging (MRI) contain abundant
information about local susceptibility changes among different types of tissues, and getting
phase images requires no additional scan time. The diagnosis of cerebrovascular diseases
and nervous system diseases may benefit from the quantification of paramagnetic
substances in tissues. Quantitative susceptibility mapping (QSM), which uses the local
phase information, has become a hot topic in basic and clinical studies. Paramagnetic
substances in tissues cause local susceptibility changes and lead to local inhomogeneous
magnetic field. However, the reconstruction of susceptibility distribution from induced
magnetic field is an ill-posed inverse problem, and there are still many problems to be
solved at present. This article focuses on the theory of QSM, reconstruction methods and
its applications in MRI.

Key words: QSM, image reconstruction, background magnetic field, phase image
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