UC San Diego
UC San Diego Previously Published Works

Title
Robust 4D flow denoising using divergence-free wavelet transform

Permalink
https://escholarship.org/uc/item/1ms6x1t9

Journal
Magnetic Resonance in Medicine, 73(2)

ISSN
0740-3194

Authors

Ong, Frank
Uecker, Martin
Tariq, Umar

Etall

Publication Date
2015-02-01

DOI
10.1002/mrm.25176

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1ms6x1t9
https://escholarship.org/uc/item/1ms6x1t9#author
https://escholarship.org
http://www.cdlib.org/

s> NIH Public Access

% 7 Author Manuscript
% HEA\fb

Published i [inal ed.ted form a

% M-4n Reson /e 4. 2015 February ; 7.'(2): 825-842. do0i:10.1002/mrm.25176.
1
o
>
z Rcbus! 49 Floxy Denoising I'sing Pivergence-Free Wavelet
~—
0 .
S} Traasform
<
% Frank Zng' artin Uect=-1 Umar Tarloz, Aibert He:a04, Marcus T Alley?, Shreyas S.
= Vasaiawala?, and Michael ! ustig™:
(@]
g- "Department of Electrical Engineering and Comuter Scie:c3s, Jniversity of California, Berkeley,
- California, USA
2Departmant of Raciciuyy otanfurd University, Stanfc rd. Zalifoinia, USA
Abstract
> Purpose- —To “.ivestigate Zour-dime 1sional flov de'.oising us ng he divergence-free wavelet
T (DFW) tran,corm .ud comn-zg 1ts performance \7ith ~xistinz tech iiques.
1
g Theory and Metnods—DFW is a vector-wavelet u.c* z.uvides & sp wse representation of flow
> in a generally civer;-ence-free field and c2n be used to erZurce “sofi” u.7ergence-free conditions
= when discretizat. on and partial v2iluming re sult in nu1 1eri~i nondivs reer ce-free components.
e Efficient denoising 1s act.icved bv ~ propriate shrinkage of diverger<c-tie > wavelet and
§ nondivergence-free coefficionts. SureShrink and cycle spir-.ug are investigated to further improve
g denoising performar ze.
»
Q Results—DFW denc ising was corared with existing met*,us on sim:!atea and phantom data
j=4 and was shown to yield beucr noise reduction overall while L #*.,2 robust te segr ientation errors.
The processing was appli-d i wi vivo aata and was demonstrated t= improve visualization while
preserving quantifications ~¥ v da a.
Conclusion—DFW denoising oi fou.-dimr.sional flow data was shown t¢ redu ce 1oise levels in
flow data both quantitatively and - isuall;,.
Z
.E Keywords
g four-dimensional flow; wavelet denoisi~.g; diveree=.ce-t.ee
> -
c
—~ -
=3 Introduction
<
< Time-resolved three-dimensinal ph~so-contrzt LIPT [four-dimer sin.al £+0) flow] i a
Q
S promising imaging technique wat can provide hoth cardioc anatomy -.nd fizct.on 1) a : ingle
g acquisition (1). Potential clinical ar,plice’ions of 4D f1 w v-ere show 1 in mar.v a2as
%- including evaluation of valve-rela .ed ¢ isease, analysis of d ynamic blo~d flo ¥ ‘n th_ aorta
=L
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and ouantificati~» = zo. Jiaw (uw using arived parameters such as pressure difference
maps wnd wall s, eer stress ‘25, \iv sugh ¢ is now possible to get acquisition times below 5
Zu\, cl.nical acceptance is limiZed bv ws vulnerability to phase errors and issues associated
witl. the ‘nterpretation ot the vas* amount of generated data. In this work, we focus on
reduc'ng ) oise-like pruse ervors in 4D fl~y daia.

Noise 11ke rhase error in Slow data can arise from body noise or hardware imperfection and
r.ay be Zarther amplifie.! br- lugh velociy encodez (VENCs) to avoid velocity aliasing when
the uynamic range is high. Low velo ity-w-noise r~.io in 4D flow data often reduces
confido o0 viualization and lowers the juantification accuracy. Moreover, a common
research o0, Laon to accelerate 4T rlow scar ume is t¢ use undersampling methods, such as
k-t GRAPPA (3), k-t BLAST, k-t SEIWSE (4), ¥« PCA (), k-t SPARSE (6), L1-SPIRIT (7),
or other neea121 0L 5ing and ¢ ympre<sod sens ug technigq ies. Although these techniques

yduosnuep Joyiny vd-HIN

reduce secan tim<_this reduction is usually assoc ated v i1 lower signal-to-noise ratio and
he xce ' elozity-te noise ratio. In the case of nonuniform subsampling, artifacts may also
app-ar as no‘.e in velocity data, which can = is1st 1, “econstructed data. Hence, an effective
nr.se recuction procees.a is highly dewred f=. +C flow data.

To red=_c noise o~ uruifacts, several at thoi < have ropce sed incorporating physical conditions
of Hlood fiuw in flow data processing (5 -11). As b'sod flov7 is incompressible and hence
dive -gen e-free, noise-like errors can be reduced *;, suppre<.ing divergent components in
flow Jata. In particular, S~z et al. (8) pro,-osed dersisi, Mt flow field by projecting the
data o1 te Livergewce-free vesiur fields using the finite difrere..e method (FDM). The
projection rperatic= was reduced to an inverse 7-peit. Laplaci-u problem, which was solved
by a fast F oiss'n solver using th< rest Fourier [ransfrz.u. Ancthe. recent work by Busch et
al. (9) con. truced divergence-fres [iow field by projectine ‘e no’sy flow field onto
divergence-ree radial b2<.s tunctions (RBF) usin~, ierative '2us: squres. Normalized
convolution with an uncertainty map was used to 1 :curporate brunda' y conditions in the

yduosnuep Joyiny Vd-HIN

flow field. Bot:: ruivi and RBF were sho vn to be effert.ve as a d=..0ising process for flow
imaging (12).

However, one issue with existins, projection methods is -hat ‘i 7 e1 forc e tt ¢ flow field to be
strictly divergence-fi~¢, whi_n require accurat. segment. tio.> to =, event v.wanted boundary
effects near edges. In pr.ctice, discrete apn ‘oxi11ation and partial ~"viumii g 0= 110V cannot
be fully captured by a strict divere-..ce-free repre sentation. o his sit.uon ofter uccurs in
places near edges of flow, ,.atic tissi*z, or turk 1len- flow, whe' ¢ discrec rep. 2.~ tation of
flow consists of discontir.mi*.cs. Strict divergence--2e enforce mer.© across t-.cse
discontinuities may result in significant ervor propae: tion throughru. the flov el
Although segmentation of flow ~..a can helz preventing these ef ‘ects, accurate
segmentations are often hard ‘o ob*.in in I, signai-wc-noise ratio Zata Zrrors from
segmentation can also contribute to s’gnificar* i, cmoent ~omponents. He.c 2, ¢ “so ter’
divergence-free enforcement of flc w d>.a is needed to enfc rce appro ria-e cost.aints on
different flow regions.

)duosnuep Joyiny vd-HIN

In this work, we present a robust an1 effective noise ~cduction processing using the
divergence-free wavelet (DFW) transforu. (15). DFW< were fir 't introduc ~ i oy Lemarié-
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Rieusset (14) te = c2iipuiauvuar 1iuid a 7namics (CFD) community in the 1980s. Since
then, DFWs wet » investiga“z 2 1. o veral ZFD applications for simulations and flow data
cunpression (15-18). Ii paticuiar, - Ws were shown to provide a sparse representation for
simu'late 1 flow data in (17) and v cre used to separate random flow from actual flow field in
(18). Thet = two prope.ues er.courage us *, app'y DFW denoising in the context of 4D flow

MRIL

Tle purpose of this wor - ie Ly demc nstr. te the ef_ ctiveness and robustness of DFW
der.uising on flow data through soft-ihresaolding (1)). To further improve denoising
nerfoor e, W investigate S cohrink (77 tor selecting appropriate thresholds and cycle-
sninnin~ 215 5, removing wlockiug artifacts Jiom wa -elet transform.

yduosnuep Joyiny vd-HIN

Theory

Divergen~= T:2e \vavele.s
DF Vs w.e verior-wavelets that can separate fl~=- Jata into divergence-free wavelet and non-
div.rgenc.-free wavelet {DFW) coeffici .nts. Deenite it. name, DFW coefficients span both
‘omrnents ane l,ence the entire spac : of ector fiel Is. 3y separating flow field into
d.vere=ice-free a~ i nondivergence-fr e ce mponeis, ' W transform offers better
dev orrel~*,un of flow data than standara ~eparate wvelet transforms and thereby provides
bett. r en>rgy compactness or sparsity of flow dat> {1 /). Eff :ient denoising can be achieved
by ap rop -iate shrinkage ~£ uive rgence-fre  and no=iiver zenc >-free coefficients. As the
proces. ir is esseually waviiet denoising, UFW denoising ' erits advantages of wavelet
denoising, i.cludirz crticient multiscale decomposit:uus, edge -reserving transforms, and

o

sparse rep ‘eser tation of signals - n.'e amount ng to ~+.y line«* cc mputational complexity.

The constrt.~tion ot DFWs ~_iies on the following r~,position that . ~lates two different
wavelet functiu... vy differentiation (17):

yduosnuep Joyiny Vd-HIN

Proposition— Let ¢1(x) and »- 2> be a rae-dimens onal dif‘Urentiable scaling function and
wavelet function, respe stivi ly. 7 hen. “we can build another <..c 1im nsioi 2l scaling function
do(x) and wavelet functi m yo(x) such that

9100 = Gp(0) = pp(x-- 1) W) = Lyp(x) 1]

One set of wavelets that »atsfies th2 above prc pos tion is the .inear spine w-="ci>t L4 the
quadratic spline wavelet +.own in Figure la. Usi=z ‘he above rrepositior, UFWs c2% wen
be explicitly constructed by combinine *_usor pro-..cs of the one uimensic..al w2 elet
functions. Specifically, consid=: we case ~ «wo-dimensional for simj licity a»< 2* the
following functions be a subs t ~ e sc2'iug and wavd'et basis fuuctic s wher ~nolying
standard wavelet transform with filt=cs ¢g. »7y, 91, andy; v, andy, sevar. ter 7

)duosnuep Joyiny vd-HIN
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: b ()
\Vyx\‘(’-' y) = l p 4 Lp]]x(x' y) =
\ J

o) _
P | gyeam, ) TN = (¢o(x)"’1(y))

Lljl(x)ll’o(Y))

0
(2]

The. usine «ne above f .ictions. v car construct two-dimensional divergence-free scaling
and w-.velet functions o1 ‘e followiag furm:

I S EA RN G2 Rk €A

¢ dvtree 1Y) = L_ [g() = bo(x — D], 5 )
__'¢1u4w003
NG ReSLRe))

TP, (x V) - @ 6y = D] = [P, (1Y) — P, (x — 1,y)]
3]
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lpdivt e (x, y) ) = lyvx(x' y)— LpV,'(x' V)

whi¢ h can Le verified to have zero divers.ace:

Vo Dyivfrer = [‘Po(x) — yolx — 1)][¢0(Y) — oL — Ui V/o(x) — og(x — D] [q)o(Y) - ooy — D=0

v Lpdivfree = L‘q"o(x)tljo(y) - 4L|—’0(x)¢0(y) =9 [4]

As each D¥W basis fir_uon car be expressed i» .crms ot sep: rate wavelet basis functions
Dy, Dy, Py ~ud W, coluputation of DFW coefficients ‘= rea 1ced to a simple linear
combinatic a of v uvelet coefficients generated bv soparate wavi!=t transforms on each
velocity ¢ »mp ent. Nonisot-,pic resolutions « lorz uirections can be compensated by
scaling the wavi'et Zoetficiente fur each direction by ite .ciative r solution (see Appendix).

Thus, the procedure f-. UFW denoising is only d.tferent £,om sta1da. d wavelet denoising in

yduosnuep Joyiny Vd-HIN

that we have to linearly combine wavelat coefficients before ~..a afte. soft-thresholding.
Similar proced re can be extended to the 'ase of thrc.-dimensi-.al and used to generate a
complete set of 21 DF V fucticus. Th. complete set . inear coml inativa equations is
provided in Appendix. 1)etaired dr.1vation can be found i (17) ur.der the 1 ame “isotropic
DFW transform.” Exar.ples ¢ two-dime. s101 al slices ¢ f D “W L1sis (unct ons are shown in
Figure 1b,c. The enti-e dr.i0ising flow diag ram is shown n, Figure 14 .ud 2<hiev=s linear
computational complexity.

With the DFWs, we obtc i a spar-_ representa ior of flow da‘a. Heuce, to etrocn "iiy
denoise flow data, we propose soft-thresholdine (19 the wave'et Loeffic’_uts to proiaote
sparsity in the divergence-free comporz.ucs and erforce “soft” divergence Zice «rrstraints in
the nondivergence-free comp~..ents. Instz.a of eliminating nond.verg ence-f-z. cocficients,
soft-thresholding nondiverger c< [ree co~liicients allow: the flexibility (o adju~? i>= cu‘off so
that important components, such as “nose »:,sing nea. edg s, can be aptired’. 1his ope ;ation
is essentially an approximation to an /- -penalized least squ ires, whic.) waz ~h ywn te ve more

robust to errors near boundaries (.'2). As wavelet cor.ficif ats are separai>d ' 1to divergonc -

)duosnuep Joyiny vd-HIN

free and nondivergence-free coeffi ients, “~ ;oparate “aresholds can be chezon for
divergence-free and nondivergence-tic= comnor s, ther_uy a'lowing be fter 2onoising
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AH Formatter V6.2 MR6 (Evaluation) http://www.antennahouse.com/


http://www.antennahouse.com/

Ong et al. Page 5

performance. M~*22721) Llanuaru wavelel denoising techniques, such as Stein’s Unbiased
risk 1'stimator (SITRF)-ba~z2 - uo0ld s.iector (20) and cycle spinning (21), can also be
usud to optimize the peiforn arce.

Thresho'd S:lect'on Ind Cycle pinriag

1o selec” a1 appropria‘r chresk2id for a 977 on noise level, we consider SureShrink (20) as an
opti.nal se'.eme for mit umizing "¢ an scuare error in the wavelet domain. SureShrink was
propeed by Donoho anu yohnstone s a hyb+:a sch>me that chooses between a SURE-based
t'.reshold and a minimax optimal th~<shold. As =.unimax threshold tends to oversmooth
when applied on image datc (23), we ».c only the SUXE-based threshold in SureShrink for
ucnoising flow data. Since S "\E-based -..cthods assun es white Gaussian noise, flow data is
first segmented to remove flow -cgions with 1w imge 11agnitude. Noise in the resulting

yduosnuep Joyiny vd-HIN

uow aata can then be approximat-d as Gau ssia 1 noisc with standard deviation VENC/SNR
{24). 1 pracr_e, thi, mask can be conservai've!:; chosen as DFW thresholding is robust to
segmen #.on ev.ors, which we demonstrate in Results section.

Formall;, for each w,cict subband j, 1t [; h2 wne u.ex set of subband coefficients
corrspondivg 1o the sez.uented data, V; bz the leng’n of the index set /j, x;; be the ith
sutLand coeff _ients in I, and o be the noisc s.andard seviation, SureShrink chooses the

subana dependent threshold t;. as follows (2J).

AT

t; = uan'Z—i(ZGZ#{i'UC- B E‘f min (| x; ;| t)z) (5]
Jj ‘t N. : i = & iLjl’

1 L=

Thresholds for d... onrink ca= be computed with comzicxity N lug N. Detailed derivation
can be found .» (20 Lud (25). To robustly estimat > o, m_uian abs)lut * deviation (MAD) can

yduosnuep Joyiny Vd-HIN

be used, which is given hv the £221 - = 1.4826 median /|..; — me.ian (x)|).

As with standara o1ort.\ogcnal w.velet uenoising, DFW uenoising 13 no. translation
invariant and suffers frc m b.uckin< artifacts. To reduce f'iese artir>cts, we >onsider cycle
spinning (21) to improv. denc:sing perfo-.uai ce.

Methods

The proposed methods vz.¢ implerz.ted in tie piogrammine, langn-z.e C az.: . UTA (26)
with MATLAB (The Mat " urks, Natick, MA) MEX wrappei:. FYM and "sF were
implemented in MATLAB for comparise~. ror the c_nstruction of JF¥W, lirz.. sp)'ne
wavelet (Cohen-Daubechies-Fe~tveau 2.2) ~vas used for ¢y and 1 1y, 2 1d quadratic spline
wavelet (Cohen-Daubechies- “ear-cau 3.1 were usea “or ¢1 and v, al' of which with
symmetric boundary extensions. Unl_ss specificd, v 7o levels of wav:.let ~ec on nos tior s
were used for CFD simulation and thre~. levels of wav :let (lecompos tioi s were used .or

other experiments. Instead of app ying the full cycle spinn ng, partial ¢ 'cle . p1>=ing wa<

)duosnuep Joyiny vd-HIN

used to reduce complexity. This pidceare shifte lue inpat data randomly, applics DFW
denoising and averages the results f¢- a few iterati~.s. In al' &, periments eight *Z.aom
shifts were used for partial cycle spinning. In the <= i-threshold.ng operation, wavelet

Magn Reson Med. Author manuscript; available i1 PMC 20" o Feb-aary 01
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P

coefficients in th= ~cz2rioui ivver were left untouched as they were not sparse. SureShrink and
MAD were usea for thresh~12 , iu aon vaess specified. For SureShrink, MAD was applied
ou the vighest frequenc " sul be.id of .ondivergence-free component to estimate the noise
stan lard deviation becau. e the ecumation is more accurate when applied on a sparser
subbend. n the currer. impl-mentation ~£ UF\ 7 transform, wavelet filters along with the
L.near cov.ul ination sten Zor eack subband <. not normalized. To compensate for the scaling,
the ~ormal‘.ation facto - ror each :ubb nd were precomputed by applying DFW transform
on wh'.e Gaussian noise ~ud averag ug cver e~Zu s ibband. For FDM, first-order finite
d‘lrerence and periodic boundary cor litions wer< used. Velocity data was masked by an
auage magnitude mask for Foui DFW »=a ¥FDM. F=, RBF, the support of the basis functions
wao set 10 be 19 x 19 x 19 f(r ZrD simul~%on and 9 x 9 x 9 for phantom experiments as
they produced low errors. A bin», certainty “uncticn with a uniform nonzero weight for

yduosnuep Joyiny vd-HIN

Zvw reglons was use 1 for norn alizza con olui'on fo. RBF. Iterative least squares in RBF
a8 ir e .ed wia LSQR (27) in MATL AB with ruaximum number of iterations set to
30. All 'n~hods and simulations were implemented on a workstation that has dual-socket
with six-cor. Intel Westmere CPUs at 2.67 GHz with &4 GB of system DRAM and an
Mvidia GTX580 GPU wit1 3 GB of hi',h-sr.ed Graphic' DRAM.

In th2 spirit of »2producible research, \ e prov72e a sof’ ware package to reproduce some of
the resu’ts described in this article. The s.fware _an be <,y mloaded from: http://
wwy .eecs.berkeley.edu/~mlustig/Software.htmL,

CFD Simulation: C ~:.paricun with F.usting Methods

To compar: der~ising performances with existirZ nethods 2 ti. »e-dimensional steady-state
flow throt gh ¢ stenosis was z.unulate 1 using Oy erTOAM (28), an Hpen source CFD
software p. ckage. Thue tube h>Z an opening of 2-cm di~.ueter witi: 2 narrowing of 0.5-cm
diameter. Kinomatic - jscosity was set to be 3.33 > 1070 =..%/s. A ¢ons.ant flow of 15 cm/s

yduosnuep Joyiny Vd-HIN

was applied from the ton of the #=h~ 222 oridded flow data »~Z.u matr.x size 480 x 80 x 80
was collected a ter 100 time-sten< /time-s ep = 1 ps) 1his par*.cular geometry and time
point were chosen bec. use >f tho resv’ung detailed flow field MR lata v.ith five-point
balanced phase-contrast metnod (~9) was simulated by s cttine the phas? to be linear
combinations of flow ~ata fo'.owing (29). VENC was sct tc be 29 c¢un/s. 7 he complex data

magnitude in image o -un was set to one whe “ever the ve'ocity fie' 2 wae Lun= -0, The
reference phase was set to be zero.

Different levels of comp ex Gar<z.an noise we e ~dded to the com piex data. \B.", ¢ LM, and
DFW without cycle spinning and DFW with n~zual nd full cy ~'_ spinri.g were a~pited on
the noisy data for comparison. Resulti=z errors hziure and after r.ocessir_ wer * .veraged
over 30 iterations for each ncis¢ standar< ueviation.

Flow Phantom Experiment: Effects of Segm.entatiZa Erro.s

To test the denoising performance s on MR flow phant/m cata and the eftec ¢ usirg an
incorrect segmentation of the flov- fiei1, a fully sampled /.D flow data was acquires Jom .

)duosnuep Joyiny vd-HIN

pulsatile flow phantom on a 3T GE Scanuc: with a 32 channel Torso arrav. ine 4D flow
acquisition was performed using a spoicd z2lient-ecks-pased sequence vitl. tetrahedre.!

[<]
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flow encoding. T~ cz2tiul sesuiuuon was 0.86 x 0.86 x 1.30 mm?3. The flip angle was 15°
and 7,//Tgwas 3 5?2/1 37 m=. % Civ-_ was et to be 150 cm/s. The flow data was corrected for
Laexwe 'l phase effects (30), 2r-.dient Lonlinearity distortions (31), and eddy-current (32).
The °nti. ¢ flow data had \ matriv size of 134 x 192 x 64 and featured a tube with stenosis on
the let an 1 a static flr w pha-.com in the ~..udle  The static region was used to correct for
ffects frun: eddy curier.s. Onlz- wie tube v stenosis is shown in most of the following

figu-cs. The entire flow pnantom - shc vn in Figure 7.

Ceuaplex Gaussian noise was retrosp *ctively added o the acquired data to generate a noisy
floxr 2200 wun prak velocity-te Lo1se ratie (r VNR) of33.5 dB. Image magnitude
segmentntic | vas obtained vy setliug an aprropriate th reshold on the magnitude image. An
incorrect image magnitude segmen*=uon was ~Lwan ed Ly lowering the threshold. RBF,

yduosnuep Joyiny vd-HIN

FDM and DERT 05 and without partiat cycle spinning \vere applied on the noisy data with
the correct seo~entat on to test tor noise re luct.on pei*=.mance and with the incorrect
se;mel tation to t.st for robustness to boundary errors.

Flow Phantom Zxper.ment: Red ~tion of Incot.erent " *ifac's

1'eduction ~f incoherer* artifacts fron uncersamplir g (23) using DFW was also
invzsugated. - space data of the flow | hamu... was fir.t coil-compressed (34) into eight
vin 1al ¢hannels. The phase encodes were 1 c*=25pcctive’; subsampled by 5.4 using a

Pois: on-('isk sampling mask [Fig. 7; (35)]. Th< same sampi.. g mask was applied on each
VENC'. ELPIRIT (36) 7. as used . o extract s2nsi*:, ity map: fro n the calibration region and
SENSE (37) v-us used to . cconstruct the flow data. DFW -~ iun g artial cycle spinning,
SureShrinf , and 21AD were applied on the recorzuucted flow acta. As coherent artifacts in
the unders amg led data can ~~ crwhel n the SUR F ~L;x minimiz er, ) FW denoising with
manually tined J==zonolds w2 aiso applied and comnr~:zca. For e.c= of usage, only two
global threshu 'ds for Zivergence-free and nondive “gence [iee con por ents were manually

yduosnuep Joyiny Vd-HIN

specified. Flow data reconstrictad k- TEPIR{T with /| regul-.izatior was generated for

comparison.

In Vivo Data: Visual Improvemen. anu Effr.ct on Quantificatic n

To investigate the effe_c on f'ow quantification s, DFW v-as ooplic 1 on eiglit in vivo datasets.
In vivo 4D cardiac fl yw .ata were acquirec in ¢'ght pediatr.c patiert, with zt Zwliac
phases, 122—144 slices and an aver>Z. spatial resolution of ©.99 x 0 ©5 x 1.12 ... Four
patient data had regurgitar* Jiactions /"\r) les. tha 5% and tb . other fzur ha . Fs greater
than 30%. The flow data wer acquired on a 1.5 1" GE Signa S-ani er with ar ight char e
cardiac array. The 4D flow acquisition wa< pcrforme 1 using a spoil~a gradier* echy-based
sequence with tetrahedral flow er-ouing and - ariable density Po ssor uisk under-sampling.
The flip angle was 15° and tl.2 aver~_¢ Ip/T- was =.24/1.91 ms. V'FX«Ce (or the stud.>s
ranged from 150 to 300 cm/s. T'he acruisitions == undcrsampled b- abeu 4 wnd vas
reconstructed using L1-SPIRIT, a romp~cssed sensing and narallel ir \ag ng r.co wstrur don

algorithm (7). Volumetric eddy-ci rrer ¢ correction was per’ormed on v-=locit 7 (at~ ollowing

)duosnuep Joyiny vd-HIN

(32). Segmentations for flow calci laticns were dez.¢ mar.aally on the aorta and rw.imonarv
trunk. Net flow rate(volume/time) a~d RF(%) were ~uiculates for each sc ymentatiz... LSW
was applied on reconstructed flow data trom each c2zaiac phase .
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Besides SureSh+i+", zzzui ow manuall 7 chosen thresholds for DFW were also analyzed
with t vo global hrechnlds -z Ui o verge .ce-free and non-DFW coefficients. DFW was
Zuplen ented in JCUDA anc ir.orporated into a custom built Java-based flow visualization
soft vare package (38). T 1e comr utation time of DFW denoising with no cycle spinning on a
singlc carliac phase v as les chan 1 s. Tk, ensbled real-time interactive control of the
.enoisins, parameters ‘o .mprov: visual ar~liy and minimize the flow inconsistency

betv cen th~ aorta and f wimonarv ¢ unk Once the thresholds were set, DFW denoisings with
partial cycle spinning wi 2o applied vn al' cardi=. phases.

Tha = ancauons measured v ore net fle, rate, RFe and the deviations between

1
svstemetiz o0 pulmonary f.ow. Bocause RF- and net ilow rate were measured over
segmentations and over time, thev *"cre relativzly robus - to noise and artifacts even before

yduosnuep Joyiny vd-HIN

nrocescine o2 o, shown to gree . rold stand: rds. Hence, change in RF and flow
rates after den~‘3ing v 7ere expected to be sthall (0 pres>~, ¢ flow quantifications. Deviations
be wee sv,emat.c and pulmonary flow weie also expected to be small.

In ~uditior,, streamline oantification or a particrlar study was generated using Ensight

CEI Apex, N, ror qua itative asse' smr at, stream line s were released from a plane placed
a. the ~zeending 22, for L1-SPIRIT iecovstructed dat-. and the subsequent DFW denoised
daia. For juantitative streamline metric, particles v_re emi‘ted from a plane placed at the
upp. t pat of the descending aorta and an analysic iane wa« placed at the lower part of the
desce1diny aorta. As most ui the flow fror.: the emi*iLi pine thould pass through the
analys.s rlane, th< percentac: of streamline, reaching the an=', sis plane was used as a
metric to qrantify = improvement after denoising

Error Analysis

To quantify crrors in evzcriments, different error uetrics v 2. us>d. ?VNR was used to
quantify the initial noise level in simulations. Dencising perfor—.ance was quantified with

yduosnuep Joyiny Vd-HIN

regard to norm. lized-root-mean-squared- ‘rror (NRM€L) in velr<iy and in speed, as defined
in the standard cuuven'‘ion. Aver-ge dir_ction error w ¢ .is0 consid *reu, which was bounded
by 1. All error calculativns s'.own “.u Result section were done on *he ctir * (correctly)
segmented regions.

Formally, let N be the mumber of segmente. voxels and v;, .y and .; genoise * be the 1 ference
and denoised velocity vectors, re<;cctively. ~f the ith segmeanted voicl, we defi e the error
metrics as the following-

)duosnuep Joyiny vd-HIN
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5o 1
s - 1,
v~ 20 19810 GeTocity NRMSE O
Velocity NFMSE -- 1 1 IzV: IV, oot = Vi donot d|2
max; (\!“’i,re,’l) N;Z, ure i, denoise
N (6]
‘pQEdNRM“"——l— lz (lV |_|V |)2
- TadX; (|]/ refl) N;Zy i, ref i,denoised
_1 N {/ |Vi,ref' Vi, denoised!

Direction Erre. = = 1
N Z O\ IVi, ref| | Vi, denoised|

CFD Simuiaiun: Compr.isor with Existing Metho 1=

Fig we - prese.its the simulation results on a »z.,, TFD data with 22-dB PVNR. Visually,
botls DFV" and RBF she - significant nrise red<*on i1. velocity magnitude, whereas FDM
chow, little im=.ovement - ver the noi sy flow field. (Comr paring to DFW without cycle
spinni=g, DFW v partial cycle spining reduczs blo king artifacts and improves

dex oisirg performance. DFW with two \avelet leor decrposition also suppresses more
nois* in eneral than DFW with one wavelet leve! uecomnr~.ition, but may lose some details
as po.ntea by the white ar~,ws. XRBF also I ses som_ ueta’ls a: pointed and has difficulty
represe "*.ug discLaunuities L. the velocity 1ield near the ster<,’s. The red arrow points to
artifacts pre duced -y RBF. These artifacts persist ex’_a when = ~maller kernel for RBF is
used.

Vector visuclization of the c.ine experiment is shov-.. i Figure 3. A~ in velocity magnitude,
both DFW ana R5r show significant noise reduct or (u vector visual zation. Visually, their
vector represer*stizi, woun very similar 1) the original fl~-, nield. Aithough FDM shows less
improvement th w» other i Gious. “ome oise suppre 'sion <uu still =~ ~bserved especially
near the vortices on boi" sic ec.

Figure 4 shows the ve'ucity r.ofiles of di. tere. 't slices b.fo1 » ana after DF'V denoising with
partial cycle spinning . V-.ocity profiles after D."W process .ig close’;, resezacle u.= original
velocity field. Discontinuities in vel~ ..y data, such as thos. .a slice ? .ud 3, car Lull be
captured with DFW even v’ .on DFW = us apy lied on the entir~ rlow fie!i. L'FY. suppresses
most of the noise while p vese ing the shape 01" cach individu.l v¢ locity direr tion. For
example, in slice 3, DFW preserves small v=.iation i) v, even whep ¢ variation 1.1 vy is

large.

Quantitative error plots over a zange of I vNRs for CFL simulations 7.¢ also s’1ow in
Figure 4. DFW with full cycle spin‘.ing o=.performs « ther methods i1 al” thr »e «rror cr.teria.
DFW with partial cycle spinning .ome s close as secor 1. R 3F is thirc in nw st PVNTs but
loses to DFW without cycle spinr ing .n both velocit, and speed NRMSL .. high P*"iNRs
FDM is consistently behind other 1. ethous, Lut has lov. er errors than noisv Jata. As
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expected, at PVNP 25l 22 up, wne quatitative errors for each method match their visual

qualit 7 in Figures 2 and 3,

Flow " aniom Experiment: Effects ot Sez,mentation Errors

Figur: 5 < 10ws the re.ults o7 denoisine = uoisy flow phantom with PVNR of 33.5 dB.
Similar *o the CFD siivaaatiors, voth DFY and RBF show significant noise reduction in
velscity mugnitude, wh :reas FDM1 shoy s only small improvement over noisy data. DEW is
show. to reduce noise ir. wne static f.ow i 2gir~., wh'le preserving details in velocity
r.agnitude. In general, RBF provides a smooth~: (epresentation of velocity magnitude and
may present a be ‘ter perforr.ance visr2ily compa=2a 1) DFW. However, the error maps show
wat some details in the origi. .1 tlow fielZ are blurred a ‘ter RBF processing. In addition,
while artifacts in RBF are not »~ prominent as 1n the CF1) simulation, some ringing artifacts

yduosnuep Joyiny vd-HIN

suil Snow up near the stenosis a< ruinted b 7 the white arrcw.

Quantiativ ¢ly, v.iocity NRMSE, speed NRMSE, and direction error for the noisy flow
phaitom are 2.12%, 1.23%, and 0.00807, r<spectiver,, For DFW without cycle spinning,
they are 1.69%, 1.02°7, a1 d 0.00598, 17 spect:vely. 1 or L'FW with cycle spinning, they are
2507, 0.9077%0, and 0 "5+31, respectivels. For FDM ., th:y are 3.37%, 1.97%, and 0.0207,
reszectively. Fouo RBF, they are 1.60%, 1.0577, and 0.00727, respectively. DFW with cycle
spii niny" achieves the lowest errors in all u.z22 Zoor cri*iia with DFW without cycle
spini ing i1nd RBF competing for second. FDM lias higher . -ors than the noisy flow field
has, which may due te _irors in she acquire 1 flo~, aata.

To test for *ie rob z,wmess of denoising methods, ar Zicorrect 5. rmentation mask was chosen
by lowerir g th : threshold on i~.age nagnitude Bec~w.se of paitial voluming, regions outside
the actual .low -egior can be inr'.ued and result in signi¥ ant diccontinuities near edges.
Figure 6 sho vs the res!%s of denoising the same . 018y flo pnav.tom with the incorrectly
chosen segmentation. Visually, DFW is largely unairected by t-. cha'.ge in segmentation

yduosnuep Joyiny Vd-HIN

and produces s milar results as before. Rt'F shows sic~iiicant di<tortions near edges and
errors propagatiug wrcugh ut th~ rield ¢DM shows . =2 uistortion: , bu. they can still be
observed in the zoomea in p »ction

Quantitatively, velociy NRISE, speed NRML'E, and di>ctic iror for “iie noisy flow
phantom within the cor.ectly masked data ~.re 2.12%, 1.23 %, an- 5.0080', , respect ely. For
DFW without cycle spinning, thez are 1.72%  1.03%, and 0.00691, .cspectivel .. For DFW
with cycle spinning, ther are 1.39%, 5.849%, wnd 1.00470, re spectiv_iy. For =M they are
3.80%, 2.21%, and 0.026., .espectively. For RBF, Gey are 3..7% 1.89% .ud 0.007! +,
respectively. Compared to the results wi*l, wne corre<. segmentaticz,, errors 2. « Il »_ethods,
except for DFW with cycle spi=.ing, go 1. grrors for RBF and DN increase ionificantly,
which confirms with the visu.l oruity. Bty the visual quality ana erre. quantities shcw that
DFW is robust to segmentation error,. How=-, c1, with the ~oarsely cl ose’« n asi-, er ors near
edges for DFW increase slightly ¢ ympr.red to the corre ct i ask, indic itin tha* a pette. mask
still leads to better performance i1 ger eral.

)duosnuep Joyiny vd-HIN
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Flow Phantom Experimert P22l o ur inconerent Artifacts

To tes. for the ar..lucw 1 2duction pe.torne.nce for DFW, k-space data was retrospectively
unc'ersa npled using a 5.4-fo < Poiscun-disk sampling mask on Figure 7. The figure presents
the 1 >suli of denoising re-.onstr:cted velocity field using DFW with SureShrink and

nanu. 11>~ chosen thre shold Visually. ™7 W witi SureShrink reduces some artifacts, but is
overly ~ons >rvative as ,ome <. he incok_ient artifacts can still be observed. With more
agessivaiy chosen thr >sholds, r W s ippresses most of the artifacts and improves the
perfr.mance significantly. Quantitat.vely v~locity NRMSE, speed NRMSE, and direction
~uror for the reconstructed flow ph-..om are ?.So%, 1.94%, and 0.0249, respectively. For
DFW with SureShrink, they are 2.99°, 1.75%. »w.u U.0215, respectively. For DFW with
manually chosen thresholds, ey are 2 25+, 1.59%, an10.0154, respectively. The errors for
DFW with SureShrink decreas~ sughtly comp.ored tc the noisy data while DFW with
manually chosen thresholds fur. o1 suppre. ses he ert xs. n comparison, ESPIRIT with
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sy atiar wave! _c /q 1= gularization is also shown ‘., Figure 7 and recovers almost exactly the
oriyinal Ziow fioid, showing that denoising by iteelf cannot replace the entire compressed
sen<.ng re-onstruction.

In Vivo Data: ’’sual '..proverm~.t and Effect: or Quanti’ica’ion

Tanle 1 <hows the quantitative results be‘ore and af.cr apnlying DFW with SureShrink and
marn 1ally: chosen thresholds. For DFW with Sure<”., ink, the mean percentage change in flow
rate a1d n ean change in PT attcr denoisin,. were s 10 both groups with RF < 5% and
RF >37%. The m.uor chancz in quantificat.ons suggests that S reShrink does not distort
flow quanti‘icatior=. after applying DFW with Sure/wrink, o~ w1 of (Q) — Q) stays close to
zero, indic atin’, that the bias is *~.al . Standarc deviatiz.u of (¢, — Q) is observed to
decrease ater FW de=uising, siogesting that OFW with SureSh ink improves flow

consistency “cross patiert uata.
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Thresholds that o> 2L Gaiiy cnosen besed on visual araliy were compared to SureShrink.
In general, the 1hanmally clcse., ai- sshols were gree fer th2=. we Sy Shrink thresholds. One
of the patient data with RF .~ 25% ne.r the aorta is shown *. rigre R Visally, SureShrink
thresholding reduces the noise 1= vel slightly when comy ared « *he originai data. For
manually chosen threwnolds, chree levels ¢ f thi 2sholds a4 ti.2ir ~_rrespor ding positions on
the L-curve are show 177, the same figure tc den onstrate tt ¢ trade<[is of « noc.ing the
thresholds. White arrows point to ~<.ails that are 'ost when .. high thzoshold we , applied
during denoising.

Vector visualization and streamline visualiz>*.on of YFW denoising ~.¢ shown in i'1gure 9.
In the vector visualization panel, recuits from *1..esholding only tie ne=-UFW coefficients
and thresholding both diverg ‘nce-fres wavelet 222 ~an-DFW coe iczonte are compa.=d.
With only non-DFW coefficieuts thresl.olded, the flow v ctors are mr.re al* 'ned ani th=
global noise level decreases slightl,. Witl, both diverg *nce -free wavi let and o1 -“FW
coefficients thresholded, the glob: 1 nc se level is signi.icas tly reduced' and :lo v p=.erns
become cleaner. In streamline visi-aliz.'tion, the DF'w de.oised flow shows more < ouerent
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streamlines when compared to the criginal streamlinc,. Red arrows poin* (v stream!i= : that

T e—
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anatomy for DFW 2z liauvely, 1or the streamlines released from the descending aorta,
21.9% of the paiticles emit*z2 Lo ne eritter plane reach the analysis plane for the L1-

Se'Ril data, whereas 33.6% of then (each the analysis plane for the DFW denoised data,
shoy 7ing that DFW can i11prove ~«aeamline lengths.

Coiputaiion Time

All simul~”ions were ru1 on the <.i1e workstation with configuration described in Methods
sectic.. In the MATLAE implementatior on *.¢ CI'D data (matrix size 480 x 80 x 80),

T eW (1 cycle) took 2040 s, RBF 20k 10-15 +.in, and FDM took about 1 s. In general, as
rDUM and DFW . re both nc .iterative *ley are sic=ui antly faster than RBF. In C
unplementation with no para''cuzation. °T W (1 cvcle) took about 10 s and in CUDA
implementation, it took less th»= 1 s and was tomin ted Yy memory transfer from CPU to
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uru.

Discussion

Performance 7 DFV. Denoisine L« d Existing "4ethr s

11 ~ar sim:latons and _xperiments, w e h: ve showr tha' soft divergence-free enforcement
through DFV ransform leads to a bett.r denuising pr.formance. Although enforcing

divi rgei ce-free conditions on flow can suppivss noise . ge 1eral, eliminating

nona'very ence-free componer*. in the flow #.1d can contrib.te to significant error

propay atin ¥ through~w. the field. In particu'ar, we have sk~ that in two experiments,
sharp transiti<u near st=z,0sis (Fig. 2) or segmentation er~urs (F13. 6) can result in prominent
nondiverg .nce-"iee components in flow field. P strict 4-~rgece-free enforcements
using FD! 1 or RBF gener=*_u artifac's. Since L F%v denoisine enfc rces divergence-free
constraints throug.: wne soft-t=.esholding operation. s*Zuiticant nondivergence-free
components wore »roserved and hence did not dis ort . rlow fie d it those experiments.
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RBF, in genera. . performs exceptionally v-ell when t-.. rlow fie'J 1s smooth and the
uncertainty map 1s cor. ectl - chezen. Huwever, compa-2a to FDM, 1'BF (= more sensitive to
nondivergence-free con.nonunts a~.d creates more promi ent artife<ts. Thit is due to the
larger kernel size of RP%. Alth.ough such .t vets can be re tucec wiza a s naller kernel size
is chosen, they can n2ver Le eliminated as hey also appea. 1 FDM. vluch *.s k~rnel size 3
x 3 x 3 for the Laplac.an operator. Berzuse a larver kernel i~. results i~ smaller e~ urs in
our simulations, the current k<. uel sizes ~.¢ u3ed i1stead. Conviisely, berscse V' DM has the
smallest kernel size, FD1 1 con<’,wently perforn <2 the worst ¢ 1t 0” the three ¢ encising
schemes implemented. Although using a high<. orde - finite diil_rence .ud incorpc ating a
smoothness penalty can improve it 2.noising <. rormance (11), che inkZient proolem of
imposing strict divergence-fi ;e conditi<us is not ealved.

Although soft-thresholding allows I"'¢'W dez,u181ng w impdse soft dit erg onc »>-fice
constraints, it can also result in blr.ckir g artifacts and | 2ad o a worse recc~t1 1ction .s
shown in Figure 2. Hence, with ¢ ‘cle ipinning, DFW has :onsistently s:ow 1 tu impre~. ¢
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denoising performance. As doing 111l cy2'e s»i.uing of.en requires 64 or me-. wavelet
transforms, we opt for partial cycle sp.inning with cight re<gon shifts anc have snown ir the
CFD simulation that its performance is close to *.c performan-.e of full cycle spinning.
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Together with p~r*+i=! o5 Ll spuuung, DEV/ denoising outperforms other denoising schemes
overa.! both quantitatively ~nd vioraly.

In ¢ 1r e.'periments with “etrospec*.vely added Gaussian noise, SureShrink in general has
picke 1 ap rropriate thresaolds wnat produce “uw with good visual quality. Its denoising

1 erforinar. e was ver. fied vy the €T simula*2un and flow phantom experiment. However,
with ».aders: mpled data ¢ have show n that SureShrink can be overly conservative and
Fonce ranually tuned tl rech.oids m.y be requires. This underperformance of SureShrink on
un~ersampled data may be caused by the coherent - tifacts in the flow field, which can
over=1 L we L URE risk mir‘.uzer. Hov Cver, we emphasize that when underperforming,
SureCh-i=I 1 ,lien overly conser atrve and Rouce can he acted as a baseline for fine tuning
the thresholds. In vivo studies have Ziso indica*_u ti-at S weShrink does not distort flow
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auantificatio=z o0 0 pet flow -ate ar< «t did not change drastically. Although the changes
were not larea the de>reased deviation betv’een O, an? Iy suggests that DFW with
Su -eSh -ink .mpre ves the flow consistency across the field.

Applicability of vivergence-Free T enoising

Ve .iso hietlight the fizaubility of DEW ¢ enoising. offe ‘ing both high-level automated
deruising and 1w level manual adjust.nents. .\« a high, level, MAD and SureShrink simplify
the dend 1sing process and effectively reducc ‘-2 (uput riiar eters to be the number of

wavd let 1 *vels and the image mask. Since DFY uenoising 1- “obust toward segmentation
errors, bot.) parameter can be e: sily obtait ed »=.a provide eor d denoising performance in

general.

Conversely, as SureShrink only .unimizes the meanr -quared e ror, a better threshold can be
fine-tuned for specifi~ uceds. For cxample, a smaller thre<i,0ld m-.y be chosen to preserve
the details i1. the CFD e periment (Fig. 2) or a hi; ner thre<h.uia 1.0ay e chosen for denoising
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undersampled data with non-Gaussian artifacts (Fig. 7). Since *.¢ fas' computation of DFW
transform allov ‘s users to pick a thresholc with instan* Jcedback :.enables fine tuning of the
parameters. The (oous ness of D¥'W treusform and th» ~Luity to fin 3 tu.» parameters

suggest that DFW deno.sing can br safely applied to clir.cal data.

Further Improvement

Although SureShrink produces threshe! s that he ve small 1. e~ squared _irors in
simulations, it can be subopti*..at as comzucti7 supported DFW: are biort'. goral (15).
Biorthogonality of DFW s impli<, that the tran: #2.1n does not ores :rve noise ‘tatisucs, 20
minimizing errors in the wavelet domain doe< ..ot m nimize er 2:s in *.c 1mage dc nain
directly. However, spline wavelets 2= nearly or*..ogonal and the :onstr=_.ed Di"ws are also
close to orthogonal as showr. i (18). ¥ien choncing the optimal thre thol< (or Sure brink,
we make the approximation tl... the DF'w's are approxin. ately orthogr nal fer ¢ ymy atai'onal
efficiency. For true optimal selectic.i of t*.esholds, th > mi.imization for Sur.Sh >« sk ould
be solved in the image domain ins tead, which involvers mu tiple wave et tra\s orme (23).
Moreover, more advanced threshc 1d su lectors, such .s SURE-LET (23), cau be uses instee 4
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of SureShrink and may offer a bettc perforuance. Joivly estimating threct.uids from
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different shifts ~ =2zl uawu wavelet tronsform can also improve the denoising

performance (25) bt ~an i 2o cuse -i€ cOraputation substantially.

Cor.cnisivns
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.u this urvrle, 4D flo v dewoising vei.g DFW i< shown to be effective, while being robust to
discorunuit es in flow. We Lave showr wnat combining DFW transform with SureShrink and
pratial ¢, cle spinning resulte i beti>r dcnoising nerformance in general. Our in vivo
exr.ciments also suggest that DFW (eno.ziug can I > safe for quantification purposes,
esneciall- 7,0, fast computatie=. ot DFW ~_ui0ising allows the user fine tuning the level of
denoisine intaro 2 jvely. When compared to ev:,ung mothods, DFW enables “softer”
enforcement of divergence-free cons*.aints, ther=Ly pro 7iding a more robust denoising

performance avarall
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Appendix: Cerstructiza of DFW Coeflicicntz

The foll'wing describes the construction of all DFW Coefficients following (17). For each

wave'et a>composition leve! w > define:

W1 T 1(x)) and {po(x), Po(x)) be the scaling and va relet function pairs described
in rheor, section.

s = (i, 7, k) be the Z.aices fo: each subt ~..u in a three dim' nsional wavelet
transfori, with 7. 7 .ud k equal to 1 when t*_ subband is .~ojected on y along x, y,
and z Jizcluons, respectively, and 0 whei the ,uoband is pro ected on ¢ along x, y,

and z directionc =25 Cvary.
s - . . T
d,, be tne wa sele. coef’icient, of v, with ¢y, applied alcng u.= x direction and

do/yo applied a ong the y and z directions on s1 bba~.a . For e ambole, dl(gc' L0
correspond- co the wavelet coeffiien.s of v, with ¢ cppued alrug x direction, yg
applied alon,* , direction, and &~ ~pplic 1 along z cirect: L.

df;y be the wavelet coefficierts ot'v), vith ¢1/y; appli.d along Z.e ) d*.ction and

do/yo applied alv»_ x and z directions or c.bband s.

df}z be the wavelet coefficizuts of v, v ¢/ applied ilone - uirection and dg/yg
applied along x and - dire~%,0ons or Zuvvaug -

3¢, and d, be the divercence-fice compor.ent ( f DFW cceffiien's and d} e the
nondivergence-free com one at of DFW coef icie its.

Then, the construction ot DFW ~oeffizcnts ar-. given by:
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"y 2 = d5 000y, 2)

z anwy ) = di Oy, 2)
T
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o

Z Fig. 1.
T Visuliza‘ion of DFW b-.sis fur.ctions. a: Linenr and quadratic spline scaling function ¢(x)
g ond w et function y(x) “uat are vz to consi -uct DEWs. ¢, g and ¢, y; are related by
é> differe~.aati», thereby enakliug the cewsuuction of DFWs. b: Examples of divergence-free
5 ceiaponeias of DFW basis fir_uors. ¢: Examples of nondivergence-free components of
2 DFV! basis functions. d: Flow diagrem o "= W dei oising. The entire procedure consists of
g§> applyine cen~-z*e wavelet transfr=.us on eack velocity component and linearly combine the
g coefficients. whi: h achieve: linear ~ inputatior.: comlexity overall. (FWT: forward
8 wavelet transform, IWT: inverse wave! . transfor, we wavelet coefficient, df: divergence-
% free, n: nondivereence-free). [Color figr~. car. be vicwec in the online issue, which is
=L
available at wileyonlinelibrary.com.]
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o

P Fi

— g. 2.

T Velo “ity .nagnitude of sizaulatiun results on n~isy CFD data with PVNR = 22 dB along with
g 'rror 1 ~ognitude map . Freza left to v 2 origir al CFD data, noisy CFD data, DFW with
é> two wr vele: level deccmperiaon, DFW with two wavelet level decomposition and partial
5 cv.te spitaing, DFW w'th on= wav :let evel decomposition and partial cycle spinning, FDM
2 and .BF. Both DFW and RBF show sign ¥ _ant no1 e reduction in velocity magnitude,
g§> whereas FIM hows only margirzi improve~.cnt. White arrows point to details that may be
g lost during denni ‘ing. Red « rrow neius to artifoos created by RBF. [Color figure can be
8 viewed in the online issue, wnich is av.uable at v-eyoi linelibrary.com.]
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o

Z Fig. 3.

,I Vector viualization of s'.nulat’ on results on rnisy CFD data with PVNR = 22 dB. Top row:
E Jrigit ~! CFD data, nhisy C¢D data ~..a DFW. Bottom row: DFW with partial cycle
é> spinnirg, F\OM and RUF. A< i velocit magnitude, both DFW and RBF show significant
5 nese reduction in vectc - visnaiizat. on. \lthough FDM shows less improvement than other
2 metr.ods, it shows some noise suppressio  Zopeciali 7 near the vortices on both sides. [Color
g§> agure can he =~~wed in the online (ssue, whi<li 1s available at wileyonlinelibrary.com.]
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o

P Fig. 4

= g. 4.

T Top ..ow: Velocity profil~s for ~(1ginal, noisv ~nd DFW with partial cycle-spinning at three
E lifferc =2 srices for Ci'D dr%a with PVI{x =22 « B. Bottom row: Simulation error statistics
é> over a “angc of PVNR., of »2.sy CFD .. Comparisons are made between noisy CFD data,
5 D" w, DF'w with partia cycle ,pin.ing, DFW with full cycle spinning, FDM, and RBF.
2 [Colur figure can be viewed in the o1 line ic,ue, whish is available at
g§> wileyonlinelib=cry com.]
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o

P Fi

— g. S.

T Velo “ity .nagnitude of re,ults .« phantom dat~ with PVNR = 33.5 dB along with error
E nagni“:ae maps. Fro n lef (o right: ~Z:gimal ph 'ntom data, noisy phantom data, DFW with
é> partial _yclc spinning, DM and RBF. “vnite arrow points to artifact created in RBF
=5 dew0isine,. [Color figurce can k2 vie ved u the online issue, which is available at
= wile;, onlinelibrary.com.]
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o

Z Fig. 6.

T Velo “ity .nagnitude of d~.oisirg results on phontom data with a coarsely chosen
g cegme~taunn with P7'NR - 33.5 dR <iung with error magnitude maps calculated within the
é> correct segr.entation. “rom o1t to righ*: uriginal phantom data, noisy phantom data, DFW,
=5 D" W wi*. partial cycle spinris.g, DM, and RBF. Both FDM and RBF show distortion,
2 whe-cas DFW is largely unaffected L y th* <liange i, segmentation. [Color figure can be
g§> viewed in th= =~ line issue, which I, available . wileyonlinelibrary.com.]
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o

Z Fig. 7.

T Velo “ity .nagnitude of D.'W dr.i0ising on rec~nstructed undersampled data. From left to
g “ight: Duiginal flow cata, FSPIRIT reconstructe 1 flow data, DFW with SureShrink, DFW
é> with r.nua'ly chosen .ares*uids, ESPTU 1 with /1 spatial wavelet regularization and the
=5 5 7-told Tuisson-disk se mplirz ina: k us=d in simulation. The flow phantom k-space was
= retrespectively subsampled by 5.4 uting b2 same s mpling mask for each VENC. ESPIRiT
g§> with and with>t /) regularizatior were used .aerward. Applying DEW with SureShrink
g reduces some incherent ari'facts i e reconstucted lata, but is overly conservative. DFW
8 with more aggressively chosen thresh~lus improvz. the verformance significantly. [Color
% figure can be viewed in the on’ e issue - hic. is av.ilat'e at wileyonlinelibrary.com.]
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o

Z Fig. 8.

T Velo “ity .nagnitude of D.'W dr.i0ising results on L1-SPIRIT reconstructed in vivo data. Top
g cow: £ PLT reconstiicted data with 7| spatial + ravelet regularization, DFW denoising with
é> SureSP ink »n the reccastrn'zicd data a~a L-curve for DFW with manually specified
5 th-sshold,. Bottom row Resr'’; rrem LEFW with low, medium, and high manual thresholds.
= Whi‘c arrows point to details that arc lost = iien a hizh threshold is applied. [Color figure can
g§> e viewed in “1:- online issue, whiZii 1s avail~Lie at wileyonlinelibrary.com.]
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o

Z Fig. 9.

T Left. Vec or visualizatio~. of D™ W denoising v’ith manually chosen threshold on L1-SPIRiT
g “econ: *ructed in vivo data “threshol:.g only t e non-DFW coefficients results in a more
é> aligner rlov- field, wh.ie th=z,nolding . divergence-free and non-DFW coefficients
=5 re<ults ir a cleaner flow field Tigh : Th= top row shows streamlines released from the
= ascew.ding aorta, whereas the bottom row s%ows strc amlines released from the descending
g§> aorta, both ~~inaring between I ' 5PIRIT recunstructed data and DFW denoising with
g manually chosen thresholds Red ar-,ws point *2 strea nlines that flow outside of the

8 anatomy for the L1-SPIRIT reconstri~ica data bt emeins inside of the anatomy for DFW.
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Table “
.an‘itat’'ve Results Acruss kigat Pa’ent Data (Four with Regurgitant Fraction Less

zZ Than 2% and Another Fo) r with Regurgitant Fraction Greater than 30%) Before and
er pIv-n Vi v ceShrink .4 Mal ua osen resholas
T Ater Applvng DFW v (th S eShrink »~a Mai ually Chosen Threshold
o
> —
> Mez: surer ents (mean =+ < .d) Original DF*" bu -eShr vk DFW manual
[ - -
5 Regurgitant fractior < 5%
91 Flow rate /_/min) 2934 +0.304 2912 2y.302 ~.u21 £0.331
QZ) Percent 'ge change in flow rate (%) -0.1+%.0 25=x3.1
g Regurgitant traction (%) 1.542 +1.284 1.375+£1.075 0.917 © 1.33¢
g Change in regurgitant fraction (%) -5.167+£0.25° -).625+ 1452
o
rol (Q,— Q) (L'min) 001941312 —0.°51+£0291  —0.134+0.°88
—~~
Regurgitant fraction >30. %
Flow rate (L/min) 2.056 £ 0.451 2.063+ 0.444 2171 0463
Percentage change in fl- w rate (°,) 04+13 A0+92
Regurgitant fraction (%) 10 7.7 +21.786 19.333 +21 676 17.458 +2).00.
Change in regurgitant tractic . 7%) —0.083 £ 0.127 -1.952+£2.9%)
Z (Q, - 0y) (L/min) —0.022+0378  —0.010£0.310  —0.007- 0.082
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