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Purpose: Susceptibility Weighted Imaging (SWI) has become established in the clinical investigation of stroke, 
microbleeds, tumor vascularization, calcification and iron deposition, but suffers from a number of shortcomings 
and artefacts. The goal of this study was to reduce the sensitivity of SWI to strong B 1 and B 0 inhomogeneities 
at ultra-high field to generate homogeneous images with increased contrast and free of common artefacts. All 
steps in SWI processing have been addressed – coil combination, phase unwrapping, image combination over 
echoes, phase filtering and homogeneity correction – and applied to an efficient bipolar multi-echo acquisition 
to substantially improve the quality of SWI. 

Principal results: Our findings regarding the optimal individual processing steps lead us to propose a Contrast- 
weighted, Laplace-unwrapped, bipolar multi-Echo, ASPIRE-combined, homogeneous, improved Resolution SWI, 
or CLEAR-SWI. CLEAR-SWI was compared to two other multi-echo SWI methods and standard, single-echo SWI 
with the same acquisition time at 7 T in 10 healthy volunteers and with single-echo SWI in 13 patients with 
brain tumors. CLEAR-SWI had improved contrast-to-noise and homogeneity, reduced signal dropout and was not 
compromised by the artefacts which affected standard SWI in 10 out of 13 cases close to tumors (as assessed by 
expert raters), as well as generating T2 ∗ maps and phase images which can be used for Quantitative Susceptibility 
Mapping. In a comparison with other multi-echo SWI methods, CLEAR-SWI had the fewest artefacts, highest SNR 
and generally higher contrast-to-noise. 

Major conclusions: CLEAR-SWI eliminates the artefacts common in standard, single-echo SWI, reduces signal 
dropouts and improves image homogeneity and contrast-to-noise. Applied clinically, in a study of brain tumor 
patients, CLEAR-SWI was free of the artefacts which affected standard, single-echo SWI. 
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. Introduction 

Susceptibility Weighted Imaging (SWI, Haacke and Reichen-
ach, 2011 ; Haacke et al., 2004 ; Reichenbach et al., 1997 ) is an MRI
ethod which uses the sensitivity of the phase of the signal to mag-
etic susceptibility to generate contrast between tissues which contain
ifferent concentrations of calcium, deoxygenated blood, blood prod-
cts and iron ( Sehgal et al., 2005 ). This has led to clinical application
n imaging pathologies including stroke ( Santhosh et al., 2009 ), tumors
 Grabner et al., 2017 ), vascular dementia ( Ayaz et al., 2010 ) and mul-
iple sclerosis ( Absinta et al., 2016 ; Filippi et al., 2019 ; Rovira et al.,
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015 ). SWI benefits from the sensitivity of high field ( Reichenbach et al.,
000 ) and ultra-high field ( Deistung et al., 2008 ; Koopmans et al., 2008 )
radient echo imaging to susceptibility-induced variations in the static
agnetic field, ΔB 0 . At 7 T and higher field strengths, however, the

imple complex filtering typically used to generate SWI, originally con-
eived for field strengths around 1.5 T, leads to gross artefacts in the
resence of inhomogeneous B 1 and B 0 ( Li et al., 2015 ). 

In routine and research clinical use, SWI is still predominantly ac-
uired using a single-echo gradient echo sequence and generated using
omodyne high-pass filtering ( Absinta et al., 2016 ; Bian et al., 2014 ;
al-Bianco et al., 2015 ; Di Ieva et al., 2013 ; Frischer et al., 2012 ;
021 
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oenninghoff et al., 2015 ; Ong and Stuckey, 2010 ; Schlamann et al.,
010 ; Tan et al., 2000 ; Theysohn et al., 2011 ). Acquiring multiple echoes
n the same repetition time (TR) that ‘Standard SWI’ would require has
 number of advantages, however. Early echoes capture signal from re-
ions with short T 2 

∗ , and the multi-echo data acquired for SWI can addi-
ionally be used for a range of other methods, leading to improved QSM
 Wang and Liu, 2015 ), providing a window into tissue microstructure
 Wharton and Bowtell, 2013 , 2012 ) and allowing T 2 

∗ relaxation to be
apped. 

Combining phase information from the individual RF coils used in
 phased array receiver coil is a crucial step in avoiding artefacts and
btaining optimum contrast from the phase ( Robinson et al., 2017a ).
omodyne filtering ( Noll et al., 1991 ) eliminates low-frequency, coil-
ependent contributions to the phase, allowing the phase data from dif-
erent coils to be combined, but the process leaves wrap-like artefacts
n regions of high ΔB 0 where the range of the filtered phase exceeds 2 𝜋
 Li et al., 2015 ; Oh et al., 2014 ) as well as rendering the data unusable
or Quantitative Susceptibility Mapping (QSM). Other phase combina-
ion approaches include the method of Roemer et al. (1990) and SENSE
 Pruessmann et al., 1999 ), but these are restricted to systems with a
omogeneous reference coil – i.e. up to 3 T. Multi-echo measurements
pen up alternative solutions, allowing the contributions to the phase
hich evolve over time and arise from ΔB 0 (and are of interest) to be

eparated from the ‘phase offset’ or ‘initial phase’ of each coil. A high
NR combined phase image is achieved by determining and removing
moothed or fitted approximations to the initial phase ( Robinson et al.,
011 ). The ASPIRE method is a variant of this approach which avoids
he need for phase unwrapping, making it computationally efficient and
obust ( Eckstein et al., 2018a ). 

Data from multi-echo acquisitions can be combined over echoes to
educe signal dropouts and maximize CNR ( Luo et al., 2012 ). Magni-
ude data has been combined using simple averaging ( Brainovich et al.,
009 ) and with root-sum-of-squares (RSS) to optimize SNR ( Jutras et al.,
017 ). Phase data, on the other hand, has been combined by averaging
he B 0 map derived from each phase image ( Brainovich et al., 2009 ),
hich is improved by weighting B 0 maps ( Quinn et al., 2014 ) but also by
eighted least-squares fitting ( Gilbert et al., 2012 ) or fitting a complex-
alued mono-exponential signal decay ( Luo et al., 2012 ). 

Phase data need to be unwrapped and high-pass filtered prior to gen-
rating an SWI. In the standard approach, these two steps are subsumed
y homodyne filtering. This leaves some wrap-like artefacts in regions
f high ΔB 0 ( Li et al., 2015 ; Oh et al., 2014 ), and it has been suggested
hat phase instead be unwrapped and high-pass filtered in separate steps
 Oh et al., 2014 ; Rauscher et al., 2003 ; Schofield and Zhu, 2003 ), either
sing region growing ( Rauscher et al., 2003 ; Schweser et al., 2011 ) or
aplacian unwrapping ( Oh et al., 2014 ; Robinson et al., 2017a ), the lat-
er of which offers a faster and more robust solution. 

The phase mask which provides the additional susceptibility in SWI
s generated by scaling the unwrapped, filtered phase to the interval
0;1]. In Standard SWI, negative phase values (resulting from diamag-
etic sources) have a filter value of 1 (i.e. no weighting) and positive
hase values (from paramagnetic sources) are scaled linearly from 1 at
he origin to 0 for the largest phase value present ( Haacke et al., 2004 ).
uinn et al. (2014) have shown that noise can be reduced and contrast

ncreased using a sigmoidal scaling function, indicating that the phase
asking function is worthy of careful consideration. 

At ultra-high field, inhomogeneous transmit and receive B 1 fields
ead to intensity variations which make SWI hard to window and inter-
ret. Homogeneity corrections used in other neuroimaging contexts re-
uire manual configuration (Unified Segmentation; Ashburner and Fris-
on, 2005 ), have computation times not suited to online calculation ( N3;
led et al., 1998 ), require a homogeneous reference coil ( Roemer et al.,
990 ) or are vendor specific and not publicly available. A fast and ro-
ust solution for gradient echo imaging at ultra-high field has been pre-
ented recently ( Eckstein et al., 2018 b), offering an alternative which is
xploited here. 
2 
The aim of this study was to develop an improved multi-echo SWI
ithout the problems which affect Standard SWI at ultra-high field;
rap-like artefacts in areas of high ΔB 0 , signal dropouts and inhomo-
eneous appearance. The proposed approach, CLEAR-SWI (Contrast-
eighted, Laplace-unwrapped, bipolar multi-Echo, ASPIRE-combined,
omogeneous, improved Resolution SWI), employs the developments of
ultiple recent publications and newly devised steps to generate homo-

eneous SWI free of phase artefacts and with minimal signal dropout in
egions with large field gradients. The magnitude data from the multi-
cho scans can be used for T 2 

∗ /R 2 
∗ -mapping and the phase, processed

s described, can be used for fitting multiple compartment models for
icrostructural analysis, frequency difference mapping and QSM. All

he applied methods are considered with a view towards online imple-
entation on the imaging hardware. 

. Theory 

We begin by comparing the SNR achievable in single-echo acquisi-
ions, multi-echo acquisitions in which signal is acquired under gradient
obes of the same polarity (monopolar) and those in which signal is ac-
uired under both negative and positive gradient ramps (bipolar). The
ignal formulation is also the basis for calculating weighting factors for
he contrast-weighted combination of multi-echo magnitude images pro-
osed in a later section. In the SNR comparison, all sequence parameters
ere kept identical and only the sequence type (single-echo, monopolar,
nd bipolar), the number of echoes and the 𝑇 R were changed. 

Assuming single-exponential 𝑇 ∗ 2 decay, the signal from one echo, S,

s given by: 

 = 𝜌 ⋅ 𝑓 𝛼
(
𝑇 R , 𝑇 1 , 𝛼

)
⋅ 𝑓 BW 

(
𝑇 ∗ 2 , 𝑇 acq 

)
⋅ e 

− 𝑇 E 
𝑇 ∗ 2 (1)

here 𝜌 is the proton density, 𝑇 1 and 𝑇 ∗ 2 are longitudinal and transverse
elaxation times, 𝑇 R the repetition time, 𝑇 acq the acquisition window, 𝑇 E 
he echo time, 𝛼 the nominal flip angle, 𝑓 𝛼 the flip angle term, which is
enerally position-dependent, and is given by ( Bernstein et al., 2004 ; p.
87); 

 𝛼

(
𝑇 R , 𝑇 1 , 𝛼

)
= 

( 

1 − 𝑒 
− 𝑇 R 

𝑇 1 

) 

⋅ sin ( 𝛼) 

1 − 𝑒 
− 𝑇 R 

𝑇 1 ⋅ cos ( 𝛼) 
(2) 

nd the signal term 𝑓 BW 

describes signal averaging in the acquisition
indow of one echo 𝑇 acq – the inverse of the receiver bandwidth per
ixel ( Jutras et al., 2017 ); 

 BW 

(
𝑇 ∗ 2 , 𝑇 acq 

)
= 2 𝑇 ∗ 2 ⋅

( 

1 − 𝑒 
− 

𝑇 acq 
2 𝑇 ∗ 2 

) 

(3)

This term grows linearly for acquisition windows which are short
ompared to 𝑇 ∗ 2 , then flattens out when increasing the acquisition win-
ow. 

As the simulated SNR is considered only in relative terms, with
hanging 𝑇 acq , the noise is assumed to be independent over time and
hus proportional to 

√
𝑇 acq , leading to the SNR formulation 

NR ∝ 𝑆 √
𝑇 acq 

(4) 

To calculate the SNR of a combined image from a multi-echo mea-
urement, the close-to-optimum SNR method RSS is used on the signal
rom echoes, with the SNR being ( Jutras et al., 2017 ) 

N R ME = 

√ ∑
SNR 

2 
𝑖 

(5) 

here SN R 𝑖 is the SNR of the 𝑖 -th echo. 
SNR efficiency (SNRe; Sodickson et al., 1999 ) is generally used to

ompare the SNR of acquisitions with different total acquisition time,
hich is proportional to the 𝑇 R , and is given by 

NRe ∝ SNR √ (6) 

𝑇 R 
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. Materials and methods 

.1. Measurements 

Measurements were performed on volunteers and patients. To sys-
ematically compare Standard single-echo SWI with multi-echo CLEAR-
WI, acquisitions with identical nominal resolution, repetition time (TR)
nd GRAPPA factor – and thus identical measurement time – were car-
ied out. An overview of the measurements can be found in Table 1 and
pecific considerations in the next paragraphs. 

.1.1. Scanners and participants 

Measurements with 10 healthy subjects (3F, 7M, 31.4 ± 6.7 years
ld) and 14 patients with suspected brain tumors (7F, 7M, 52.6 ± 15.2
ears old) were performed using a 7 T MRI Siemens MAGNETOM scan-
er (Siemens Healthineers, Erlangen, DE) with a 32-channel Nova Med-
cal head coil (Wilmington, Massachusetts, USA). One patient was diag-
osed with CLIPPERS and removed from the cohort. The diagnoses of
he patients with brain tumors included astrocytoma WHO grade II/III,
lioblastoma multiforme WHO grade IV, meningioma WHO grade I, and
rain metastasis of an adenocarcinoma (details can be found in Supple-
entary Information Appendix H). The measurements were approved

y the Ethics Committee of the Medical University of Vienna and all
articipants provided written informed consent. 

.1.2. Volunteer measurements 

The same resolution, TR, parallel imaging (GRAPPA) acceleration
actor and acquisition time was used for the single and multi-echo pro-
ocols in the volunteer study, but with different bandwidths and number
f echoes. The protocols were based on recent clinical 7T SWI studies in
hich a TE of 20 ms was used ( Najdenovska et al., 2019 ; Pittau et al.,
018 ), but with resolution, and thus the measurement time, increased.
ll acquisitions were 3D gradient echo scans with Partial Fourier 6/8 in
oth phase and slice direction. 

The single-echo volunteer scan (see Table 1 ; NE1 ) was acquired
ith a bandwidth of 60 Hz/pixel and TE = 19.3 ms to use as much
s possible of the TR for sampling, to ensure a fair comparison with
he multi-echo acquisition. Parameters in the multi-echo acquisition,
E6 , were selected to efficiently use the same TR as the single-echo

can while enabling phase data to be combined over channels using AS-
IRE, for which there is the requirement, for bipolar acquisitions, that
 𝑇 𝐸, 1 = 𝑇 𝐸, 2 and 3 𝑇 𝐸, 1 = 𝑇 𝐸, 3 . Fig. 4 (Simulation Results) was used as a
uideline for choosing the number of echoes in the bipolar acquisition.
he resulting acquisition parameters are similar to what was proposed
y Liu et al. (2017) as 5-echo SWI for 7 T, but with one additional echo
nd therefore a slightly longer TR. 

The measurements used in the SNR comparison were made after an
pgrade of the MRI scanner from 7T MAGNETOM to 7T Plus, which
ntailed an update of control software and sequences, and with that, the
eed to make minor modifications to protocols ( NE1 cf. NE1 SNR and
E6 cf. NE6 SNR in Table 1 ). The scans NE1 SNR and NE6 SNR were each

epeated 3 times. From the 3 repeated measurements, displacements
ere estimated using FSL FLIRT ( Jenkinson et al., 2002 ) and the pair
ith least displacement was used for calculating SNR values. 

.1.3. Tumor measurements 

For reasons of patient tolerance, the duration of the CLEAR-SWI tu-
or scan was decreased to 5 min 10 s by increasing the GRAPPA factor

compared to the NE6 scan) from 2 to 3. The number of echoes (10)
nd bandwidth (523 Hz/pixel) for the tumor scan were chosen prior
o the development of the SNR model presented here, and are esti-
ated to yield 20% lower SNR than the optimum number of echoes

6) and bandwidth (243 Hz/pixel) (compare Fig. 4 ). In patients, it was
ot possible to acquire a Standard SWI in addition to CLEAR-SWI due
o measurement time restrictions. For this reason, and to ensure con-
istency in scan-dependent factors such as head position and motion,
3 
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1 https://github.com/korbinian90/ASPIRE 
imulated Standard SWI were generated for tumor patients from multi-
cho CLEAR-SWI data, as described in Section 3.4. 

.2. Analysis 

The Siemens 7T MAGNETOM VB17 implementation of SWI was used
or Standard SWI. Images from Standard SWI and CLEAR-SWI were com-
ared quantitively (Section 3.3) and qualitatively. In the qualitative as-
essment, emphasis was placed on the level of detail visible, intensity
omogeneity and the presence of artefacts – primarily signal dropout
nd unresolved wraps. The computation time of CLEAR-SWI was mea-
ured on a system with 32 Gb memory and an Intel® Core TM i7-7700
rocessor running Ubuntu 16.04. 

.3. SNR and CNR assessment 

A measurement of SNR and CNR was performed for magnitude im-
ges on manually defined pairs of ROIs, where each pair included one
OI in white matter and one in a second tissue; cortical grey matter
GM), globus pallidus (GP), the optic radiation (OR), red nucleus (RN),
ubstantia nigra (SN). To avoid a biased selection of ROIs, the ROI pairs
ere defined on the single-echo magnitude multiplied by the sixth echo
f the multi-echo magnitude. The ROIs were spherical, spanned 3 slices
nd comprised 111 voxels. The cortical GM ROI pairs were distributed
ver slices spanning the full (head-foot) extent of the brain. The total
umber of ROI pairs was 261 (87 GM, 48 GP, 64 OR, 26 RN, 36 SN). 

The SNR and CNR values were calculated from two repeated scans,
here for each region, the signal was calculated as the mean value in
oth scans and the noise as the standard deviation of the difference
etween the two scans divided by 

√
2 (NEMA method 1; Goerner and

larke, 2011 ). SNR was calculated as signal divided by noise for each
OI individually and CNR as the difference in signal of an ROI pair
ivided by the mean noise in both ROIs. 

.4. SNR simulation 

Echo times 𝑇 𝐸,𝑖 , sampling windows 𝑇 acq and repetition times 𝑇 R were
alculated for single-echo, and monopolar and bipolar multi-echo se-
uences for a range of bandwidths. For multi-echo acquisitions, the
andwidth was kept constant for all echoes. The echo times and sam-
ling windows were chosen to maximize the total sampling time for the
iven 𝑇 R , while using equally spaced echoes that fulfilled 𝑇 𝐸,𝑖 = 𝑖 ⋅ Δ𝑇 𝐸 
n the multi-echo case. This calculation is described in more detail in
upplementary Information, Section A, including a consideration of gra-
ient ramps and prewinder gradients. The parameters used for the sim-
lation were 7 T field strength, 200 T/m/s slew rate and 42 mT/m
aximum gradient strength in readout direction, corresponding to the
arameters of the SC72 gradients, the most common gradient set on
iemens 7 T systems. The gradient parameters were obtained from se-
uence simulations generated using the Siemens tool POET with gradi-
nt mode “fast ”. The time required for excitation was 2.1 ms and 3 ms
or spoiling. 

The duty cycle calculation was performed per echo for a given echo
pacing and multiple matrix sizes in the readout direction. It was calcu-
ated as 

 = 𝑇 acq ∕Δ𝑇 𝐸 (7)

SNR efficiency was calculated for each simulated acquisition ( 𝑇 𝐸,𝑖 ,
 acq , 𝑇 R ) using the SNR theory described in Section 2 with the considered
issue being white matter with T 2 

∗ of 26.8 ms ( Peters et al., 2007 ) and
 1 of 1126 ms ( Wright et al., 2008 ). 

.5. Standard SWI reference from multi-echo data 

For comparison between CLEAR-SWI and Standard SWI in cases
here no single-echo data was acquired ( Tumor) , Standard SWI was
4 
enerated from the multi-echo acquisition. The phase and magnitude
ere calculated separately from the multi-echo data, reproducing the

ignal characteristics very similar to those that would have been mea-
ured in a single-echo scan, whilst ensuring that slice positioning and
otion were identical to that in CLEAR-SWI. 

The magnitude was a weighted combination of the multi-echo mag-
itude, using echo-dependent weighting factors 𝑤 𝑖 , which were equal
o the fraction of the echo that lies inside the acquisition window of the
imulated single-echo scan. 

The simulated phase was generated by unwrapping the multi-echo
hase using ROMEO ( Dymerska et al., 2021 ) prior to combination ac-
ording to: 

= 𝑇 𝐸 

∑
𝜃𝑖 𝑤 𝑖 ∑
𝑇 𝐸,𝑖 𝑤 𝑖 

(8) 

here the weighting factors 𝑤 𝑖 are the same as those used for the magni-
ude, 𝑇 𝐸 is the echo time of the Standard SWI and 𝜃𝑖 are the unwrapped
ulti-echo phases with echo times 𝑇 𝐸,𝑖 . 

The phase 𝜃 was wrapped into the range [ − 𝜋; 𝜋) and the default
WI processing steps of homodyne filtering, phase mask creation and 4
imes multiplication onto the magnitude were performed ( Haacke et al.,
004 ). The Standard SWI reference from multi-echo data was affected
y the same artefacts as single-echo Standard SWI (see Supplementary
nformation, Section B). 

.6. Expert rating 

A neuroradiologist (ST), a neurosurgeon (GW) and a neurolo-
ist (CE), each with over 20 years of experience, were asked to
ndependently rate SWI images from the 13 tumor patients. For
ach patient, Standard SWI and CLEAR-SWI were presented next
o each other, unlabeled, with random attribution of which im-
ge was on the left and the right. Images were viewed with MRI-
ro ( https://people.cas.sc.edu/rorden/mricro/mricro.html ) in synced
crolling mode. Raters could freely scroll through the slices and were
asked to rate 4 different aspects: the Visibility of the Pathology (consid-
ring boundary, vasculature, internal structure, blood breakdown prod-
cts, other features of interest in assessing the pathologies) and Overall

uality (estimate the overall quality) on a scale from 1 (lowest quality)
o 6 (highest quality); the Artefacts in and around the Pathology (con-
idering wrap artefacts, signal dropouts and other degrading artefacts
mpeding analysis of the pathology) and Overall Artefacts (considering
nhomogeneity, wrap artefacts, signal dropouts, and other artefacts that
ere visible) on a scale from 1 (no artefacts) to 6 (severe artefacts). 

.7. Multi-Echo SWI methods for comparison 

CLEAR-SWI was compared to two advanced multi-echo SWI meth-
ds, GEPCI ( Luo et al., 2012 ) and that proposed by Quinn et al., (2014) .
he SWI method of Quinn et al., which was developed for 3 T, was

mplemented according to the steps described in the publication other
han that the homodyne filter size was reduced from 30% of the FOV
o 3T/7T 

∗ 30% FOV = 13% FOV. The filter size was reduced to adjust
or the stronger expected background field, although this only slightly
itigated the homodyne filtering artefacts. GEPCI was implemented as
escribed in the publication ( Luo et al., 2012 ), with details regarding
omplex fitting in the Supplementary Information, Appendix E. 

.8. Availability of code and data 

RF coil signals were combined on the scanner image reconstructor
sing ASPIRE, which is available from the authors as a C2P package for
B17, VE11 and VE12, and as a MATLAB repository 1 . The CLEAR-SWI

https://people.cas.sc.edu/rorden/mricro/mricro.html
https://github.com/korbinian90/ASPIRE
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Fig. 1. Proposed SWI processing pipeline; The black boxes indicate images and 
the dark green boxes indicate processing steps in CLEAR-SWI. 
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mage processing pipeline was implemented in the open source language
ulia ( Bezanson et al., 2017 ) and is available on GitHub 2 . The homo-
eneity correction can be accessed separately on GitHub 3 . The code used
or the simulation of duty cycle and SNR is also available on GitHub 4 .
ata from the 5 healthy subjects included in the quantitative compari-

on is available on the Harvard Dataverse ( Eckstein et al., 2021 ). In the
bsence of an explicit and dedicated consent, patient data have not been
ade available. 

.9. CLEAR-SWI Preprocessing steps 

The proposed SWI processing pipeline ( Fig. 1 ) comprises coil combi-
ation of complex data; echo combination and homogeneity correction
f magnitude images; unwrapping, filtering, echo combination, mask
eneration of phase images; and final multiplication of the processed
agnitude and phase image. 

.9.1. Coil combination 

The choice of the coil combination algorithm is not only crucial in or-
er to avoid artefacts such as open-ended fringe lines, but also to achieve
igh magnitude SNR and phase CNR ( Robinson et al., 2017a ). Several
ethods exist which avoid phase artefacts, although many are subject

o particular restrictions. The Roemer/ SENSE ( Roemer et al., 1990 ) ap-
roach requires a reference coil, which limits its applicability at ultra-
igh field strengths and parallel transmit (PTx) coils. The phase differ-
nce method (also called Hermitian inner product) works for all multi-
cho sequences but suffers from markedly reduced phase CNR. The VRC
pproach ( Parker et al., 2014 ) would be applicable in general and works
or single-echo data but needs to detect a valid center for the phase cor-
ection, which is a fragile, image-dependent step, and – dependent on
2 https://github.com/korbinian90/ClearSwi.jl 
3 https://github.com/korbinian90/MriResearchTools.jl 
4 https://github.com/korbinian90/MriResearchTools.jl/tree/clearswi _ 
ublication 

𝑤  

t

𝜑  

5 
he coil geometry – can generate artefacts above 7 T, or at 7 T for objects
arger than the head ( Robinson et al., 2017a ). For multi-echo data, the
SPIRE method of coil combination ( Eckstein et al., 2018a ) meets all

he requirements of this study; it does not require a reference coil, mak-
ng it suitable for all field strengths and PTx coils, it is not dependent on
mage-derived parameters and the CNR is higher than in phase differ-
nce methods. The only limitation of ASPIRE is that two echoes satisfy
 𝑚 + 1 ) 𝑇 𝐸, 1 = 𝑚 𝑇 𝐸, 2 | 𝑚 ∈ ℕ for monopolar acquisitions and, for bipolar
cquisitions, that three echoes satisfy 2 𝑇 𝐸, 1 = 𝑇 𝐸, 2 and 3 𝑇 𝐸, 1 = 𝑇 𝐸, 3 . 

The effect of the coil combination method on the magnitude images
s less crucial, although, due to the Rician noise distribution in magni-
ude images, the classic root-sum-of-squares combination incurs a bias,
hich is stronger for areas with low intensity (e.g. veins). ASPIRE re-
uces this effect by performing magnitude weighted combination of the
omplex data after the removal of coil specific phase offsets. 

.9.2. Noise mask generation 

A brain mask was required for high-pass filtering the phase to avoid
mage background affecting the values in voxels at the border of the
rain. A conservative mask was created by thresholding the image at
he value 𝜇noise + 2 𝜎noise , where 𝜇noise and 𝜎noise are estimates of the noise
ean and standard deviation respectively. For the sequence type used

nd for imaging brains, the background of the image contains mostly
oise. Out of the eight corners of the 3D image matrix, that with the
owest mean value in a 10 × 10 × 10 volume was identified and the
oise mean and standard deviation were calculated from that volume.
he noise level estimation might need modification if applied to other
equences. 

.10. CLEAR-SWI phase processing steps 

.10.1. Phase unwrapping 

Phase images were unwrapped using Laplacian unwrapping
chofield and Zhu (2003) , a faster and more robust method than path-
ased or region-growing spatial unwrapping. The arbitrary background
eld variations introduced by this process were removed by subsequent
igh-pass filtering, allowing unwrapped phase data to be combined over
choes without bias. 

.10.2. Phase high-pass filtering 

A masked, Gaussian low-pass filter with a sigma of 4 pixels was
pplied to the unwrapped phase and the resulting image subtracted
rom the original image to achieve high-pass filtering. The mask from
tep 3.9.2 was used to avoid the inclusion of noise voxels. Filtering
as applied slice-wise, which provides a satisfactory result in terms of
NR, for SWI data, which typically have an aspect ratio of 2 or more
 Deistung et al., 2008 ). For the more isotropic voxels commonly ac-
uired for QSM, 3D high-pass filtering might yield higher phase CNR. A
omparison of 2D vs 3D filtering and different kernel sizes is presented
n Supplementary Information, Section C. 

.10.3. Multi-echo combination of phase 

The unwrapped and high-pass filtered phase images from multiple
choes were combined using SNR-optimal inverse-variance-weighted
requency averaging ( Quinn et al., 2014 ). The frequency is calculated
s 𝜑 𝑖 ∕ 𝑇 𝐸,𝑖 . With the voxelwise weights 

 𝑖 = 𝑇 2 
𝐸,𝑖 

𝑀 

2 
𝑖 

(9)

his leads to the combined phase 

 = 

∑
𝑤 𝑖 𝜑 𝑖 ∕ 𝑇 𝐸,𝑖 ∑ (10)
𝑤 𝑖 

https://github.com/korbinian90/ClearSwi.jl
https://github.com/korbinian90/MriResearchTools.jl
https://github.com/korbinian90/MriResearchTools.jl/tree/clearswi_publication
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Fig. 2. A comparison of phase masking functions described in the text. The 
linear function a) yields low weighting in the phase mask. A power function with 
an exponent of 5 (equivalent to 5 applications of the linear function a)) results in 
the desired phase contrast in veins and grey matter but strongly amplifies noise 
(red arrows), because of the steep part of the function close to 0 (red ellipse). 
The sigmoid function c) (with level = 4, resulting in m = 0.17) is less steep close to 
the origin (blue ellipse), leading to lower noise in the phase mask, but achieves 
similar weighting in veins and grey matter (black box). 
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.10.4. Sigmoidal phase masking 

The phase mask used in SWI is conventionally generated with the
ositive, linear function 

 ( 𝑥 ) = 

⎧ ⎪ ⎨ ⎪ ⎩ 
1 , if 𝑥 < 0 
1 − 𝑥, if 0 ≤ 𝑥 ≤ 1 
0 , if 𝑥 > 1 

(11)

hich is applied voxelwise to the high-pass filtered phase. To achieve
he desired phase weighting in the final SWI, the magnitude is multiplied
y the phase mask k times. This is equivalent to a single multiplication
f the phase mask generated with the following power function: 

 𝑘 ( 𝑥 ) = 

⎧ ⎪ ⎨ ⎪ ⎩ 
1 , if 𝑥 < 0 
( 1 − 𝑥 ) 𝑘 , if 0 ≤ 𝑥 ≤ 1 
0 , if 𝑥 > 1 

(12)

Fig. 2 illustrates the fact that higher power ( k ) amplifies noise, which
as values close to 0 ( Fig. 2 b). To avoid noise amplification around 0 but
till achieve strong phase contrast, the weighting function should be flat
round 0 and steep thereafter. This behavior is provided by sigmoidal
unctions, such as tanh, which we adopt here ( Fig. 2 c), with a further
omparison of standard and sigmoidal phase masking in Sup. Fig. C-1.
s a reference for scaling, the median of the positive phase values was
sed with an additional level parameter for adjusting the intensity of the
hase mask: 

 = media n > 0 ( 𝜑 ) ⋅ level (13)
6 
 tanh ( 𝑥 ) = 

1 
2 
+ 

1 
2 
tanh 

(
1 − 

𝑥 

𝑚 

)
(14)

.11. CLEAR-SWI magnitude processing steps 

.11.1. Multi-echo magnitude combination 

We outline two alternative weighted combinations of magnitude im-
ges in CLEAR-SWI: SNR-weighted and CNR-weighted. 

Optimum SNR in the combined magnitude image can be achieved
y root-sum-of-squares weighting over echoes ( Wu et al., 2012a ), as
assuming the same bandwidth for each echo, and thereby the same
oise) weighting by the magnitude corresponds to weighting by SNR.
his combination lessens the impact of signal dropouts by weighting
arly echoes higher in regions with rapid 𝑇 ∗ 2 decay. 

If the distinction between two tissue types is of interest, the contrast
an be optimized using multi-echo information. The weighting factors
hich optimize the CNR between two tissues can be calculated given

he corresponding 𝑇 1 , 𝑇 
∗ 
2 and 𝜌 values. We take the example of white

atter (WM) and grey matter (GM), but the same process holds for e.g.
M and veins, or WM and WM-lesions. Optimum CNR in combined

mages is achieved by weighting each echo by the CNR for that echo, or
given that noise is constant across echoes), the contrast for each echo,
 𝑖 . The combination and weighting factors are given by 

 = 

∑
𝑤 𝑖 𝑀 𝑖 ∑
𝑤 𝑖 

(15)

 𝑖 = 𝐶 𝑖 = 𝑆 

(
gm , T 𝐸,𝑖 

)
− 𝑆 

(
wm , T 𝐸,𝑖 

)
(16)

ith 𝑆 being the signal formulation ( Eq. 1 , Theory) and 𝑤 𝑖 is a weight
hat is identical for each voxel. If the flip angle 𝛼 varies strongly in space,
 flip angle map can be used instead of a scalar value in the calculation
f S , however, this requires an additional measurement and was not
urther investigated in this study. 

If tissue parameters are not known, a relative intensity term 𝑅 (re-
ated to the mean signals in ROIs in the two tissue types of interest, 𝐴 1 
nd 𝐴 2 , obtained in 𝑀 0 ; see Section 3.12) and 𝑇 ∗ 2 can be estimated from
he scan of interest or an existing scan with the same protocol. 

 = 𝑀 0 
(
𝐴 2 

)
∕ 𝑀 0 

(
𝐴 1 

)
(17)

 𝑖 = 𝑒 

𝑇 𝐸,𝑖 

𝑇 ∗ 2 , 1 − 𝑅𝑒 

𝑇 𝐸,𝑖 

𝑇 ∗ 2 , 2 (18) 

.11.2. Magnitude homogeneity correction 

At field strengths above 3 T, the combined magnitude image from
 multi-channel array has high signal variations due to inhomogeneous
ransmit and receive B 1 fields. The signal variation can be expressed as
 multiplicative bias field, which is identical for multi-echo and single-
cho acquisitions and also for individual and combined echoes. We pro-
ose a new, simple and robust homogeneity correction in which the bias
eld is estimated, smoothed and removed without affecting CNR. 

The first step in the homogeneity correction is a simple segmentation
f the magnitude image from the first echo; this has the lowest tissue
ontrast and is least affected by signal dropouts. It is assumed that white
atter is present over the whole brain, and that inside a small box (1/15

f the edge lengths of the FOV), the intensity of white matter is constant
nd can be detected at the 90% quantile of the intensity values. The seg-
entation roughly isolates white matter by removing all voxels inside

he box that deviate by more than 10% from the detected white matter
ntensity. This is performed in an overlapping box-wise approach con-
ucted in 3D with an overlap of half the box size in all 3 dimensions,
o each voxel is contained in 8 boxes and is classified as being white
atter if it meets the ‘less than 10% deviation’ criterion in at least 2 of

he 8 boxes. Removal of too many white matter voxels or the inclusion
f some voxels of a different tissue type only has a modest influence on
he estimated bias field ( Eckstein et al., 2018 b). 



K. Eckstein, B. Bachrata, G. Hangel et al. NeuroImage 237 (2021) 118175 

 

i  

t  

T  

v  

i  

t  

T  

i

3

 

t  

a  

h  

l  

t  

t  

h  

i  

p

𝑓  

 

n  

s

3

 

m

𝑓  

w  

t  

t  

T  

n  

f  

I

4

 

i  

4  

w  

s  

i  

4  

s

4

4

 

g  

s  

M  

i  

c  

9
 

t  

f  

l

Fig. 3. A comparison of the duty cycles of monopolar and bipolar acquisitions 
for a range of readout matrix sizes. Monopolar acquisitions had lower duty cy- 
cles due to the time spent executing rewinder gradients, and thereby lower pre- 
dicted SNR. With the echo spacings used in the simulation, the largest readout 
matrix sizes were only possible with bipolar acquisitions. The echo spacing for 
the simulation was 4 ms, the field strength 7 T, the slew rate 200 T/m/s, the 
maximum gradient strength 42 mT/m and the FOV 210 mm. 
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a  
To obtain a smooth bias field from the segmented image, a mod-
fied moving-window average filter is applied along each direction of
he image matrix independently; a process which is repeated 4 times.
he average filter is modified to interpolate and extrapolate if missing
alues are encountered. The iterative application of the average filter
n all dimensions corresponds to 3D Gaussian smoothing with a sigma
hat can be chosen through adapting the filter sizes of the average filter.
he combined magnitude image was divided by the bias field to remove

nhomogeneity. 

.11.3. Magnitude non-linear scaling 

Although the combined, homogeneous magnitude has higher CNR
han Standard SWI, the contrast between deep grey matter structures
nd surrounding white matter is often weaker. This is caused by the
igh weighting attributed to early echoes and can be addressed by non-
inear grey scaling of the image, without sacrificing CNR. As the magni-
ude values inside the brain after homogeneity correction are mostly in
he upper half of the brightness scale, the range assigned to the lower
alf can be reduced, and that to the upper half expanded, effectively
ncreasing all relevant contrasts. To keep the appearance natural, this is
erformed by applying the softplus function 

 ( 𝑥 ) = 

log ( 1 + exp ( 𝑎 ( 𝑥 − 𝑏 ) ) ) 
𝑎 

(19)

The cutoff parameter b was set to half the 0.8-quantile and the soft-
ess parameter 𝑎 = 2 was used, which resulted in magnitude contrast in
imilar strength to standard single-echo (see Sup. Fig. E-1). 

.12. Additional processing steps 

A 2-parameter least squares fit to the ASPIRE combined multi-echo
agnitude images was performed with the function 

 

(
𝑀 0 , 𝑇 

∗ 
2 
)
= 𝑀 0 𝑒 

− 𝑇 𝐸 ∕ 𝑇 ∗ 2 (20)

here 𝑇 𝐸 is the echo time, 𝑇 ∗ 2 the exponential decay constant of the
issue over echo time and 𝑀 0 the magnitude at time 0 after the excita-
ion. 𝑀 0 is not affected by 𝑇 ∗ 2 decay, but contains proton density and
 1 weighting. 𝑇 ∗ 2 calculation was also performed online using the fast
umeric method NumART ∗ 2 ( Hagberg et al., 2002 ). 𝑀 0 and 𝑇 ∗ 2 images
or patients with brain tumors are shown in Fig. 11 and Supplementary
nformation, Section H. 

. Results 

The results are organized into four sections: 4.1 Simulation, present-
ng SNR calculations for monopolar and bipolar multi-echo acquisitions;
.2 Acquisition and preprocessing, comparing magnitude images from
eighted magnitude-combined bipolar acquisitions with those from

ingle-echo acquisitions; 4.3 SWI processing, presenting phase process-
ng, homogeneity correction and the resulting CLEAR-SWI images and
.4 Application with brain tumors, showing examples from patients with
uspected brain tumors. 

.1. Simulation 

.1.1. SNR simulation 

The sampling duty cycles for monopolar and bipolar acquisitions are
iven in Fig. 3 for a range of readout matrix sizes. The duty cycle of a
ingle-echo acquisition would be always close to 100% and is not shown.
onopolar acquisitions had significantly lower duty cycle, with a max-

mum readout length of 512 pixels given the parameters and system
onstraints, while bipolar acquisitions were possible with resolutions of
60 and above, with duty cycles consistently in excess of 90%. 

Predictions of SNR efficiency are shown in Fig. 4 . Bipolar acquisi-
ions achieved significantly higher SNRe than single-echo, other than
or very short TR ( < 15 ms). Monopolar acquisitions had consistently
ower SNRe than bipolar acquisitions due to shorter 𝑇 acq periods. 
7 
.1.2. Standard SWI from multi-echo data 

Tests in a healthy subject, from whom both a multi-echo and single-
cho scan were acquired, confirm that the simulated single-echo magni-
ude and phase, generated from the multi-echo scan (the approach used
o generating single-echo data for the brain tumor patient group) corre-
ponded closely to the single-echo scan (see Sup. Fig. B-1). The quality
f the calculated single-echo SWI was also comparable to the acquired
tandard SWI and was similarly affected by artefacts, both in severity
nd location. 

.2. Acquisition and preprocessing 

The magnitude image from a multi-echo scan with CLEAR SNR-
eighting over echoes (RSS combination) showed less signal dropout in

egions with strong ΔB 0 gradient than the Standard, single-echo mag-
itude ( Fig. 5 , at red arrows). Further comparisons of magnitude signal
ropout against other multi-echo SWI methods are presented in Supple-
entary Information, Figure E-1, which shows stronger signal dropouts

n GEPCI and single-echo, while magnitude averaging ( Quinn et al.,
014 ), like CLEAR-SWI, recovers most of the signal dropouts from early
cho information. 

.3. SWI processing 

.3.1. SWI processing steps 

Standard homodyne phase filtering (7T MAGNETOM VB17 imple-
entation) is compared with the CLEAR steps of Laplacian unwrap-
ing, Gaussian high-pass filtering and combination over echoes in Fig. 6 .
rap-like artefacts are present in the homodyne-filtered phase only (at

ed arrows). 
The SNR and CNR of magnitude images from single-echo acquisitions

nd multi-echo acquisitions using a number of approaches to echo com-
ination are compared in Table 2 . SNR-weighting, CNR-weighting and
agnitude averaging (used by Quinn et al.) provide magnitude images
ith higher SNR than GEPCI and single-echo magnitudes. 

The CNR evaluation presented in Fig. 7 shows that the performance
f each method depends on the tissue. CNR-weighting (optimized with
iterature values for WM and GM) and averaging (Quinn et al.) provide
onsistently high CNR values. SNR-weighting and GEPCI have signifi-
antly lower CNR in some regions and single-echo has lowest CNR in all
egions (significance tests in Supplementary Information, Section E). 

The effectiveness of the magnitude homogeneity correction is il-
ustrated in triplanar view in Fig. 8 . Without homogeneity correction,
ulti-echo magnitude images combined with CNR weighting show high

ignal close to coil elements and reduced brightness in the center ( Fig. 8 ,
eft). The homogeneity correction has been applied to the same data
 Fig. 8 , right), removing non-anatomical signal variation. 

.3.2. SWI comparison 

Standard SWI ( NE1 ) is compared with CLEAR-SWI ( NE6 ) in Fig. 9
nd Fig. 10 . Standard SWI contained a “worm-hole ” artefact ( Fig. 9 at



K. Eckstein, B. Bachrata, G. Hangel et al. NeuroImage 237 (2021) 118175 

Fig. 4. Calculated SNRe in single-echo and 
multi-echo 3D GRE scans at 7 T. Bipolar ac- 
quisitions are illustrated with solid lines and 
monopolar acquisitions with dashed lines. The 
SNRe is calculated for an RSS combination over 
echoes. The matrix size in the readout direction 
was 800 pixels, the FOV 210 mm, 𝑇 𝑒𝑥𝑐 was 2.1 
ms, 𝑇 𝑠𝑝𝑜𝑖𝑙 was 3 ms. Results are for white matter 
with T 2 

∗ of 26.8 ms and T 1 of 1126 ms. Echoes 
were equally spaced and had 𝑇 𝐸, 2 = 2 𝑇 𝐸, 1 . Cal- 
culations for acquisitions with an even number 
of echoes are not shown to avoid overcrowd- 
ing the figure. Note that the beginning of the 
bipolar lines is very steep, which is due to the 
restriction to use equidistant echoes. 

Fig. 5. A comparison of signal loss in the mag- 
nitude images from a Standard, single-echo ac- 
quisition and a multi-echo with CLEAR com- 
bination with SNR weighting; severe signal 
dropouts are present in single-echo in the slice 
illustrated (red arrows). The multi-echo scan 
has only minimal signal dropout in the same ar- 
eas. The two magnitude images are from scans 
NE1 and NE6 combined over the echoes using 
SNR weighting (RSS). Intensity variations have 
not been corrected and are the same in both 
acquisitions. 

Table 2 

Average SNR across all ROIs from 5 volunteers. The SNR of both CLEAR combinations and magnitude 
averaging (Quinn et al.) is about twice the SNR achieved with GEPCI or single-echo acquisition. 

Combination Method CLEAR SNR-weighted CLEAR CNR-weighted Quinn et al. GEPCI Single-echo 

SNR 35.5 30.7 32.4 17.3 15.4 
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h  
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f  

I

ed arrows) and wrap-like artefacts ( Fig. 10 at red arrows) not present
n CLEAR-SWI. Veins were more distinct in CLEAR-SWI, which were
lso less noisy ( Fig. 9 and Fig. 10 - red boxes). Inhomogeneities in Stan-
ard SWI ( Fig. 9 and Fig. 10 - blue arrows) were eliminated by the
omogeneity correction in CLEAR-SWI. Fig. E-2 in Supplementary Ma-
erial compares the visibility of veins in CLEAR-SWI with GEPCI and the
8 
WI from Quinn et al. In general, veins were slightly better resolved in
LEAR-SWI. In certain regions (shown in the upper part of E-2), GEPCI
nd Quinn et al. had severely reduced vein visibility. An extended image
omparison between Standard SWI and CLEAR-SWI of veins and 3 dif-
erent slice locations with 5 volunteers can be found in Supplementary
nformation, Section G. 
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Fig. 6. The Standard homodyne-filtered 
single-echo image (left) shows wrap-like 
artefacts in regions with high ΔB 0 (red arrows) 
which are not present in the CLEAR Laplacian- 
unwrapped multi-echo phase (right). There is 
only a small residual signal variation in these 
regions in the CLEAR images (orange arrows). 
That could be removed using a smaller 𝜎 size 
in high-pass filtering at the expense of an 
increase in image noise. 

Fig. 7. CNR comparison between the differ- 
ent magnitude combination methods. CNR- 
weighting was performed between WM and GM 

using literature values. Most clearly visible dif- 
ferences are also statistically significant (the re- 
sults of all Wilcoxon sign rank tests are shown 
in Supplementary Information Appendix E, Ta- 
ble E-1). 
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.3.3. Minimum intensity projection 

Minimum intensity projection images from Standard SWI ( NE1 ) and
LEAR-SWI ( NE6 ) illustrate the absence of wrap-like artefacts in the pro-
osed method, which otherwise dominated the lower slices ( Fig. 11 ).
ine structures were better resolved in CLEAR-SWI (compare red ar-
ows), which were also more homogeneous. 

.4. Application with brain tumors 

One tumor dataset was affected by strong motion artefacts and in
ne dataset the tumor was close to the edge of the field of view. The re-
aining 12 datasets from the tumor patients were of high quality. Three
9 
ave been selected due to interesting insights offered by SWI ( Fig. 12 );
ll are shown in Supplementary Information, Section H, Figures H-1 to
-13. In this section, Standard SWI denotes images generated by apply-

ng the Standard SWI pipeline to simulated single-echo data from the
LEAR-SWI multi-echo acquisition (Subsection 3.5). 

In Patient A ( Fig. 12 , top row), who was diagnosed with a glioblas-
oma (WHO grade IV), multiple homodyne filtering artefacts were ap-
arent in the proximity of the lesion (red arrows) in Standard SWI that
ere not present in CLEAR-SWI. The lesion shape was similar in CLEAR-
WI and the T 2 

∗ map, other than that the T 2 
∗ maps also contained a re-

ion of lower values, posterior to the tumor, which were mirrored only
n the Standard SWI. We postulate that these are non-local effects from
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Fig. 8. Magnitude homogeneity correction. 
Multi-echo magnitude images combined with 
CNR weighting (left) show signal variation 
close to coil elements, which is effectively re- 
moved by the homogeneity correction (right). 
Note that the images are scaled to give similar 
contrast between the ventricles and neighbor- 
ing white matter. 

Fig. 9. Comparison of Standard SWI ( NE1 ) and 
CLEAR-SWI ( NE6 ; SNR-weighted softplus). The 
visibility of the veins is higher in CLEAR-SWI 
(red box). Standard SWI contains a “worm- 
hole ” artefact (red arrows) and is affected by 
strong intensity variations (being bright close 
to the surface of the brain and darker in cen- 
tral areas), while CLEAR-SWI is homogenous. 
Note that there are slight discrepancies in slice 
position, as the images are from different ac- 
quisitions. 
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trong field gradients emanating from the tumor, and that the CLEAR-
WI more accurately reflects local tissue composition. 

Patient B ( Fig. 12 , middle row) was diagnosed with an anaplastic
strocytoma (WHO grade III). The vascularity directly surrounding the
esion could be seen in CLEAR-SWI, while Standard SWI overestimated
he size of the lesion and obscured nearby veins (red arrow points to a
10 
ard-to-spot wrap artefact). Additionally, the clarity and distinction of
eins in the whole image was visibly improved in CLEAR-SWI compared
o Standard SWI. The parameter maps that were fitted from the CLEAR-
WI data (black arrows) illustrate the extent and state of the abnormal
issue, which appeared hyperintense on the T 2 

∗ map and hypointense
n the central part containing necrosis. The T -weighted M image pro-
1 0 
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Fig. 10. Comparison of artefacts and vein vis- 
ibility in Standard SWI ( NE1 ) and CLEAR- 
SWI ( NE6 ; SNR-weighted). Standard SWI (left) 
shows homodyne artefacts (red arrows) and in- 
homogeneity close to a coil (blue arrows); arte- 
facts not present in CLEAR-SWI. Veins are more 
clearly resolved in CLEAR-SWI (red box). Note 
that there are slight discrepancies in slice po- 
sition as the images are from different acquisi- 
tions. 
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ided unambiguous identification of CSF, which was hypointense, and
ome information about T 1 changes in abnormal tissue. It was, however,
ore affected by Gibbs ringing than the other contrast images. 

The bottom row of Fig. 12 shows Patient C, who was diagnosed with
n intra-axial mass lesion from a metastasized adenocarcinoma. In Stan-
ard SWI, strong wrap artefacts as well intensity variations led to poor
mage quality, while CLEAR-SWI allowed the vascularity inside the tu-
or to be visualized without artefacts. 

Summarizing the tumor data, Standard SWI suffered from homodyne
rap artefacts in the region of the tumor in 10 out of 13 patients. These
ere particularly prominent in mIPs (see Supplementary Information,
ppendix H). CLEAR-SWI was not affected by artefacts and provided
igh quality imaging of the veins, necrotic tissue (iron deposits) and
ontrast at the boundary of the central tumor region. There were el-
vated T 2 

∗ values inside the larger region affected by the tumor and
he T 1 -weighted CLEAR M 0 showed contrast changes which were more
ocalized to the immediate tumor region and, in some cases, contrast
etween an extended region around the tumor and normal appearing
issue (see Sup. Figs. H-4, H-8, H-9, H-13). 

To compare Standard SWI and CLEAR-SWI in a clinical setting, a
euroradiologist (ST), a neurosurgeon (GW) and a neurologist (CE) were
sked to rate the 13 tumor cases according to four criteria. The results
n Fig. 13 show a significant improvement of CLEAR-SWI compared to
tandard SWI in all four criteria. Especially the presence of artefacts was
ated high in Standard SWI and very low in CLEAR-SWI. 

. Discussion 

We have presented a comprehensive improvement to SWI acqui-
ition and processing – Contrast-weighted, Laplace-unwrapped, bipo-
ar multi-Echo, ASPIRE-combined, homogeneous, improved Resolution
WI (CLEAR-SWI) – which addresses the shortcomings of Standard SWI
ethods at high and ultra-high field. Employing bipolar multi-echo se-

uences with ASPIRE phase combination, Laplacian unwrapping and
11 
agnitude homogeneity correction avoids wrap-like artefacts and re-
uces signal loss in regions of high ΔB 0 gradients and intensity varia-
ions due to inhomogeneous B 1 . Additional SNR and CNR improvements
ere achieved with weighted echo combination and sigmoidal phase
asking functions. The phase processing in the first steps of CLEAR-SWI

llows the phase to be used for the calculation of QSMs, in contrast to
he homodyne filtering approach used in Standard SWI. In clinical ap-
lication, CLEAR-SWI eliminated artefacts which could be interpreted
s microbleeds, provided improved SNR and offered benefits associated
ith multi-echo acquisition, such as high resolution M 0 and T 2 

∗ map-
ing. 

.1. Coil Combination 

The fast and robust online coil combination for multi-echo acquisi-
ions, ASPIRE ( Eckstein et al., 2018a ), generates combined phase im-
ges with no phase singularities and optimal CNR, independent of field
trength and coil configuration. Other commonly applied phase com-
ination schemes reduce CNR (phase difference in GEPCI; Luo et al.,
012 ), are prone to wrap-like artefacts (homodyne filter and combina-
ion; Denk and Rauscher, 2010 ), require a reference coil (Roemer/Sense;
ruessmann et al., 1999 ; Roemer et al., 1990 ), do not perform well
t high field strengths (adaptive combine; Walsh et al., 2000 ) or are
urrently not robust enough for online application (VRC; Parker et al.,
014 ). Additional benefits of ASPIRE are that all non-B 0 -related sources
f phase are removed, so phase images are scaled, wrapped fieldmaps,
nd no high-pass filtering is applied, meaning that phase images can be
sed – after unwrapping – for QSM. MCPC-3D-S ( Eckstein et al., 2018a ),
eing closely related to and sharing most of the benefits of ASPIRE,
ould be another option for coil combination; it is not subject to the

cho times restrictions of ASPIRE, but requires unwrapping of one 3D
olume. 
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Fig. 11. Comparison between mIPs of Stan- 
dard single-echo SWI ( NE1 ) and multi-echo 
CLEAR-SWI ( NE6 ; SNR-weighted softplus) in 
slices at the level of the substantia nigra 
(top) and striatum (bottom). Standard SWI has 
marked signal dropouts and strong wrap-like 
artefacts in lower slices (top left). Fine struc- 
tures are more clearly visible in CLEAR-SWI 
(red arrow). Standard SWI shows large inten- 
sity variations over the image which are not 
present in CLEAR-SWI. In CLEAR-SWI, a very 
small vein can be seen inside the globus pal- 
lidus (directly above red arrow), which is un- 
recognizable in Standard SWI. 
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.2. Separate multi-echo combination of phase and magnitude 

In contrast to prior approaches in which an SWI is calculated from
ach echo and averaged ( Denk and Rauscher, 2010 ), in which unre-
olved wrap artefacts in each SWI accumulate in the combined image,
r artefact-affected parts of SWIs from later echoes are replaced by
mages from earlier ones ( Oh et al., 2014 ), in CLEAR-SWI, magnitude
nd phase are combined over echoes, with dedicated weighting factors,
rior to SWI calculation. This makes it possible to exploit the specific
oise characteristics of phase and magnitude individually to increase
he SNR/CNR in SWI. 

.3. Magnitude multi-echo combination 

The multi-echo combination of the magnitude we outline offers a
ange of different contrast possibilities, which can be chosen for the spe-
ific use case. Magnitude images can be combined to optimize SNR using
12 
SS combination over echoes ( Jutras et al., 2017 ), which minimizes sig-
al dropouts in areas of high B 0 variation. This might be the contrast
est suited to imaging veins close to the skull base ( Barrett et al., 2017 ).
lternatively, CNR between specific tissues can be optimized on the ba-
is of literature values for relaxation times, or by calculating the opti-
al weights from ROIs drawn in the tissues. Although CNR-weighting
rovides optimal contrast in theory, two effects should be taken into ac-
ount; an often spatially varying flip angle distribution and a possible
rossover point, in which case some echoes might receive a negative
eighting. For the magnitude averaging as performed by Brainovich

t al. ( 2009 ), a lower SNR was found but the CNR values were com-
arable to the other presented multi-echo combinations. An additional
oftplus scaling step applied to the SNR-weighted combined magnitude
roduced a contrast which was similar to single-echo SWI, but in which
mages retained the advantages of the proposed magnitude combination
 increased SNR and reduced signal dropouts. 
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Fig. 12. Comparison of Standard SWI with 
WM-GM CNR-weighted CLEAR-SWI in three 
patients with brain tumors. Patient A) glioblas- 
toma IV: the lesion leads to strong phase arte- 
facts in Standard SWI (red arrows point to wrap 
artefacts). The shape of the lesion in CLEAR- 
SWI corresponds to the shape seen in T 2 

∗ , while 
T 2 

∗ also presents hypointense values below the 
necrosis that are not strictly tissue related, but 
arise from the strong field gradient. Patient B) 
anaplastic astrocytoma III: Standard SWI over- 
estimates the size of the lesion due to a phase 
wrap artefact (red arrow). Patient C) metastasis 
– adenocarcinoma: Standard SWI suffers from 

severe phase wrap artefacts (red arrows) and 
inhomogeneous magnitude, which are both re- 
solved in CLEAR-SWI. For all three patients, the 
clarity of veins and structures is visibly higher 
in CLEAR-SWI than in Standard SWI. The T 2 

∗ 

map and T 1 -weighted M 0 provide additional 
contrast (black arrows). Note that all images 
are single slices and not mIPs. 

Fig. 13. Expert rating of Standard SWI and CLEAR-SWI of 13 Tumor cases ac- 
cording to four criteria. Each criterium was rated significantly better ( p < 0.01) 
in CLEAR-SWI than in Standard SWI (Wilcoxon signed rank test). 
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.4. Phase multi-echo combination 

CLEAR-SWI integrates the phase information from all echoes us-
ng inverse-variance-weighted combination of the Laplacian-unwrapped
nd high-pass filtered phase. This maximizes the SNR of the combined
hase in a multi-echo acquisition, similar to the weighted B 0 frequency
ombination ( Quinn et al., 2014 ). The calculation of B 0 entails compu-
ationally demanding and error-prone quantitative (region-growing or
ath-based) unwrapping, however, which is avoided if a Laplacian un-
rapping method is used. The mono-exponential fitting approach taken
y Luo et al. (2012) is inferior in terms of SNR and also too computa-
13 
ionally demanding to be executed online on the image reconstruction
ardware, which was an important aspect of our study. 

.5. Phase mask generation 

In Standard SWI, the magnitude is multiplied a number of times
y a phase mask which is a linear function of phase values, result-
ng in a function of the degree of multiplications ( Haacke et al., 2004 ;
eichenbach et al., 1997 ). The phase mask we propose in CLEAR-SWI
ses an adaptive sigmoid function (tanh), which leads to improved vis-
bility of small structures, e.g. veins and iron rings. A similar approach
as taken by Quinn et al. (2014) , who used a piecewise-defined cosine

unction. Tanh has the advantage that it is defined over the entire phase
ange and provides some contrast for negative phase values; a more
radual scaling than the abrupt setting of all negative phase values to
, lending SWIs a more natural appearance. 

.6. Phase unwrapping and high-pass filtering 

The use of Laplacian phase unwrapping ( Schofield and Zhu, 2003 )
n CLEAR-SWI avoids the homodyne wrap-like artefacts which ad-
ersely affect SWI ( Li et al., 2015 ), especially at high field strengths.
auscher et al. (2003) have previously proposed region-growing un-
rapping to achieve the same end. Whilst undoubtedly less prone to

esidual wraps than homodyne filtering, region-growing methods can
ave lengthy processing times and be prone to leaving or propagating
raps through the volume in highly wrapped regions with low SNR,

eading Oh et al. (2014) to propose Laplacian unwrapping as an alter-
ative. As we have shown here that this provides effective unwrapping
ven in the inferior brain, close to bone-air interfaces - regions which
ave seen interest in integrating SWI information into endoscopic en-
onasal surgical planning ( Barrett et al., 2017 ; Rutland et al., 2020 ).
dditional background field removal ( Bollmann et al., 2019 ; Liu et al.,
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011 ; Schweser et al., 2017 ; Wu et al., 2012b ) could allow a larger ker-
el size for high-pass filtering, which would enable phase weighting of
arger structures, although care has to be taken when applying these
ethods to images containing pathologies. 

.7. Magnitude homogeneity correction 

The homogeneity correction of the magnitude we propose here facil-
tates the visual assessment of ultra-high field SWI by reducing the need
o repeatedly window regions under examination. Alternative methods
e tested were found either not to be robust, to require manual in-

ervention or be computationally demanding ( Damen and Cai, 2018 ;
led et al., 1998 ; Vovk et al., 2007 ) (results not shown). The fast and
obust homogeneity correction approach we developed for CLEAR-SWI
 Eckstein et al., 2018 b) removed the strong bias field at 3 T and 7 T, and
as not compromised by the presence of large hypo- or hyper-intense
rain tumors. This is primarily a benefit for ultra-high field systems,
hich do not have the possibility to correct for coil sensitivities using a
omogeneous reference coil image. 

.8. Comparison with advanced SWI methods 

The method of Oh et al. (2014) uses a multi-echo acquisition to
chieve a similar central objective as CLEAR-SWI – the avoidance of ho-
odyne artefacts – but is essentially calculating a single-echo SWI (from

he second echo) and replacing corrupted parts with an SWI from a fit-
ed magnitude and first echo phase. It can therefore not benefit from
he improved SNR/CNR available from multi-echo acquisitions and is
ery limited in the choice of its echo times. The two SWI methods in
he literature that are most similar to CLEAR-SWI are GEPCI ( Luo et al.,
012 ) and the multi-echo SWI described by Quinn et al. (2014) . Like
LEAR-SWI, GEPCI utilizes a multi-echo sequence to produce multiple
utput images (SWI, T 2 

∗ , M 0 , and newly devised contrasts). The method
f Quinn et al. focusses primarily on phase processing, improving the
cho combination of the phase and introducing a nonlinear phase mask-
ng function ( Quinn et al., 2014 ). Compared to GEPCI and Quinn et al.,
LEAR-SWI yielded equal or better CNR in the magnitude used for SWI,
etter visibility of veins and avoided inhomogeneities. Quinn et al. was
onceived for lower field strengths and produced more artefacts than
tandard SWI, making it unsuitable for application at 7 T. The voxel-
ise fitting in GEPCI was computationally highly demanding, limiting

ts application to offline processing. 
Other methods propose the use of flow compensated sequences for

WI at 3 T ( Du and Jin, 2008 ; Wu et al., 2016 ) to reduce the effect of
rteries appearing as false veins, however, this entails additional gra-
ients between the acquisition of echoes, lowering the duty cycle and
herefore leading to reduced SNR. Because of this, and the lack of fully
ow compensated sequences for clinical use, we decided to not explore
ow compensation in this study. The CLEAR-SWI post-processing steps
ake no assumptions about the specific type of multi-echo sequence
sed, however, so we would not anticipate changes in the performance
f CLEAR-SWI when applied to flow-compensated data. 

Especially if applied at ultra-high field, coil combination is a crucial
tep to obtain artefact-free phase and if the echo time restrictions of
SPIRE cannot be fulfilled due to additional flow compensation gradi-
nts, MCPC-3D-S ( Eckstein et al., 2018a ) could be used as an alternative,
hich however, requires one additional unwrapping step. 

.9. Novel and published constituents of CLEAR-SWI 

In addition to introducing novel and improved processing steps,
LEAR-SWI makes use of effective methods from the literature. This

ncludes ASPIRE coil combination, Laplacian unwrapping for SWI, SNR-
eighted echo combination for magnitude images and inverse-variance-
eighted echo combination for phase images. Novel elements of CLEAR-
WI are the CNR-weighted echo combination and homogeneity correc-
14 
ion ( Eckstein et al., 2019 ). The sigmoidal phase masking is an improve-
ent of the closely-related masking described by Quinn et al. (2014) . 

Some CLEAR-SWI steps could also benefit other imaging methods.
he SNR- and CNR-weighted magnitude combination, for instance,
ould be applied in recombined multi-echo gradient-echo sequences
MERGE/MEDIC/MFFE) ( Mekle et al., 2003 ; Nitz, 2002 ). The homo-
eneity correction was developed for SWI but has been shown to be
ffective with MPRAGE ( Eckstein et al., 2019 ; Mugler and Brooke-
an, 1990 ) and FLAIR (unpublished). The non-linear magnitude scal-

ng can increase the contrast of any magnitude image that is homo-
eneity corrected without affecting the local CNR. The use of ASPIRE
 Eckstein et al., 2018a ) for coil combination allows the phase data to be
ranched off for parallel Quantitative Susceptibility Mapping after that
tep, while the further phase processing (unwrapping and high-pass fil-
ering) is quite specific to SWI. After application of the sigmoidal scaling,
he phase mask itself is a high-quality image with very good clarity of
eins and might be usable for direct visual inspection or further process-
ng. 

.10. Computational efficiency 

The processing steps in CLEAR-SWI are computationally efficient and
an be calculated in less than 2 min on a high-resolution brain scan of 8
in acquisition time ( NE6 ), which makes the method suitable for online

mplementation. The voxelwise fitting of 𝑇 ∗ 2 and 𝑀 0 to the multi-echo
ata is computationally expensive, however. In this study, 𝑇 ∗ 2 calcula-
ion was performed online using the fast numeric method NumART ∗ 2 
 Hagberg et al., 2002 ), which required less than 10 s on the same dataset.

.11. Unwrapping, echo combination and QSM 

Phase images generated with ASPIRE can be used for both SWI and
SM. The Laplacian unwrapping used in the CLEAR-SWI scheme is fast
nd robust but introduces an arbitrary background phase to each echo
hich requires that phase be high pass filtered prior to combination. We
ote that for QSM, which entails calculation of local B 0 (requiring unfil-
ered data), an alternative approach to echo combination is needed. As a
rst step, B 0 can be estimated from a non-linear fit to the complex multi-
cho data, from which local B 0 can be calculated using Laplacian based
ethods ( Biondetti et al., 2017 , 2016 ). An alternative and potentially

aster approach for data containing no phase offsets would be to spa-
ially unwrap with a fast region-growing ( Karsa and Shmueli, 2019 ) or
ath-following approach ( Dymerska et al., 2021 ) and scale phase to gen-
rate B 0 maps which could be combined using weighted averaging. The
esulting combined B 0 map could be used for both SWI and QSM. In the
urrent scheme, SWI would be generated sufficiently quickly to be avail-
ble online for reporting, and wrapped phase data would be exported
ffline for processing with a dedicated QSM pipeline. Recent methods
ropose replacing the phase-based contrast in SWI with susceptibility-
ased contrast by first calculating QSM ( Gho et al., 2014 ; Liu et al.,
014 ), which is less orientation dependent and has a local, physical ba-
is. Current disadvantages are, however, an often more noisy result, the
emoval of values close to the surface and difficulties in stable oper-
tion without expert user intervention. The added complexity is com-
utationally demanding as well, involving additional precise masking,
ackground field removal and dipole inversion. 

.12. Echo time constraints for ASPIRE and NumART 2 
∗ 

The approach outlined here entails constraints on the echo times.
ipolar ASPIRE requires that 𝑇 𝐸, 2 = 2 𝑇 𝐸, 1 and 𝑇 𝐸, 3 = 3 𝑇 𝐸, 1 – i.e. in
ost settings, equispaced echoes with echo spacing equal to the first

cho time. Satisfying these requirements can incur an SNR penalty, but
oes not do so if settings with optimum SNR are selected, according
o Fig. 4 . Consistent with this is the requirement of the fast T 

∗ fitting
2 
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ethod NumART ∗ 2 ( Hagberg et al., 2002 ), which needs all echoes to be
qually spaced. 

.13. Clinical application in tumor imaging 

No single-echo data was acquired for tumor patients in this study, but
e demonstrate that simulated single-echo data can be generated from
ulti-echo data, and that these were good approximations to true single-

cho acquisitions. In this study, simulated single-echo data allowed a
eliable comparison between Standard SWI and CLEAR-SWI. Using the
imulated single-echo magnitude in CLEAR-SWI might also be useful if
dentical contrast to Standard single-echo SWI is required, e.g. to allow
omparison with prior imaging results or a transition from single-echo
o multi-echo acquisitions in longitudinal studies. 

Knowledge of the vascular environment in and around tumors can as-
ist in assessing tumor type and grade ( Grabner et al., 2017 ; Maeda et al.,
993 ; Wang et al., 2014 ). The complex structure of veins, oedema and
ecrotic tissue were well visualized using CLEAR-SWI; there were no
rtefacts despite strong phase variations close to pathologies and im-
roved signal in tumors despite short T 2 

∗ . In Standard SWI, in con-
rast, there were phase artefacts within tumors and poor signal within
ome tumors, particularly in mIPs. The T 2 

∗ map which is available with
LEAR-SWI, provides information about the extent and the state of the
bnormal tissue. The M 0 image provides some information about pro-
on density and T 1 , clearly showing CSF and some variation in abnormal
issue, although there is less contrast than in FLAIR images. In certain
ases, what appears to be the boundary of the tumor was clearly visu-
lized only in M 0 , which was relatively insensitive to tissue changes in
he immediately vicinity of the tumor. 

The visibility of small veins was considerably improved in CLEAR-
WI compared with Standard SWI which may prove relevant in the study
f other diseases with a vascular component, such as arteriovenous mal-
ormation ( Miyasaka et al., 2012 ), stroke ( Santhosh et al., 2009 ), and
turge-Weber Syndrome ( Hu et al., 2008 ). 

.14. Application at lower field strengths (3 T) 

In many SWI approaches, the most fragile and field strength depen-
ent parts are coil combination and phase filtering. Coil combination
n CLEAR-SWI is performed using ASPIRE, which has been successfully
pplied at field strengths up to 9.4 T, and phase filtering is performed
fter unwrapping to avoid field strength dependent “wrap ” artefacts. As
 0 and B 1 fields are less inhomogeneous at low field, the application of
LEAR-SWI at 3 T is unproblematic and our initial results have shown
dvantages over Standard SWI (not presented). Since some vendors al-
eady provide good homogeneity correction for 3 T, this step might not
e required. 

.15. Spatial shift due to ΔB 0 

CLEAR-SWI uses bipolar acquisitions, in which odd and even echoes
re subject to equal and opposite susceptibility-related distortions. This
an be calculated and corrected using a fieldmap calculated from the
ulti-echo phase data ( Eckstein et al., 2018 b). However, the shift is

nly relevant for very low bandwidths and because the bandwidths used
ere were rather high, the spatial shift was not corrected, being in the
ubvoxel range. 

.16. Application of CLEAR-SWI processing to single-echo SWI 

The CLEAR-SWI magnitude processing steps of homogeneity correc-
ion and non-linear scaling, and the phase processing steps of unwrap-
ing, high-pass filtering, and sigmoidal masking can also be applied to
ingle-echo acquisitions. A comparison of Standard SWI with CLEAR-
WI steps applied to single-echo data is presented in Supplementary
nformation, Appendix F. The coil combination of phase images in the
15 
ingle-echo case is more problematic, however. Possible solutions are
o estimate phase offsets using COMPOSER, which requires a short TE
re-scan, or ASPIRE, using a dual-echo prescan ( Eckstein et al., 2018a ;
obinson et al., 2011 , 2017 b), or to use the reference-free method VRC
 Parker et al., 2014 ), which yields combined phase images without arte-
acts for brain imaging in most cases. 

. Conclusions 

The improved SWI acquisition and processing steps we have pre-
ented in CLEAR-SWI address the shortcomings of Standard SWI meth-
ds at ultra-high field. In a comparison of CLEAR-SWI and Standard SWI
easurements with the same acquisition time, the optimized combina-

ion of phase and magnitude data over RF coils and echoes in CLEAR-
WI led to higher contrast-to-noise images and a better resolution of
mall structures like veins, while Laplacian unwrapping avoided wrap-
ike artefacts observed in Standard SWI. The sigmoidal phase masking
unction reduced the noise introduced by conventional phase weight-
ng, and intensity variations due to inhomogeneous B 1 were minimized
ith a magnitude homogeneity correction. In a comparison with other
ulti-echo SWI methods, CLEAR-SWI had equal or better visibility of

eins and fewer artefacts. Significant improvements of CLEAR-SWI com-
ared to Standard SWI were quantified for 13 tumor cases using expert
atings. All the applied methods are considered with a view towards
nline implementation on the imaging hardware in a fully automatic
ipeline. 
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