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Phase in MRI

Precession of Magnetization Real Imaginary
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Phase MRI

Encoding Data Applications

Susceptibility imaging None Raw phase Iron, calcium, myelin 
imaging

Conductivity imaging None / External 
current Raw phase (B1)

Tumors, ischemic 
lesions

MR thermometry None Phase shift MR-guided 
procedures

Flow imaging Velocity-encoding 
bipolar gradient

Subtracted phase data from 
opposite encodings

Cardiac flow, CSF 
flow

Phase contrast angiography
Bipolar gradients 
applied along the x, y, 
and z axes sequentially

Subtracted phase data from 
opposite encodings and combined 
across three directions

Angiogram, 
venogram, aneurysm

Elastography Motion-encoding 
gradients Phase differences Liver fibrosis, brain
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Susceptibility MRI – source of contrast

Magnetic Field H Magnetic Flux Density B
(also referred to as magnetic field in MRI)

Externally applied “magnetizing force” Actual magnetic field induced

A/m Tesla

𝜇!: 4·π·10-7 (H/m) is the permeability of vacuum

Independent of medium Dependent of medium 
(M/J: intrinsic magnetization)

𝐵 = 𝜇! 𝐻 +𝑀 = 𝜇!𝐻 + 𝐽
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Susceptibility MRI – source of contrast

Which of the statements about H and 
B are correct?
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Susceptibility MRI – source of contrast

Water susceptibility

𝝌 > 𝟎

𝝌 < 𝟎

Most of the biological tissues

Myelin
Calcification

Deoxyhemoglobin

Iron, gadolinium, 
copper, manganese

Air

diamagnetic

paramagnetic

𝐽 = 𝜒𝐵!

mriquestions.com
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Susceptibility MRI – source of contrast

www.rcsb.org

# Unpaired 
electrons

0 4 5

Magnetic 
susceptibility

Diamagnetic
𝜒 < 0

Paramagnetic
𝜒 > 0

Paramagnetic
𝜒 > 0
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Susceptibility MRI – Deoxyhemoglobin

mriquestions.com
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Susceptibility MRI – Iron

Drayer Am J Roentgenol 1986

Iron Perl’s Stain GRE Magnitude Image GRE Phase Image
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Susceptibility MRI – Iron

Drayer Am J Roentgenol 1986

Iron Perl’s Stain GRE Magnitude Image GRE Phase Image
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Susceptibility MRI – Iron

Drayer Am J Roentgenol 1986
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Susceptibility MRI – Calcification

Diamagnetic

Calcification in 
glioma

Paramagnetic

Hemorrhage from 
trauma

Magnitude Phase

Magnitude Phase
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Susceptibility MRI – Iron

Deh K et al. Sci Rep 2020
Lankammer C et al. NeuroImage 2012

Phantom validation Tissue validation
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Susceptibility MRI – Signal model

Ruetten P et al. BJR 2019
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Susceptibility MRI – MR signal

Barnes J et al. Magn Reson Imaging Clin N Am 2010

Susceptibility
source
(Iron)

B0

B0 field 
perturbation

Shift in precession frequency

Time

t

Tissue
Hemorrhage

M

TE

Dephasing 
à T2* shortening

Phase 
accumulation

y

x

Δφ < 0
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Susceptibility MRI – Signal model

Ferumoxytol phantom

5.84 ms 40.56 ms

Where does the phase discontinuity come from?
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 Susceptibility MRI – Signal model

Precession of Magnetization Real Imaginary
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 Susceptibility MRI – Signal model

Precession of Magnetization Magnitude Phase
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Susceptibility MRI – Signal model

Barnes J et al. Magn Reson Imaging Clin N Am 2010

T2*-weighted sequence

Susceptibility-
weighted imaging

Quantitative 
susceptibility 

mapping
PhaseT2*-weighted 

magnitude
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 Susceptibility MRI – Signal model

Magnitude Phase

Effect of ∆c:

Contrast:

Accumulates phaseShortens T2*
t

H in Tissue
H around CMBs

M

TE

SWI

Enhances 
T2* shortening

Фh(r)

f

-π
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y

x

Δφ<0
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SWI – Processing

X (4)

X

phase maskmagnitudek-space

raw phase
filtered phase

SWI image SWI mIP

High pass 
filter

unwrapped phase
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SWI – Processing

SWI phase masking

Фh(r)

f

-π

1

phase maskfiltered phase

WM GM
Vein
(small)

Vein 
(Large)

Phase 0 -0.25𝝅 -0.5𝝅 -𝝅

f(x)1 1 0.75 0.5 0

f(x)2 1 0.56 0.25 0

f(x)3 1 0.42 0.13 0

f(x)4 1 0.32 0.06 0

Haacke EM et al. AJNR 2009
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SWI – Example applications

Barnes J et al. Magn Reson Imaging Clin N Am 2010

Water susceptibility

𝝌 > 𝟎

𝝌 < 𝟎

Most of the biological tissues

Myelin
Calcification

Deoxyhemoglobin

Iron, gadolinium, 
copper, manganese

Air

diamagnetic

paramagnetic
phase-weighted magnitude imaging



Susceptibility MRI29

SWI – Example applications

Barnes J et al. Magn Reson Imaging Clin N Am 2010

Water susceptibility

𝝌 > 𝟎

𝝌 < 𝟎

Most of the biological tissues

Myelin
Calcification

Deoxyhemoglobin

Iron, gadolinium, 
copper, manganese

Air

diamagnetic

paramagnetic
phase-weighted magnitude imaging
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SWI – Example applications
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Susceptibility MRI – source of contrast

Barnes J et al. Magn Reson Imaging Clin N Am 2010

T2*-weighted sequence

Susceptibility-
weighted imaging

Quantitative 
susceptibility 

mapping
PhaseT2*-weighted 

magnitude
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Susceptibility MRI – Signal model
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Susceptibility MRI – Signal model

What is it called?
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Susceptibility MRI – Signal model

Δ𝐵(𝑟) = 𝐵!-
"#

#
𝜒 𝑟$ 𝑑 𝑟 	− 𝑟$ 𝑑%𝑟$

Δ𝐵 = 𝐵!(𝜒⨂𝑑)

𝑑 𝑟 =
1
4𝜋

3 cos& 𝜃 − 1
𝑟 %

Δ𝐵(𝑘) = 𝐵![𝜒 𝑘 𝑑 𝑘 ] 𝑑 𝑘 =
1
3
−
𝑘'&

𝑘
&

FT

Measured

Known

Unknown

What is the FT of convolution?
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Susceptibility MRI – Signal model

Δ𝐵(𝑘) = 𝐵![𝜒 𝑘 𝑑 𝑘 ] 𝑑 𝑘 =
1
3
−
𝑘'&

𝑘
&

𝐹𝑇 	 = 𝐵>[𝐹𝑇 	 '	 ]
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Susceptibility MRI – Signal model

Susceptibility
source
(Iron)

B0

B0 field 
perturbation

Frequency
shift

Δ𝜔 = 𝛾Δ𝐵!

Phase shift from 
tissue susceptibility

Δ𝜙 = Δ𝜔 B 𝑇𝐸

Δ𝜙()(*+
= Δ𝜙(,--./ + Δ𝜔0*1234).56 B 𝑇𝐸

Phase shift from 
local magnetic field

Measured phase
(single coil)

𝜙(𝑟, 𝑇𝐸)
= 𝜙! 𝑟 + 𝜙()(*+(𝑟, 𝑇𝐸)
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Susceptibility MRI – Processing

Susceptibility
source
(Iron)

B0

B0 field 
perturbation

Frequency
shift

Δ𝜔 = 𝛾Δ𝐵!

Phase shift from 
tissue susceptibility

Δ𝜙 = Δ𝜔 B 𝑇𝐸

Δ𝜙()(*+
= Δ𝜙(,--./ + Δ𝜔0*1234).56 B 𝑇𝐸

Phase shift from 
local magnetic field

𝜙(𝑟, 𝑇𝐸)
= 𝜙! 𝑟 + 𝜙()(*+(𝑟, 𝑇𝐸)

Measured phase
(single coil)
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QSM - Processing

1. Coil combination

2. Phase unwrapping

3. Background 
field removal

4. Dipole inversion



2. Phase unwrapping

3. Background 
field removal

4. Dipole inversion
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QSM - Processing

2021 ISMRM QSM education talk

1. Coil combination
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QSM - Coil Combination
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QSM - Coil Combination

Single Channel 
Phase

Single Channel 
Unwrapped 
Phase

Single Channel 
QSM

QSM
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QSM - Coil Combination

Single Channel 
Phase

Multi Channel 
Phase

Unwrapped 
Phase

QSM
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QSM - Coil Combination

𝜙(𝑟, 𝑇𝐸)
= 𝜙! 𝑟 + 𝜙()(*+(𝑟, 𝑇𝐸)

Measured phase
(single coil)

Transceiver phase

spatially varying phase 
offsets exist between 
receive coils

Robinson S et al., NMR Biomed, 2015
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QSM - Coil Combination

With 
reference 

coil

Scalar 
phase 

matching 
(MCPC-C)

Virtual 
reference 

coil

3D phase 
offsets 
derived 

from a dual 
echo scan

Phase 
offsets from 

a short 
echo-time 
reference

Robinson S et al., NMR Biomed, 2015

𝜙(𝑟, 𝑇𝐸)
= 𝜙! 𝑟 + 𝜙&'&()(𝑟, 𝑇𝐸)
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QSM - Phase unwrapping

5.84 ms 40.56 ms
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QSM - Phase unwrapping

Spatial path following methods Laplacian
Temporal 

phase 
unwrapping

Robinson S et al., NMR Biomed, 2015
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QSM - Background field removal 

VSHARP

RESHARP

HARPERELLA

PDF
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QSM - Dipole Inversion

ill-posed inversion problem
Noise amplification near the 
zero cone surfaces

𝐹𝑇 	 = 𝐵![𝐹𝑇 	 B	 ]
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QSM - Dipole Inversion

Liu T, MRM, 2008

COSMOS: calculation of susceptibility using multiple orientation sampling
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QSM - Dipole Inversion

Liu T, MRM, 2008

COSMOS: calculation of susceptibility using multiple orientation sampling
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QSM - Dipole Inversion

COSMOS: calculation of susceptibility using multiple orientation sampling

B0 A. Rotation along z B. Up/down 
nodding

C. Right/left 
head tilt

How would you reorient?



Susceptibility MRI52

QSM - Dipole Inversion

COSMOS: calculation of susceptibility using multiple orientation sampling
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QSM Dipole Inversion: iLSQR

Li W, NeuroImage, 2011, 2015

iLSQR: iterative method solving least square using the orthogonal and right triangular decomposition 

Field perturbation

Dipole kernel

Susceptibility distribution

1st order derivative

Where:
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QSM Dipole Inversion: iterative inversion methods with regularization

Wei H, NMR in Biomed, 2015; Milovic C, MRM, 2018; 
https://github.com/mglambert/HD-QSM; Liu T, IEEE 

Trans Med Imaging, 2012

Recon problem

Nonlinear variant

Data consistency term Regularization 
term

Method Data consistency term Regularization term

STAR-QSM (STreaking Artifact Reduction for QSM) Linear L2-norm Total variation

FANSI (FAst Nonlinear Susceptibility Inversion) Nonlinear L2-norm Total variation

HD-QSM (Hybrid Data fidelity) Linear L1+L2-norm Total variation

MEDI (Morphology Enabled Dipole Inversion) Linear L1-norm L1 norm of morphologically weighted gradients 
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QSM Dipole Inversion: single step methods 

Poynton C, IEEE Trans Med Imaging, 2015
Chatnuntawech I, NMR in Biomed, 2017

QSIP Quantifying Susceptibility by Inversion of a Perturbation model

SSTV, SSTGV Single Step QSM with Total Variation / Total Generalized Variation penalties

Simultaneously estimating the external susceptibility outside the brain

Perform VSHARP background field removal and dipole inversion in a single step
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QSM Dipole Inversion: deep learning-based methods 

Chen Y, NeuroImage, 2020; Gao Y, NMR in Biomed, 2020
Yoon J, NeuroImage, 2018; Gao Y, NeuroImage, 2022
Jung W, NeuroImage, 2020

QSMGAN

QSMnet+

xQSM

iQSM

Single step
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QSM - Processing

1. Coil combination

2. Phase unwrapping

3. Background 
field removal

4. Dipole inversion
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SWI – Traumatic brain injury
Iron Blood product

Iron deposition

Vascular abnormalities

Calcium Infection

Tumor

- SWI is 3–6 times more sensitive than conventional T2*-
weighted gradient-echo sequences in detecting the size, 
number, volume, and distribution of hemorrhagic lesions 
in DAI.

- Number and volume of SWI hemorrhagic lesions appear 
to correlate with specific neuropsychological deficits.

- Especially helpful in detecting traumatic lesions in the 
brainstem, whereas other MR imaging sequences have 
failed to detect structural abnormalities.
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SWI – Stroke
Iron Blood product

Iron deposition

Vascular abnormalities

Calcium Infection

Tumor

- A 59-year-old man with a history of atrial fibrillation 
presented with sudden-onset right hemiparesis and 
speech deficits.

- MRI at 1.5T performed 2 hours after the onset of 
symptoms.

- SWI shows prominent hypointense signals in the 
draining veins within areas of impaired perfusion.
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SWI – Multiple Sclerosis
Iron Blood product

Iron deposition

Vascular abnormalities

Calcium Infection

Tumor

- Central vein sign

- Hypointense rim
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SWI – Brain tumors
Iron Blood product

Iron deposition

Vascular abnormalities

Calcium Infection

Tumor

- Hemorrhage within 
tumors

- Pathologic vessels, 
angiogenesis
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QSM applications - Aging

Young Elderly

Bilgic B et al., NeuroImage, 2012
Zhang Y et al. Data Brief 2018
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QSM applications – Neurodegenerative diseases

Azuma M et al., AJNR, 2016
van Bergen JM et al., AJNR, 2016

Parkinson’s Disease Huntington’s Disease
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QSM applications – Functional neurosurgery

STN
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QSM applications – Functional neurosurgery

GPi
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QSM applications – Functional neurosurgery

Li J et al. Front Hum Neurosci 2020

DN

CM
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QSM: Susceptibility source decomposition

Chen J et al., NeuroImage, 2023

Water susceptibility

𝝌 > 𝟎

𝝌 < 𝟎

Most of the biological tissues

Myelin
Calcification

Deoxyhemoglobin

Iron, gadolinium, 
copper, manganese

Air

diamagnetic

paramagnetic
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QSM: Susceptibility source decomposition

Chen J et al., NeuroImage, 2023
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Thank you !

What is magnetic
 susceptibility ?

Susceptibility MRI 
processing

Magnitude PhaseContrast:
Accumulates 

phase
Shortens 

T2* 

SWI
Enhances T2* 

shortening

+

Neuro 
applications

Jingwen Yao
Assistant Professor
Department of Radiological Sciences

jingwenyao@mednet.ucla.edu

QSM - an inversion problem


