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REVIEW

Particle Tracing Based on 4D
Flow Magnetic Resonance Imaging:
A Systematic Review into Methods,
Applications, and Current Developments

Friso M. Rijnberg, MD,? ® Jos J. M. Westenberg, PhD," ® and

Hildo J. Lamb, MD, PhD'

Paul R. Roos, MS,™

Background: Particle tracing based on 4D Flow MRI has been applied as a quantitative and qualitative postprocessing
technique to study temporally evolving blood flow patterns.
Purpose: To systematically review the various methods to perform 4D Flow MRI-based particle tracing, as well as the clini-
cal value, clinical applications, and current developments of the technique.
Study type: The study type is systematic review.
Subjects: Patients with cardiovascular disease (such as Marfan, Fontan, Tetralogy of Fallot), healthy controls, and cardio-
vascular phantoms that received 4D Flow MRI with particle tracing.
Field Strength/Sequence: Three-dimensional three-directional cine phase-contrast MRI, at 1.5 T and 3 T.
Assessment: Two systematic searches were performed on the PubMed database using Boolean operators and the relevant
key terms covering 4D Flow MRI and particle tracing. One systematic search was focused on particle tracing methods,
whereas the other on applications. Additional articles from other sources were sought out and included after a similar
inspection. Particle tracing methods, clinical applications, clinical value, and current developments were extracted.
Statistical Tests: The main results of the included studies are summarized, without additional statistical analysis.
Results: Of 127 unique articles retrieved from the initial search, 56 were included (28 for methods and 54 for applications).
Most articles that described particle tracing methods used an adaptive timestep, a fourth order Runge-Kutta integration
method, and linear interpolation in the time dimension. Particle tracing was applied in heart chambers, aorta, venae cavae,
Fontan circulation, pulmonary arteries, abdominal vasculature, peripheral arteries, carotid arteries, and cerebral vascula-
ture. Applications were grouped as intravascular, intracardiac, flow stasis, and research.
Data Conclusions: Particle tracing based on 4D Flow MRI gives unique insight into blood flow in several cardiovascular dis-
eases, but the quality depends heavily on the MRI data quality. Further studies are required to evaluate the clinical value
of the technique for different cardiovascular diseases.
Evidence Level: 5.
Technical Efficacy: Stage 1.

J. MAGN. RESON. IMAGING 2023;57:1320-1339.

ardiovascular disease (CVD) is the leading cause of death
Cworldwide, with approximately 18 million lives lost
every year.' The prevalence of acquired CVD is increasing,
especially in patients aged below 50 years of age.” Further-
more, congenital CVD is the most common congenital defect
in newborn babies and the number of patients surviving with

congenital CVD has greatly increased, due to advances in
diagnosis and in pre-peri and post-operative care, although
complications can occur later in life and may only be found
during long-term follow-up.’

The most important factors for improving CVD out-
comes are early detection, correct diagnosis, and adequate
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management of interventions during long-term follow-up.” It
is crucial to study the development of CVD individually for
each patient to choose the correct treatment, but there are
not many accurate (sub)clinical markers that are useful for
follow-up.” Blood flow patterns are among the mechanisms
linked to (dys-)function of the myocardium, valves, and
vessels.* Understanding these blood flow patterns and recogni-
tion of aberrant flow may contribute to improved diagnostic
and prognostic accuracy for CVDs and may support early detec-
tion of subclinical disease or early recognition of complications.
Cardiovascular magnetic resonance imaging (in short:
cardiac MRI) is an imaging technique that can noninvasively
assess the function and structure of the cardiovascular system
by generating time-resolved visualizations of the blood flow
within the heart and vessels.® Cardiac MRI gives a unique
insight into the cardiovascular function without the risks asso-
ciated with cardiac catheterization or x-ray based imaging.
Four-dimensional (4D) Flow MRI has emerged as a cardiac
MRI technique that combines three-dimensional (3D) spatial
cine imaging with three-directional velocity-encoding phase-
contrast MRI, enabling the analysis of the temporal evolution
of blood flow patterns within a 3D volume.” These 4D Flow
MRI scans result in large amounts of velocity data that can
be visualized with pathlines or streamlines visualization, but

~100 cm/s.
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also with streaklines, vector plots, (nested) isosurfaces and vol-
ume rendering as demonstrated in Fig. 1.°

Particle traces are lines that show the path virtual parti-
cles follow throughout a velocity field.® In a time-varying
velocity field, these particle traces are called pathlines. Com-
paratively, streamlines are paths that are everywhere tangent
to the velocity vectors at a specific point in time.” Streamlines
are therefore paths virtual paths would take in nontime-
varying velocity fields, such as a single timepoint of the 4D
Flow MRI data, and they can also be calculated with particle
tracing,” In cardiac MRI, these particles and their pathlines
represent small volumes of blood and their path throughout
the cardiovascular structure, respectively. Pathlines are espe-
cially useful in unsteady velocity fields in which the flow
changes over time, such as the pulsatile human blood flow."’
Streamlines indicate the direction of flow at specific moments
during the cardiac cycle but do not reflect the path blood
actually follows over time.” The technique of following parti-
cles is called particle tracing or tracking. Besides visualization,
this technique may also be used to quantify blood flow and
flow patterns.® Particle tracing may be a useful diagnostic tool
to evaluate patients with CVD, but it has not yet been widely
applied. While there is literature describing the clinical value
of particle tracing, this is inherently limited by inaccuracies in

(a) Magnitude image of the gradient echo. (b) Phase image of the phase-contrast data with velocity encoding in feet-head direction.
(c) Magnitude image of the phase-contrast data, used for phase-contrast angiography (PCA). (d) 3D segmentation model based on
PCA. (e) Vector plot displaying all velocity vectors in the image and within the segmentation model, color-coded by velocity. (f)
Isoline visualization displaying areas of similar velocities. (g) Streamline visualization during peak systole, displaying the flow of
virtual particles within a single timepoint in the cardiac cycle. (h) Pathline visualization, displaying the flow of virtual particles
throughout the cardiac cycle. In this case, particles were released in the aortic root at early systole and traced for 300 msec.

May 2023

1321

85U8017 SUOLILLOD 3A 81D 3(edldde ay) Ag peusenob afe Se(oie YO ‘38N JO S8|nI Joj A%eiq)8UlUQ A8]IM UO (SUOTPUOD-PUB-SWLBI WD A8 | 1M AleIq U1 UO//SANY) SUORIPUOD pUe SWB 1 84} 88S *[£202/80/22] Uo AriqiTauliuo A1 ‘Uepe T JO AIseAIuN AQ 0pS8Z MW (/Z00T 0T/I0p/wWoo A8 | 1M Aeiq Ul |uo//Sdny woiy pepeo|umod ‘G ‘€202 ‘985222ST



Journal of Magnetic Resonance Imaging

the acquired data sets and the postprocessing technique
itself, %10

The present systematic review investigates current litera-
ture on the various methods applied to perform 4D Flow-
based particle tracing. Furthermore, the clinical value and the
clinical applications of the technique are reviewed and advice
on how to perform these clinical analyses will be presented.
Finally, current developments of the technique will be
discussed.

Methods

Search Strategy and Inclusion Criteria

Two search strategies were defined, for the particle tracing
methods and the applications sections respectively. For litera-
ture on 4D Flow MRI-based particle tracing methods, a sea-
rch was performed in March 2022 using PubMed with
following search terms: particle[Title/Abstract] AND (tracing
[Title/Abstract] OR tracking[Title/Abstract] OR trace[Title/
Abstract]) AND (MRI[Title/Abstract] OR magnetic resonance
imaging[Title/Abstract] OR CMR[Title/Abstract]) AND (Flow
[Title/Abstract] OR phase-contrast[ Title/Abstract] or PC[Title/
Abstract]). Retrieved publications were inspected for duplicates
and vetted following the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses guidelines.'' Stepwise filtering
with the following inclusion criteria was performed by a single
reviewer (PR):

1. Abstracts referencing 4D Flow MRI-based particle tracing.
2. Full texts describing particle tracing methods, for example,
settings and software used, and an accuracy measurement.

For literature on 4D Flow MRI-based particle tracing
applications, the following search terms were utilized in
March 2022: (MRI[Title/Abstract] OR (magnetic resonance
imaging[Title/Abstract]) OR CMR([Title/Abstract]) AND
(Flow[Title/Abstract] OR  phase-contrast[Title/Abstract] or
PClTitle/Abstract]) AND ((particle tracing) OR (particle
tracking)). After inspection for duplicates, retrieved literature
was filtered stepwise with the following inclusion criteria by a
single reviewer (P.R.):

1. Abstracts referencing 4D Flow MRI applied in the cardio-
vascular system.

2. Full texts include particle tracing being applied for visuali-
zation or quantification.

Current developments were identified in the discussion
sections of each included article. Additional search queries
were performed in Google Scholar with similar search strate-
gies as previously mentioned, to include literature not listed
in the PubMed database. Literature on non-MRI-based flow
field particle tracing techniques, such as computational fluid
dynamics (CFD) based particle tracing, was retrieved to
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provide a summary of the technical background of particle

tracing.

Data Analysis

From the included literature, methods of particle tracing,
applications of particle tracing, and the current developments
of the technique were summarized. Clinically significant find-
ings that were produced by particle tracing and delineated the
clinical value of the technique were reported.

Results

Included Articles

A total of 54 articles (of which 1 for methods and 54 for
applications) were selected from 127 unique articles after
screening (Fig. 2). After exclusion of articles for particle trac-
ing methods based on the inclusion criteria, only one article
mentioned both precise particle tracing methods and an accu-
racy measurement. This prevents the original goal of this
review to compare particle tracing methods and their out-
comes. We therefore summarized the methods of 28 articles
before applying the second inclusion criteria in the following
sections, increasing the total number of included articles to
56 (Fig. 2). The 54 articles that were identified from the sec-
ond search strategy and their main outcomes based on parti-
cle tracing are summarized in the application sections.
Table 1 summarizes the included articles.

Principles of Particle Tracing

Particle tracing was developed to visualize flow in fluid
dynamics and aerodynamics.®” Originally, small particles such
as grain, dye or smoke were added to fluid or air flows to
visualize the internal flow patterns of a larger stream. Track-
ing the small particles and analyzing the characteristics of
their path is the basic principle of particle tracing. Nowadays,
particle tracing can be done digitally in computational fluid
dynamics, computational aerodynamics, or cardiovascular
imaging. Other visual methods including particle imaging
velocimetry have been developed.

Computational particle tracing has a simple universal
basis similar to analogue particle tracing. The algorithm starts
with seeding, the placement of virtual massless particles at a
chosen location and time, for example, from grid-points of a
rectilinear grid and releasing these particles instantly or con-
tinuously, within a four-dimensional velocity dataset.”* The
particles are then individually traced over time by the follow-
ing three repeatable steps:

1. The velocity vector is four-dimensionally interpolated
from the MRI velocity data.””*!

2. The flow velocity and direction are integrated over a speci-
fied timespan (timestep) to calculate the displacement of

the particle within that time span.68
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Search strategy #2, particle tracing applications

Search strategy (n = 119)
Other source (n = 5)

Records removed before
screening:
Duplicate records removed
(n=0)
Full texts not in English or

unavailable (n = 0)

Records excluded:
4D Flow MRI in
cardiovascular system not
mentioned (n = 60)

v

Records excluded:
[ Particle tracing not applied
(n=10)

Records included in review:

[ Search strategy #1, particle tracing methods
=
= Records removed before
§ Records identified from: 307 egl'}”l’ig;te records removed Records identified from:
£ Search strategy (n = 57) > o f 0)
& Other source (n = 5) Full texts not in English or
2 unavailable (n = 0)
—
= ! )
Records excluded:
Abstracts screened 4D Flow MRI based particle Abstracts screened
(n=62) tracing not mentioned (n=124)
o (n=34)
: I |
3 Records excluded:
Full texts screened Particle tracing methods not Full texts screened
(n=28) described and/or no accuracy (n=64)
measure (n = 27)
— | :
SR
Records included in review:
(n=1) (n =54)
o
H | |
1 A 4
E |
=
Total Records (without duplicates) included in review:
(n=56)
N

FIGURE 2: Flow diagram showing the results of the systematic search and selection process; 56 articles were included in the review

after screening.

3. The new spatiotemporal (4D) location of the particle is
calculated (Fig. 3). These steps are then repeated until a
user-specified stopping condition is met.

As mentioned in step 3, particles are traced until a stop-
ping condition is reached. These stopping conditions can be
chosen by the user and may include a maximum particle
travel distance, minimum particle velocity, leaving the
structure-of-interest (3D model), maximum angle to previous
trace segment, among others.

When particle tracing is complete, the particle path can be
visualized as the so-called pathlines or streamlines, determined
by whether the velocity data are time varying or not, respectively.
Pathlines show the path of each particle over time (Fig. 3) and
therefore constant or evolving flow patterns. Streamlines show
the hypothetical path of each particle at a point in time and may
therefore show temporary flow patterns. The pathlines can be
drawn per timepoint in the 4D velocity data (timeframe) and
combined in cine mode to form an animation. Color coding can
be used to simplify the visual differentiation of individual part-
cles and to add information such as particle origin, particle veloc-
ity per particle trace segment, or distance traveled (Fig. 4a—c,
respectively). The number of particles traversing a structure of
interest in a specific time period (i.e. flow volumes) can also be
quantified and, for example, specified by categorizing the parti-

cles based on their origin or destination.”*

May 2023

DISCRETE INTEGRATION. After seeding the particles, each
particle trace is calculated by integrating the velocity data.
This is done using discrete integration, also called stepwise
integration (Fig. 3). While the simplest discrete integration
method, the Euler method, is very computationally inexpen-
sive, it is also less accurate than more computationally expen-

68,6

sive methods.”®®” Popular methods are the Runge-Kutta

methods, which are a family of higher-order methods that
include the Euler method.®®”® The most-used method is the
fourth order Runge—Kutta method (RK4), which was applied
in all 15 included articles that reported the integration method
used 14:19:20.22.242627.32,35.40-42,60.63.66  The  second-order
Runge—Kutta method (RK2) might also be sufficiently accurate
for particle tracing while less computationally expensive.®®

This discrete integration is done over small steps in time.
The length of this timestep is an important setting in particle
tracing and largely defines the quality of the technique.®® The
optimal timestep length is predominantly dependent on the
temporal resolution of the velocity data but also the spatial res-
olution, maximum velocity, and size of the structure of inter-
est. The integration can also be performed using adaptive
Runge-Kutta methods that change the timestep dynamically
based on an error estimation, which may decrease overall com-
putation time, but the maximum timestep should be chosen
carefully to prevent quality loss.”" Of the 28 articles included
for particle tracing methods, only 14 specified the timestep

1323

85U8017 SUOLILLOD 3A 81D 3(edldde ay) Ag peusenob afe Se(oie YO ‘38N JO S8|nI Joj A%eiq)8UlUQ A8]IM UO (SUOTPUOD-PUB-SWLBI WD A8 | 1M AleIq U1 UO//SANY) SUORIPUOD pUe SWB 1 84} 88S *[£202/80/22] Uo AriqiTauliuo A1 ‘Uepe T JO AIseAIuN AQ 0pS8Z MW (/Z00T 0T/I0p/wWoo A8 | 1M Aeiq Ul |uo//Sdny woiy pepeo|umod ‘G ‘€202 ‘985222ST



15222586, 2023, 5, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/jmri.28540 by University Of Leiden, Wiley Online Library on [22/08/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

S
Z
meEmeH OSEAOTPIED) W,
AT - - - - - 9K - [3reay 1y ‘€10T Te 39 [1od E
5 7UOSNY udeq w
AT SOX - u&m_u< 2 - - xq aseaorpre)) [ ‘010T ‘Te 32 uossyuy
m&o?ﬁm o117 1B
AT - - - - - - xy [o1sfyq [ wy ‘110 ‘¢ 32 uoss[uyg
NNwEwwEH
V1 - awn Ieaur 1depy g 1ySisuyg SIX S9x uosy USeN [ ‘1107 ‘Te 32 WP
| ursew]
SO[INUI A - - - - gVILVIN S9x SOK 5SEAOTPIEY) [ U] ‘QT(T ‘& 32 O[[1s0D)
0zU0sY USeN
OBRIPIEDENU] 9K awm Iedury 1depy Y 1ySisuyg 9K SOK oseaorpIeD) [ ‘1107 e 2 UOSS[TeD)
AT 9K - - Y - Sax SOX o [OTPEY 1$2AU] ‘CTQT ‘e 32 U20N[E)
S10RIOY T,
OeIpIesenu| - - - - - S9X S9X owEmeH se1oy ] [ 10T T8 30 U20[ED)
reroyduag RN - - - MOTLLO SR =d 1OIPRY [ g “T10T e 32 young
S uosy
Al - oWl TBAUT] 1depy Y 1ySisuyg @i X ugepA oseaotpIe]) [ </00¢ Te 12 195[og
o_wEmeH
B0y - - - - - 9K - uosy uSepy [ ‘1107 Te 20 Surdarg
Ewc_wwEH JBIOYIOIPIED)
o ueluog - - - - - SIL - [o1PEY ‘6107 Te 3° Pismoxiseq
g PN
m [eTueIOENIU] - awn Ieaur 1depy 2R 1ySisuyg S9x SOx uosay USeIN /00T Te 10 Tourureq
m mﬁwEwwEH
m Areuowrng - - - - - S - uosn USeN ‘€107 Te 12 Io[Yyoeg
M UBIUO,] - - - - - xq - - ABoorpey €107 ‘Te 12 19[ydEY
]
& uonemon) Aemdy uonejodiyuy dasswny  JoyerSoruy aIEMIJOQ 4351818 YoIELIS 4A301ems  (IOqUNU 30UDISJOT) DUAIYAT PIpNPU
b suonesrddy Yoress
kg PO
©
m suones|ddy pue spoyia|p Budel] spiied paseg-moj4 Q7 Uo ainjesair] papnpuj jo Alewwns | 319v.1 m
S =




15222586, 2023, 5, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/jmri.28540 by University Of Leiden, Wiley Online Library on [22/08/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Particle Tracing Based on 4D Flow MRI

Roos et al.:

woiueyd
QATEA 1TEI] -

JpRIoY T, -

elIoy -

(er10y
‘Vd) 20[ed -

V1

V1

A1 -

eIy -
Teroyding -
1JeID) dNIOY -
elIoy -

eIy -

SPRoIe)) “eloy -

(Vd ‘AY) 201ed -
uonemoI)  Ademdy

owm Iedur]

Teaury

Jwmn Ieaury

uonejodiauy

sw ¢

azIs

ﬁwNO A

idepy

daysounny,

1

2

I

7
T07e1390U]

MOLLLO

dVILVIN

1ySisuyg

JETSIASIN

ySisuyg
aremijog

9K
9K
9K
S9K

9K
9K

9K
9K
SOK
9K
9K
9K
S9K
S9K

4351818 oIS
suonesrddy

S9X

SOK
SOK

SOX

S9X

9K

ASarens
Yoress

PO

(PPN 2UId € “070T ‘Te 30 uIsSNE]

Uo0sa
g0

uSepy oseaoIpIe)) [ ‘FT0T ‘e 12 9891D)
nmwﬁwweﬂ
uosay udey [ ‘7107 e 30 198190

oclOTPBY I ‘T 10T ‘e 39 193190)
o Suidew]
uosy :wwz ‘10T Te 30 ®I3BD)

,MEH “100T e 3 SNIU2IL]

mmeo:&wuoaum
20§ Wy [ ‘6661 e 20 snruaifj

£cU0sRY uSepy
oSEAOTPIED) [ ‘QO0T T 1° ZOTMOUDAIPAL]

Emiwﬁﬁ uosay
uSey [ 2007 Te 12 Zo1moydAIpArg

omwuzm OBIOY ], OSEAOIPIR))
10BINU] ‘6007 B 1° ZOIMOYOAIPAT]

IOPP
myg ‘7107 e 32 2o1MOoydLIpAT]

AT as1ssy mdwor) indwor)
a8ew] pay ‘010 ‘e 3° UeWI]

L o8ew| PN ‘1102 ‘Te 30 uewil]
7U0S udey
aseaorpre)) [ ‘Z10¢ ‘e 32 stoduery

A.-uaE:: ouco.-u.«ob 90UAIJI papnpPu]

panuiuoj | 379Vl

1325

May 2023



15222586, 2023, 5, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/jmri.28540 by University Of Leiden, Wiley Online Library on [22/08/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

S
dooys 5 UOSNY udepy W,
[e39] 9Iedy ‘BIIOY - - - - - S9x - oseAorpIeD) [ ‘GT0T e 32 UaqneIydg A
g
¢ mwSm OSEAOTPIE)) Wm
(AT 2011eq - - - - - XYq xXq seI0yJ [ ‘070 Te 32 195eydS
SO[LNUI A - - - - THIAD S9X SOX 0SSy WedH Wy [ 17T ‘e 10 1JBYS
LoIaU]
UBIUO] - - - - - xq - 20§ Y [ ‘120T T8 30 S1oquirg
Omwusm OBIOYIOIPIED)
UBIUO] - - - - - X - [y ‘610T Te 22 S1oquiny
PPN
B0y - - - - - S9X - oSN USeN ‘1707 Te 12 IO
Areuowrn g - - - - - S9X S9x g5°UO SOTd “€10T ‘Te 12 1219y
wolueyJ SOX - - - MO[T 1D SIL SOX 5 IOTPEY EDY ‘C10T Te 39 UOSS[IN
0y UOSNY udeq
B0y SOX - - - - SaK S aseaoIpre)) [ ‘610 Te 32 smeynaN
@wcm
B0y - - - - - SOX - pawolg uuy ‘600¢ ‘Te 32 10npIqIoN
w%ono L
elI0y - - - - - SIX - as1ssy indwoD) [ $007 Te 32 PHeN
mva:m
vlI0Yy - - - - - S9K - oseaorpre]) ooy ], [ ‘00T ‘Te 30 PHEN
o woiueyd
£ ‘[eruemnEnUl
g ‘e1I0y S9x awm Iedury| 1depy R 1ySisuyg S9X 2L, PN oSN uSeN B10T e 30 ZUdIO]
m @wﬁwmﬁ:
m oeIpIEOENU] - TeauT | sw ¢ 0 - S9x SOx PN DING ‘ST0T ‘& 32 pjsuey]
m (asnoyur) owwﬁmmEH
,m ORIPIEDENU] S9K - sw g Y SSVIN S9X 9K uosay uSepy [ ‘8107 ‘e 20 smydurey]
W uonemdN) Ademdy uopejodinuy dasowny  IorerSorup aremijog £3a1ens yoress A3o1ens  (IDQUINU 3OUIYAT) DUIIYII PIPNPU
ch suoneorddy yoress
= oy
m O
Jw panupuo) °| 379V.L ©



15222586, 2023, 5, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/jmri.28540 by University Of Leiden, Wiley Online Library on [22/08/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

1327

Particle Tracing Based on 4D Flow MRI

*(AuewrIon) ‘Uswalg ‘)Y UONN|OS [EDIPAIA SIASIA) QBTSIARIA ‘(SPUBMRYIDN] Y], “USPIYT “I2IU)) [eIIPAJA LISIDATUN) UIPIXT) SSYIN (VSN SPREN
SHIOMIB) QY TLVIN (PUBMRZIMG “YoLm77 )T S[00]0IAD)) MO[ITD) (VSN ‘SIngsuoue)) “ou] SASNYV) 1ydisuy ‘(epeue)) ‘AreS[eD) “ouj Suidew] 1eMmoseaoIpIe)) doID) THIAD :Iem1Jos
"IPIMUA ISR = AY ENNY-o5Uny I9PIO-YINO] = I ‘A191Ie ATeuowng = Y OPMUA JoT = AT SWNLIE PO = YT $0mos [euranxy = ixq ¢(dosowm) aandepy = 1depy
oowﬁmwm:
B0y - - sw ¢ P 9V LLVIA 9K SOK uosy USe ‘610¢ e 10 13217
T mcwﬁmmeﬂ
m [erueIdENU] - - - - - A - uosy uSey [ £007 Te 12 BIYSEWEL
S AT - - - - - SN - solosAqq 1ddy [ ‘g10T ‘e 2 Suom
I
coP°N
SEIpIEdENU] - awn Ieaur| 1depy 20 1ySisuyg A% SaX uosay USEIN ‘6661 Te 10 Wons3Ix
wa:m OBIOYIOIpIED)
B0y - - - - - 9K [ m7 ‘8007 Te 10 SueSdx
Ewﬁwwnﬁ
BIIOY ‘AT SOX - - - - SOX SOX uosy uepy [ ‘020¢ ‘Te 32 eJOIA
oowEmeH
AT - awn Ieaur| 1depy 20 1ySisuyg S9K S9K PN DING 110T T8 30 12397,
(1241]) uSwOpqy - - - - - SN - < YIWOVIN ‘10T e 32 d1a03uelg
N mewNEH
uswopqy - - - . - SK - uosny uSeN [ ‘010T Te 32 dTAONUrIg
uswopqy - - - - - 9K - uosy udepy ‘P10 ‘Te 32 d1a0yuel§
o[01BdoH [ora1us0m5EY)
uwopqy - - - - - RN - [ M7 ‘€107 Te 32 draoyuelg
uswopqy - - - - - S9K - < JOTPRY AN ‘CTOT ‘[e 32 dlaoyurIg
uonemdN) Ademdy uopejodinuy dasowny  IorerSorup arEMIjOg £3a1ens yoress A3o1ens  (IDQUINU 3OUIYAT) DUIIYII PIPNPU
suoneorddy yoress
POy S
N
>
panupuo) °| 379V.L s




Journal of Magnetic Resonance Imaging

P

e

— 4
—e— — 7 =

I

f L]
/S SN
e
A APl

\
|

//

/

/I
S

>

time

FIGURE 3: Two-dimensional illustration of tracing a virtual particle (red circle) over time in an unsteady velocity field, such as 4D Flow
MRI data. The path the particle has taken is traced in green, creating a so-called pathline. In blue, a particle and its streamline is

shown for each point in time.

FIGURE 4: Pathlines with different color coding. Particles were seeded in the aortic root of a healthy volunteer at early systole and
traced for 200 msec. (a) Pathlines with color coding for particle velocity (0.1-1.0 m/sec). (b) Pathlines with color coding for particle
distance (0-8 cm). (c) Pathlines with color coding for particle trace time (0-200 msec). Particles outside of the segmentation (blue)

were not visualized.

used. Nine of these used an adaptive Runge—Kutta method
with a dynamic timestep,'#20-222426:3242.60.63 while the other
five used a fixed time of 5 msec,””41°° 8 msec™® or a specifi-
cally chosen size so the spatial length each step is of the same

. .2
order as the grid resolution. 7

INTERPOLATION. In the case of 4D Flow MRI data, the
velocity data have the characteristics of a structured rectilinear
grid, where the distance between the grid points is equal to
the voxel size and the temporal resolution. The velocity data
can be interpolated to find the velocity of a particle moving
between the fixed grid-points. This interpolation can be done
using simple computationally inexpensive methods, such as
linear interpolation, or using more advanced methods such as
cubic interpolation.”” In all 10 included articles that reported
on interpolation, it was performed using linear interpolation
in the time dimension and tri-linear or tri-cubic (or other

shape-function)  interpolation in  the dimen-

14,20,22,26,27,32,41,42,60,63 For Comparison
3

space

in high-quality

sions.
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CFD data, more advanced interpolation methods such as
b-spline are advised.””

ACCURACY

The settings used to perform particle tracing have an effect
on how accurate and how computationally expensive the
technique is. However, because only one article® reported
both the exact methods of 4D Flow-based particle tracing
and quantitatively assessed the accuracy, it is impossible to
investigate the optimal methods based on the current litera-
ture beyond the most commonly used setting described previ-
ously. Additionally, settings advised for CFD-based particle
tracing may not be suitable for 4D Flow-based particle trac-
ing due to the differences in data quality and spatiotemporal
resolution. It is therefore advised to experiment with different
settings for different 4D Flow data and to always assess the
accuracy, for example, by measuring the fraction of particles
that wrongfully leave the cardiovascular structure through the
structure wall.®

Volume 57, No. 5
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The accuracy of particle tracing is also greatly depen-
dent on the quality of the 4D Flow data. Due to the stepwise
nature of particle tracing, errors caused by noise may accumu-
late and result in inaccurate particle traces.”” Noise may cause
an inaccurate location to be calculated in the integration step,
which is then used in the next integration step. It is therefore
advised to perform 4D Flow MRI acquisition according to
the current consensus statement to prevent artifacts and
increase the signal-to-noise ratio.” Additionally, 4D Flow
MRI data can be influenced by different phase offset errors
such as Eddy currents, Maxwell terms, and Gradient field
inhomogeneity phase offset errors. Correcting for these phase
offset errors can lead to more reliable particle tracing, espe-
cially in data acquired with a low encoding velocity and
higher-order background correction.*>*7¢!

Due to the dependency of particle tracing on the quality
of the data, particle tracing outcomes can be used as an qual-
ity assessment for different 4D Flow MRI sequences®”’” and

42,47,61 ..
701 or new applications of 4D

55,56

postprocessing techniques,
Flow MRI, such as abdominal vasculature and peripheral
stents.'®

In all literature included, massless particles are traced.
Blood is a nonhomogeneous fluid with cells of different sizes,
and massless-particle tracing is an oversimplification of the
distribution of actual cells. Massed-particle tracing might be
more accurate, by including more physical properties such as
inertia. Unfortunately, no literature comparing massless- to
massed-particle tracing in medical data could be found.

SEEDING STRATEGIES. The method of where and when to
seed (release) the virtual particles in the velocity data deter-
mines the analysis that can be performed with particle tracing.
Therefore, the desired outcomes must be determined first,
and the seeding strategy should be derived from that. The
precise seeding strategies for common applications are
described in the respective application sections below.

Particle tracing can be performed forward in time or
backward in time (by using a negative timestep in the integra-
tion or by inverting the velocity vectors of the data) to calcu-
late their destination or origin, resl;»ectively.G‘G3 Therefore,
particles should be seeded either just before entering or just
after exiting the structure of interest.®’ Alternatively, if the
origin or destination of a specific volume of blood is of inter-
est, particles can be seeded in the volume itself, for example,
in each voxel, a uniform 3D grid, or with a random
distribution.>*®

Seeding can be done instantaneously at one point in
time, or continuously at a defined interval for a period.”"®?
The instantaneous method can be useful for following a
specific volume of blood through the cardiovascular structure.
Continuous seeding can be used to assess the entire flow over
a specific time period, but this can be difficult to visualize.
However, this can also be used to create streaklines, a
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visualization method notably different from pathlines and
streamlines.

To ensure the particles released from a 2D grid repre-
sent an equal volume of blood, Gaeta et al have developed an
optimized seeding method by adjusting the time interval
between releasing particles from the same location.”® This
may be especially useful for correct quantification of flow dis-
tributions and component analyses in atria, as described
below.

Applications

4D Flow MRI-based Particle tracing can visualize the tempo-
ral evolution of the blood flow in the acquired structure. The
optimal algorithm settings, seeding strategy, and clinical value
depend on the structure of interest and the MRI acquisition
parameters. The resulting visualization of the flow gives
insight into the efficiency of the cardiovascular structure in a
way that is easy to understand and is therefore intuitive to
people with various degrees of medical or technical knowl-
edge, such as engineers, physicians, and patients.s‘8 Further-
more, particle tracing can be used for quantification of flow
phenomena, such as flow distributions or the number and
size of vortices or helices.

We included 53 articles that performed particle tracing
in 4D Flow MRI of the following anatomies: heart chambers,
thoracic and abdominal aorta, venae cavae, Fontan circula-
tion, pulmonary arteries, the abdominal vasculature including
the portal vein, peripheral arteries, the carotid arteries as well
as the cerebral vasculature. The following sections describe
each application and are grouped and preceded by the
methods used.

INTRAVASCULAR PARTICLE TRACING. In major arteries
and veins, such as the aorta, intravascular particle tracing can
be applied. Commonly, a seeding grid is placed at the inlet of
the cardiovascular structure of interest, for example, near the
aortic root. Particles are then seeded instantaneously at the
beginning of systole or diastole or continuous for a specific
duration, such as an entire cardiac cycle (Fig. 5a). This is
often done from seeding grids, which are placed near the
proximal start of the vessel of interest. Multiple grids may be
needed for complete visualization of the vessel due to the loss
of particles as described above. After seeding and tracing,
pathlines and streamlines can be observed for abnormal flow
patterns, such as the appearance of helical or vortical flow
structures (Fig. 5b,c). Alternatively, backwards intravascular
particle tracing can be used to determine the origin of the
blood flow. Seeding particles instantaneously or continuously
can highlight a specific part of the cardiac cycle or a longer
temporal interval, respectively.

In branching vessels, particle tracing can be used to
quantify the distribution of flow by assessing the origins and
destinations of particles. These flow distributions are
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especially useful in determining flow through shunts and
complex anatomies, such as the total cavopulmonary connec-
tion in Fontan patients, as explained further below.

Blood flow in major vessels may contain (almost) per-
manent vortices and areas with recirculating flow, aside from

the otherwise near-laminar flow. Particles seeded proximal to
this vortex may follow the laminar flow around the vortex
and the vortex will not be visualized or quantified by
pathlines (Fig. 6a). A workaround could be localizing vessel
volumes with decreased pathline density and subsequently

a

' >

®
e Py ®
g ® ¢
[ )
o ~ o
3

proximal distal

FIGURE 5: (a) Schematic figure of intravascular particle tracing. Virtual particles (red circles) are released from a grid inside the
theoretical vessel near the origin of the blood flow and are traced as they follow the blood flow. The traced (striped) lines are the
pathlines. (b) Pathlines in a healthy aorta during systole. Particles are released instantaneously from the blue planes in early systole
and color coded using velocity color encoding. (c) Pathlines in an aorta with bicuspid aortic valve and aortic coarctation at the

junction of the aortic arch and the descending aorta.

FIGURE 6: Vortex in descending aorta distal to coarctation as visualized with early systolic pathlines (a), late systolic streamlines
(b) and late systolic pathlines (c). The vortical flow pattern is only present in late systole and diastole and may be missed by pathlines
from particles seeded in early systole (a). With streamlines or pathlines from particles that are seeded in late systole (b and c,
respectively), the vortex is clearly visible. By seeding particles within the vortex (c), the recirculating flow is more visible.
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seeding in these less dense volumes to visualize the vortices
(Fig. 6¢). Alternatively, other visualization methods such as
streamlines or quantification methods such as vortex quantifi-
cation may be employed to find these abnormal blood flow

patterns (Fig. 6b).

AORTA. Normal flow patterns in the thoracic aorta have been
investigated with particle tracing and include right-handed
helical outflow, late systolic retrograde flow, and accelerated
passage through the aortic valve plane.*** Particle tracing
can distinguish between healthy volunteers and patients with
thoracic aortic disease, including ascending aortic aneurysms,
aortic regurgitation, and aortic dissection.** However, it is
worth noting that flow patterns in the aortic arch, and maybe
the entire aorta, are also related to age and ascending aorta
diameter, as demonstrated with particle tracing.”” To decrease
acquisition times, 4D Flow MRI acquisition acceleration
techniques, such as compressed-sensing or a waive-CAIPI,
have been shown to be feasible in the assessment of aortic
flow with particle tracing.***

Bicuspid aortic valve (BAV) is a congenital heart disease
in which the aortic valve consists of only two cusps instead of
three. This results in a decreased aortic valve aperture, an
increase in blood velocity through the aortic valve, and
increased wall shear stresses in the ascending aorta. It is often
symptomless until adulthood and can cause other pathologies
such as aortic valve stenosis (which may lead to congestive heart
failure), regurgitation, and aortic aneurysm, with increased risk
of aortic dissection. Using 4D Flow MRI-based particle tracing
and other flow-based quantificadons, helical flow patterns,
increased wall shear stress and flow displacement in the ascend-
ing aorta are often present in patients with BAV.”* Helical flow
patterns in the ascending aorta are also related to ascending
aorta dilation, which may occur with BAV.'

Aortic coarctation, a narrowing of a segment of the
aorta, is a common birth defect with an overall incidence of
5%-8% of all congenital cardiac defects.”” This defect typi-
cally occurs at the junction of the aortic arch and descending
aorta. Coarctation is associated with other cardiovascular
abnormalities including bicuspid aortic valve, arch hypoplasia,
intracardiac shunts, and subaortic stenosis.”® During systole,
abnormal blood flow patterns such as vorticity and helicity
can be observed in the aorta distal to the coarctation, which
can also occur after coarctation repair and may be associated

with the development of systemic hypertension.””

FONTAN CIRCULATION. Children with a univentricular
heart defect represent the most severe end of the spectrum of
congenital heart disease. The Fontan procedure is the pallia-
tive treatment of choice for these patients, in which both the
superior and inferior vena cava are directly connected with

the pulmonary arteries, the so-called total cavopulmonary

connection (TCPC).”” Therefore, the TCPC is characterized
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by a cross-like shaped structure, in which opposing caval
blood flow results in complex and heterogeneous blood flow
patterns. Regular assessment of blood flow within this struc-
ture is important for early detection of inefficient flow pat-
terns and flow distributions that may benefit from additional
intervention (such as pulmonary artery stenting).”®””

Particle tracing provides unique insights for the cardiol-
ogist and cardiac surgeon to assess the complex blood flow,
its distribution, and the possible necessity and approach of
additional surgical corrections in patients with a Fontan circu-
lation.'”**! Abnormal blood flow can be discovered with
pathlines visualization and the accompanying viscous energy
loss can subsequently be quantified, as shown in inferior vena
cava-Conduit mismatch.”® Furthermore, particle tracing is
used quantitatively to calculate the hepatic flow distribution
(HED), by determining the distribution of conduit flow, con-
taining hepatic venous flow, toward the left and right pulmo-
nary arteries (Fig. 7b). Hepatic venous flow contains an
important “hepatic factor” that is needed in both lungs to
prevent the formation of pulmonary arteriovenous mal-
formations.'>®* This quantitative measurement can only be
performed with particle tracing and might identify patients at
risk of pulmonary arteriovenous malformations.'*

To calculate the HFD, particles are seeded continuously
for the duration of one heart cycle from two seeding grids,
one in the inferior vena cava and one in the superior vena
cava (Fig. 7b). The particles are then traced until all have left
the TCPC. Then, the fractions of the particles that have left
through the left pulmonary artery, the right pulmonary
artery, or through the TCPC wall (missing particles) are cal-
culated. This type of flow distribution quantification can be
applied to any bifurcating vasculature (Fig. 7a). For merging
vasculature, seeding grids may be placed in the converged ves-
sel and particles can be traced backwards to quantify the con-
tribution of each connecting vessel.

Unfortunately, the accuracy of the HFD is limited by
the spatial resolution and velocity noise. A lost particle frac-
tion of around 20% was suggested as a cutoff condition, as
the accuracy is otherwise too low to use clinically.®> Unfortu-
nately, the lost particles fraction and their effect on the clini-
cal value of the measurement are often not reported or
unknown. Figure 7b shows an example of the mixing of par-
ticles coming into the TCPC from the venae cavae and leav-
ing through the pulmonary arteries. TCPC conduit flow is
tracked as a surrogate marker of hepatic venous flow in most
studies, as a uniform distribution of hepatic venous flow at
the level of the conduit is often assumed, but this is not the
case in most patients as shown with particle tracing.”"

Flow distributions of flow originating from the venae
cavae in patients with Fontan circulation and flow originating
from the pulmonary trunk in healthy volunteers have been
investigated using particle tracing in a 5D Flow study (4D
+ Respiration).”” In this study, four 4D Flow datasets were

1331

85U8017 SUOLILLOD 3A 81D 3(edldde ay) Ag peusenob afe Se(oie YO ‘38N JO S8|nI Joj A%eiq)8UlUQ A8]IM UO (SUOTPUOD-PUB-SWLBI WD A8 | 1M AleIq U1 UO//SANY) SUORIPUOD pUe SWB 1 84} 88S *[£202/80/22] Uo AriqiTauliuo A1 ‘Uepe T JO AIseAIuN AQ 0pS8Z MW (/Z00T 0T/I0p/wWoo A8 | 1M Aeiq Ul |uo//Sdny woiy pepeo|umod ‘G ‘€202 ‘985222ST



Journal of Magnetic Resonance Imaging

proximal

Conduit

distal

HFD RPA/LPA:
15%/85%

21% missing particles

=)

SVC RPA/LPA
98%/2%

17% missing particles

phase 18

FIGURE 7: (a) Schematic figure of intravascular particle tracing in a bifurcating blood vessel. Virtual particles (red circles) are released
from a grid inside the vessel near the origin of the blood flow and are traced as they follow the blood flow past the bifurcation. The
traced (striped) lines are the pathlines, color coded with respect to their destination. Computationally, particles are labeled as blue
or yellow when entering a defined area or volume (green and blue rectangles). (b) Flow distribution in a total cavopulmonary
connection resulting from Fontan surgery, which connects the venae cavae directly to the pulmonary arteries in a cross-like shape.
Particles are seeded continuously from three-dimensional grids in the superior (blue) and inferior (yellow) vena cava. Pathlines are
not shown in this example. HFD = hepatic flow distribution, defined as IVC flow; RPA = right pulmonary artery; LPA = left
pulmonary artery; SVC = superior vena cava; IVC = inferior vena cava.

reconstructed from a single acquisition, each set derived from
data acquired during different part of the respiratory cycle
(end-expiration, inspiration, end-inspiration, and expiration).
Flow distributions to the pulmonary arteries were more respi-
ratory dependent in patients with Fontan circulation than in
healthy volunteers, especially caused by an important increase
in hepatic venous flow during inspiration.ls’84 4D Flow MRI
acquisition may not be feasible in young patients due to long
scan times and possible motion artifacts, but high acceleration
factors for acquisition have been shown to have good results

. . 8
in Fontan patients.’

PULMONARY CIRCULATION. In a study by Bichler et al to
determine the normal flow patterns in the pulmonary circula-
tion, it was shown that helical flow is normally present in the
main pulmonary artery (PA) and right PA."? Specifically, two
counter-rotation helices were found in the main PA and in
some volunteers right-handed helical flow in the right PA as

1332

well. The helical flow was absent or substituted by abnormal
vortical flow in the main PA in a patient with corrected trans-
position of great arteries or partial anomalous pulmonary
venous return and atrial septal defect, respectively.

Pulmonary hypertension, defined as elevated mean pul-
monary arterial pressure (mPAP, >25 mmHg at rest or
>30 mmHg during exercise), is associated with vortical flow
in the main PA.* Diagnosing pulmonary hypertension
with vortex persistence based on particle tracing and pathline
visualization had an area under ROC curve of 0.998, but
this was similar for 3D vector, multiplanar reformatted vector
and streamline visualization.*® Correlation between vortex
persistence and elevated mPAP was » = 0.92, meaning that
particle tracing can be used for accurate diagnosis of pulmo-
nary hypertension and estimation of elevated mPAP.*®

ABDOMINAL VASCULATURE. In two abdominal 4D Flow
feasibility studies, particle tracing was used to visualize blood

Volume 57, No. 5
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flow in a number of vessels in the splanchnic and portal arterial
and venous vasculature.”®>® Feasibility was judged on the visi-
bility of the vessels in pathline visualization, which highlights
the application of particle tracing for studying feasibility
in new applications of 4D Flow MRI. Feasibility was shown to
be good, but in a subsequent reproducibility study, a higher
spatiotemporal resolution (than 2.4 X 2.0 x 24 mm’>,
61.2 msec) was recommended for complete assessment of the
hepatic blood flow.”” Changes in portal and splanchnic arterial
hemodynamics in patients undergoing transjugular intrahepatic
portosystemic shunt (TIPS) have been assessed using 4D Flow
MRI.>® Postoperatively increased flow rates in the portal vein,
hepatic artery and in splenic and superior mesenteric arteries
were identified and visualized with particle tracing.

CAROTID ARTERIES AND INTRACRANIAL
VASCULATURE. Flow in smaller vessels, such as the intracra-
nial arteries can be measured with 4D Flow MRI if the spatial
resolution is sufficiently high enough. In an observational
study to further understand the in vivo hemodynamics of the
carotid arteries, particle tracing was used to assess the velocity
profile and it was shown that this is parabolic (with a Wom-
ersley proﬁle).65 Furthermore, intracranial arterial flow was
shown to be laminar. In another study concerning the use of
acceleration techniques in cerebral 4D Flow MRI, the use of
particle traces was advised to assess risk of plaque formation
and progression and to assess flow dynamics and vascular
patency before and after vascular interventions.'*

PERIPHERAL VASCULATURE. Using particle tracing, Iliac
and proximal femoral artery blood flow is shown to be lami-
nar without flow accelerations or disturbances, which is in
agreement with ultrasound findings.”’ In a patient with
peripheral arterial occlusive disease, multiple flow accelera-
tions could be identified and complex helical flow was
observed distal to a moderate stenosis.”’ These findings are
promising for the clinical value of the technique, but further
studies comparing particle tracing in peripheral vasculature to
standard diagnostic tools are needed.

Stents may be used in the treatment of occluding
peripheral vessels but can significantly complicate MRI by
stent associated artifacts. 4D Flow-based particle tracing for
in-stent flow visualization has been assessed for 17 different
peripheral stents and was shown to be feasible for 14 of the
stents.'® Particle tracing may therefore be used for assessing
prestent and poststent peripheral hemodynamics.

FLOW STASIS. Flow stasis can occur in aneurysms and is
often analyzed using contrast agents in MRI but can also be
done using particle tracing by measuring the residence time of
the particles.66 Important limitations are the accumulation of
errors during extended particle tracing, which is necessary for
this type of measurement, and the low velocity-to-noise ratio
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in areas with low velocities, such as areas with flow stasis. Mea-
sures such as particle travel distance analysis (TDA) and mean
velocity analysis (MVA) do not rely on long particle tracing
and are therefore less sensitive to measurement error, but their
clinical value in aneurysms is yet to be evaluated.®®

Aortic aneurysms, be it abdominal aortic aneurysms
(AAAs) or thoracic aortic aneurysms (TAA), are common in
the Western Countries’ population and often fatal if they rup-
ture.®® Besides flow stasis analysis, particle tracing can be used
to assess the blood flow patterns that occur in the aneurysm
and help to identify blood flow patterns that might occur in
the carly stages of aneurysm development.”***®® Especially
in patients at risk for developing aortic aneurysms, such as
patients with high blood pressure, high blood cholesterol, or
connective tissue disorders such as Marfan syndrome and
Ehlers-Danlos syndrome, 4D Flow-based particle tracing could
be useful for regular check-ups and risk assessments.””®’

A study focused on hemodynamics in cerebral aneu-
rysms revealed vortical flow patterns and velocity distributions
that are determined by the aneurysm geometry, but more
studies are needed to investigate a possible direct link between
flow patterns and aneurysm geometries and therefore the clin-
ical value of particle tracing for these diseases.®®

The residence time of particles can be useful in anato-
mies other than aneurysms, such as the heart chambers. A
derivative of residence time in the left and right ventricles was
significantly correlated with the left and right ventricular ejec-
tion fraction, respectively.”! Ventricular residence time can
differentiate between patients with systolic dysfunction and
healthy volunteers, but further research is still warranted.

INTRACARDIAC PARTICLE TRACING.
Flow,” as flow is both the drive and result of cardiac func-

“Cardiology is

tion.* And by measuring flow, we can assess cardiac function
in a direct approach instead of surrogate markers.* Myocar-
dial dysfunction, that is, impairment of the heart muscle, can
be very subtle, may progress over time, and even lead to heart
failure. Lifestyle adjustments such as dietary alterations are
suggested to prevent such progression.” In practice, myocar-
dial dysfunction is defined as having a left ventricular ejection
fraction of less than 40%, but flow in the heart is more com-
plex than can be expressed by just ejection fraction. As
described below, assessment of the intracardiac flow pattern
may be useful in the care of patients with or at risk of cardiac
disease. However, it is important to note that besides cardiac
disease, some patient characteristics such as age, sex, blood
pressure and heart geometry may influence intracardiac flow
patterns as well.”> Breathing motion compensation by respira-
tory gating during MRI acquisition is generally advised, but it
may be feasible without.”’

MULTICOMPONENT ANALYSIS. Wigstrom et al, and later
improved on by Bolger et al and Eriksson et al, have
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FIGURE 8: (a) Schematic figure of intracardiac particle tracing with four-component analysis. Virtual particles (red circles) are
released from a three-dimensional grid inside the left ventricle at the end of diastole and are traced forward and backwards in time
until end of systole or beginning of diastole, respectively. Particles are categorized into four components based on their origin and
destination. (b) Example of particle tracing with four-component analysis in the left ventricle of a healthy volunteer just after the
start of systole. A cubic model (visualized in transparent gray) was used to connect the segmentations of the left ventricle, aorta and
left atrium, which were originally disconnected due to limitations of the segmentation method.

proposed a particle tracing-based four-component analy-
sis.!24%3 For this method, particles in a heart chamber such
as the left ventricle (LV) are categorized into four components
based on their origin and destination within a single cardiac
cycle, beginning with the diastole (Fig. 8):

1. The direct flow component consists of particles that enter
the LV through the mitral valve and leave through the
aortic valve within a single cardiac cycle.

2. The retained inflow component consists of particles that
enter the LV through the mitral valve and remain in the
LV within a single cardiac cycle.

3. The delayed ejection flow component consists of particles
that are already in the LV and leave through the aortic
valve within a single cardiac cycle.

4. The residual volume component consists of particles that
are already in the LV and do not leave the LV within a
single cardiac cycle.

The four-component analysis compares the size of these
components.'” Tt is important to note that the delayed ejection
Sflow and the retained inflow should theoretically be equal; oth-
erwise the volume of the LV would decrease or increase with
each cardiac cycle. The ratio between delayed ejection flow and
retained inflow can therefore be used as a quality control of
the particle tracing allgorithm.24 If valvular regurgitation is
expected, a regurgitation component can be added to the
analysis.'”

The four-component analysis requires the identification
of isovolumic contraction. At this timepoint in the cardiac
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cycle, at the end of diastole and the start of systole, the LV is
at its largest (under normal conditions).”* The LV has just
started to contract, resulting in the closing of the mitral valve,
and the aortic valve has not yet opened. At this time, particles
are seeded in all voxels within the LV, for which a segmenta-
tion model of the epicardial contour of the LV is needed.”*
The particles are then traced forward in time for the duration
of the systole to calculate their destination. Then, the particles
are also traced backwards in time for the duration of the dias-
tole to calculate their origin.”* Virtual counter planes can be
placed over the aortic and mitral valves to count particles that
move through these valves. These component analyses can be
used to analyze the filling and unloading of other structures,
such as the other heart chambers.**

LEFT VENTRICLE. In a scan—rescan study of Stoll et al in
2018, it was shown that there is good reproducibility of the
4D Flow MRI-based four-component analysis in the LV,
with the coefficients of variation of a similar magnitude to
those of LV volumes derived from cine cardiac MRI.*’ This
was confirmed by Kamphuis et al in a scan—rescan study in
2018, who found only small (<5%) nonsignificant mean dif-
ferences for each of the four components.40 In a comparison
of the LV four-component analysis in patients with compen-
sated dilated cardiomyopathy and healthy participants,
Eriksson et al found a smaller direct flow fraction and altered
diastolic flow routes in the patient group, besides the
expected larger end-diastolic volume, smaller ejection fraction

and equivalent stroke volume in the patient group.”’ The
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flow characteristics, such as kinetic energy, can also be calcu-
lated for each component individually and may be useful
markers of cardiac failure or give additional insight in cardiac
disease, such as univentricular circulation.?>** When com-
bined with more refined segmentation models such as the
16-segment LV cavity model, the distribution of components
in the individual segments can be measured. This was used to
quantitatively analyze the altered LV flow organization after
atrioventricular septal defect correction."” Less direct flow
and more retained inflow in the apical and lateral LV cavity
segments were shown, and it was hypothesized that this may
contribute to decreased cardiac pumping efficiency."”

RIGHT VENTRICLE. In a comparison of the four-component
analysis of the right ventricle with the left ventricle, it was
found that the direct flow fraction was larger in the right ven-
tricle, while the residual volume was smaller.”" The right ven-
tricular direct flow fraction mostly did not extend to the
apical regions but was more located at the basal regions, simi-
lar to the left ventricle. In a study that investigated the right
ventricle hemodynamics after nitric oxide inhalation in chil-
dren with pulmonary arterial hypertension, it was suggested
that particle tracing may provide more quantitative insights
into vasoreactivity testing in pulmonary hypertension than

o 52
catheterization hemodynamics.’

TETRALOGY OF FALLOT. The venous cardiovascular system,
and specifically the venae cavae and the right heart, have been
investigated using intracardiac and intravascular particle trac-
ing in patients with congenital heart defects, such as Tetral-
ogy of Fallot (ToF), or patients with Fontan circulation
(as described above). In ToF, four defects are present simulta-
neously, specifically a ventricular septal defect, pulmonary
stenosis, over-riding aortic root, and right ventricular hyper-
trophy. Four-component analysis using particle tracing in
patients with repaired ToF and healthy volunteers is signifi-
cantly different and includes reduced direct flow and
increased residual volume.”®>® Furthermore, increased vorti-
cal flow patterns in the right atrium during diastole and
increased helical or vortical flow features in the pulmonary
arteries were shown in the patients. These vortical flow pat-
terns in the right heart have been shown to be related to pul-
monary regurgitation and may represent energy loss.””
Altered flow patterns in the pulmonary arteries have been
shown for different surgical techniques, indicating that parti-
cle tracing may be useful in identifying optimal surgical strat-
egies.”® Further comprehensive studies using these methods
may help understand the interdependencies of geometries and
hemodynamics altered post-surgically.*®

ATRIA. While the heart ventricles are commonly assessed
using the four- or five-component analysis, the atria are often

analyzed using methods more similar to intravascular particle
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tracing by placing seeding grids on the inlets (venae cavae for
right atrium; pulmonary veins for left atrium). Visualizing the
flow mixing patterns in the atria can be of interest. In the left
atrium, vortical flow can be observed during systole and dia-
stolic diastasis and inflow from the left and right pulmonary
veins were shown to follow distinct paths throughout the left
atrium.>® These flow patterns may be beneficial in preventing
left atrial stasis during normal sinus rhythm.>* In mitral
regurgitation, left atrial flow is notably different and related
to the degree of regurgitation.””

Flow component analysis is also possible, as shown by
Gaeta et al, by adjusting the seeding frequency to the veloc-
ity per grid point to ensure each particle represents the
same volume of blood.”® Blood entering the left atrium
could subsequently be categorized into a direct flow compo-
nent and a retained inflow component, similar to the intra-
cardiac multicomponent analysis described previously. It
was shown that blood entering the left atrium during sys-
tole mixes with residual blood from the previous heart cycle
in a vortex.”
RESEARCH AND NEW APPLICATIONS. Particle tracing is
often used as a quality assessment of 4D Flow MRI, for
example, in new applications of 4D Flow MRI such as
peripheral stents'® or to compare MRI-sequences or post-
processing techniques such as background phase correc-
tion.*? The uncertainty of flow patterns as assessed by 4D
Flow MRI can also be visualized using a probabilistic parti-
cle tracing approach, which may help interpret flow distri-
butions and other probable flow pathways such as plaque
movement.””*® New cardiovascular surgical techniques
may be investigated with 4D Flow MRI-based particle trac-
ing, as demonstrated with an anatomically shaped ascending
aortic graft and other ascending aorta surgical tech-

4 .
3043 Agsessment of fetal heart flow patterns with

niques.
particle tracing was shown to be feasible in sheep, which
may open the way to new insights and treatments of con-
genital heart disease.”®

Both 4D Flow MRI and Doppler ultrasound aim to
assess the cardiovascular system, but ultrasound has more
interobserver and intraobserver variability. 4D Flow MRI-
based particle tracing has been used to identify the pitfalls of
Doppler evaluation of diastolic function, and may be used for
Doppler ultrasound pitfalls in other cardiovascular assess-
ments.”> Additionally, particle tracing can be used to assess

9
whether flow phantoms are comparable to human anatomy.*

Discussion

4D Flow-based particle tracing is an effective tool to visualize
time-dependent blood flows and quantify blood flow charac-
teristics. It is intuitive to interpret and gives unique insights
into complex flow patterns hitherto impossible to analyze.>®

In many cardiovascular applications, 4D Flow-based particle
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tracing is already feasible and it is included in some medical
software packages. However, the technique is limited by inac-
curacies, the spatiotemporal resolution of the MRI data, com-
putation time, lack of proof of clinical value and possible
suboptimal settings. Particle tracing can be used in the appli-
cations shown and with the methods mentioned, but close
evaluation of the accuracy and optimal settings of the tech-
nique remains advisable.

Current Developments

MRI ACQUISITION IMPROVEMENTS. The clinical value of
the technique is driven by its accuracy, which in turn depends
heavily on the quality of the MRI data and the settings of the
particle tracing technique. The accuracy may also be
influenced by the use of contrast agents, and specifically
blood pool agents, during acquisition. However, this only
resulted in a nonsignificant visual improvement of streamlines
and has not been examined with quantitative particle tracing
yet.”> 4D Flow MRI is a relatively new MRI technique and
as such is still being improved. It is expected that these
improvements will yield improvements in particle tracing
as well.

A defining factor in phase contrast MRI, including 4D
Flow MRI, is the encoding velocity venc. This user-defined
factor specifies the minimum and maximum velocity that are
encoded to the phase and therefore determines the range,
contrast and signal-to-noise ratio (SNR) of the velocity-data.
In summary, a high venc prevents aliasing for high velocities,
but it leads to poor SNR for low velocities. A low wvenc
increases the SNR for low velocities, but aliasing for high
velocities. The consensus for 4D Flow MRI is to select a venc
of 10% higher than the maximum expected velocity to avoid
aliasing, but there is no consensus specifically for particle trac-
ing.® Additionally, for many cardiovascular structures such as
the heart chambers or larger (arterial) vessels, this leads to
high SNR in systole, but poor SNR in diastole. New
advanced phase contrast MRI sequences have been developed
to incorporate multiple venc in the acquisition to give a good
SNR for both high and low velocities. When these multi-venc
MRI sequences become more available, the average quality
and clinical value of particle tracing will be increased. Addi-
tionally, multi-venc approaches might lead to new applica-
tions of particle tracing that require this broad range of
velocities, such as abdominal vasculature. Unfortunately, they
require a decrease in temporal resolution or an increase in
total acquisition time by adding additional acquisitions.”**”

The acquisition time of 4D Flow MRI can be a limiting
factor in practice. This factor is often decreased by increasing
the voxel size and decreasing the number of cardiac phases
that are acquired. The latter, however, is often already limited
by the physical acquisition speed of the scan sequence and the
patient’s heart rate. With more advanced k-space filling
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techniques, such as artificial intelligence-driven
(AI) approaches, acquisition time can be shortened. This has
many advantages, such as increasing the amount of MRI exams
that can be done per day. Additionally, this can increase quality
by allowing for an increase in spatiotemporal resolution. Accel-
erated 4D Flow MRI was shown to be feasible using different
acceleration factors up to R = 20 times, with minimal differ-
ences.”® 445998 Using acceleration methods, smaller spatio-
temporal resolutions may be achieved which could theoretically
improve particle tracing quality drastically, which might be

shown in practice in future studies.

POSTPROCESSING IMPROVEMENTS. For some particle
tracing methods, such as the intracardiac component particle
tracing, a high-quality (4D) segmentation model of the car-
diovascular structure is used for seeding and as a boundary to
calculate which particles move outside of the structure during
the cardiac cycle. Commonly, the endocardial contours are
segmented on anatomical cine images such as short-axis or
long-axis scans. They are then registered to the 4D Flow
MRI scan. Other approaches include Al-based and multi-atlas
approaches, which may decrease interobserver and
intraobserver error.”” Some of these techniques can even be
used directly on the 4D Flow data, removing the necessity for
additional anatomical scans, and decreasing scan times. This
may lower the threshold for applying particle tracing methods
that require segmentation models in the clinic.

A particle tracing timestep is advised to be shorter than
the temporal resolution of the MRI data, but the 4D segmen-
tation models have the same temporal resolution as these
data. Commonly, a nearest-neighbor approach for the seg-
mentation is used during particle tracing in between cardiac
phases of the MRI data. This approach is, however, limited
and can cause particles to be wrongfully regarded as outside
of the segmentation when traced in between cardiac phases.
A shape interpolation method more advanced than a nearest-
neighbor interpolation for the segmentation, such as a simple
linear or a cubic spline shape interpolation, could improve

these issues.

NEW APPLICATIONS. We have shown an extensive sum-
mary of vasculature and cardiovascular disease that particle
tracing has been applied in. In these applications, particle
tracing gives unique insights into flow in the healthy, the dis-
eased, and even the pre-clinical state. However, certainly not
all CVDs that can be investigated with particle tracing have
been researched thus far. Due to the nature of particle trac-
ing, there is great potential in new applications such as post-
operative assessment, thrombosis prediction, preclinical fetal
studies, surgical planning, and patient specific implantation
development, to name a few, 18:30:36:39.54.66 Racearch into par-
ticle tracing in these new potential applications will need to
be conducted to assess the feasibility and clinical value.
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Limitations

This systematic review is limited to articles that mentioned
particle tracing and 4D Flow MRI and may therefore miss
information that is included in other literature. Alternative
phrases such as particle tracking and 3D time-derived phase-
contrast MRI were included in the search terms to include
different terminology. Particle tracing can be applied in any
velocity field and therefore any 4D Flow dataset, but the sea-
rch terms were chosen to find literature on quantitative parti-
cle tracing results rather than just non-quantitative
visualization. Other applications of particle tracing may be
present in literature missed by this review due to the search
terms. Nonetheless, by using two search strategies and includ-
ing notable related literature, an extensive summary of parti-

cle tracing methods and applications has been put together.

Conclusion

In summary, particle tracing based on noninvasive 4D Flow
MRI provides unique insights into blood flow. Originally
developed for fluid dynamics, it can visualize flow patterns in
pulsatile and non-pulsatile blood flows and allows for quanti-
fication of flow distributions and flow components. With the
summary of methods and applications given in this review,
particle tracing can be applied accurately in blood vessels with
or without bifurcations and the heart chambers. The accuracy
of particle tracing depends heavily on the spatiotemporal reso-
lution and quality of the MRI data. With the future improve-
ments described, 4D Flow-based particle tracing may become
more accurate, more versatile, and unveil more about the
effect of cardiovascular diseases on blood flow. Further studies
are required to evaluate the clinical value of the technique in
different cardiovascular diseases.
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