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Abstract

Objective The objective of the study was to determine how to optimize 2D and 4D phase-contrast magnetic resonance imag-
ing (PC-MRI) acquisitions to acquire flow velocities in millimetric vessels. In particular, we search for the best compromise
between acquisition time and accuracy and assess the influence of the principal component analysis (PCA).

Materials and methods 2D and 4D PC-MRI measurements are conducted within two in vitro vessel phantoms: a Y-bifur-
cation phantom, the branches of which range from 2 to 5 mm in diameter, and a physiological subject-specific phantom of
the carotid bifurcation. The same sequences are applied in vivo in carotid vasculature.

Results For a vessel oriented in the axial direction, both 2D and axial 4D PC-MRI provided accuracy measurements regard-
less of the k-t PCA factor, while the acquisition time is reduced by a factor 6 for k- PCA maximum value. The in vivo
measurements show that the proposed sequences are adequate to acquire 2D and 4D velocity fields in millimetric vessels
and with clinically realistic time durations.

Conclusion The study shows the feasibility of conducting fast, high-resolution PC-MRI flow measurements in millimetric
vessels and that it is worth maximizing the k- PCA factor to reduce the acquisition time in the case of 2D and 4D axial

acquisitions.

Keywords Cine MRI - Principal component analysis - Feasibility studies - Imaging phantoms

Introduction

Phase-contrast magnetic resonance imaging (PC-MRI) is
a noninvasive technique used to quantify and characterize
blood flow [1, 2]. Over the years, it has progressed from 2D
acquisitions of the flow velocity along one direction in space
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for an individual slice, to 3D velocity measurement within
an acquired volume [3, 4]. The latter is classically referred
to as 4D, with reference to the three spatial dimensions plus
time. Four-dimensional PC-MRI is increasingly being used
in clinical practice to characterize blood flow in large arter-
ies and within the heart [5, 6]. By providing patient-specific
measurements of the hemodynamic conditions, it is used to
diagnose and plan treatment for vascular diseases, such as
aortic coarctations and aneurysms [7, 8]. It is also used to
assess quantities such as wall shear stresses (WSS) [9, 10]
and mechanical properties of arterial walls, one technique
consisting of measuring the pulse wave velocity in the vessel
of interest [11].

One limitation of 4D PC-MRI is its ability to accurately
determine flow fields in vessels < 1 cm in diameter, the
limiting factors being spatial resolution and acquisition time
length. Recent publications have demonstrated the advan-
tages of PC-MRI to study hemodynamics in smaller ves-
sels, such as intracranial vessels [12—14]—for instance, to
manage intracranial aneurysms [15]. However, few meas-
urements have been acquired using 4D PC-MRI because of
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spatial resolution that is too low and acquisition times too
long for in-patient measurement. Four-dimensional PC-MRI
would provide more complete information on the velocity
field than classical 2D acquisitions, as it enables reconstruc-
tion of flow streamlines within vessels and assesses all com-
ponents of the WSS tensor [5, 16].

Despite constraints of signal-to-noise ratio (SNR) and
spatial resolution, some studies have conducted 4D PC-
MRI sequences on head and neck arteries. Harloff et al. [17]
acquired blood flow velocities in carotid arteries with a pixel
resolution of 1.1 X 0.9 x 1.4 mm? for a total scanning time of
15-20 min. They compared their results with Doppler ultra-
sound (US) measurements, which indicated that the 4D PC-
MRI technique is promising to visualize vector fields. Markl
et al. [18] performed 4D PC-MRI acquisitions in carotid
arteries with a voxel size of 1.1 X 0.9 X 1.4 mm? to estimate
WSS. In both studies, higher spatial resolution would have
been needed to accurately analyze the flow inside vessels
and determine WSS. It would, however, have generated
acquisition times incompatible with clinical practice. One
possibility of increasing spatial resolution while keeping a
good SNR is to use a dStream (dS) Microscopy MRI coil.
It is designed for measurements in superficial vessels and
is characterized by a higher SNR than classic head coils,
allowing a higher resolution without loss of information. It
does not, however, reduce acquisition time.

To solve the imaging time problem, different reconstruc-
tion techniques have been developed [19], and acquisition
time is reduced, thanks to a decrease in the number of lines
in the k-space [20, 21]. Existing methods are sensitivity
encoding (SENSE) [22], generalized autocalibrating par-
tially parallel acquisitions (k-# GRAPPA) [23], isotropic-
voxel radial projection imaging (PC-VIPR) [24], and prin-
cipal component analysis (PCA), known as k-1 PCA [25, 26].
Microscopic coils, which are one-element phase-array coils,
are not compatible with SENSE for the reconstruction, the
latter being restricted to multielement phase-array coils. In
contrast, the k-t PCA reconstruction method, which reduces
data set dimension by exploiting the correlation between
data points, is compatible with dS Microscopy coils. The
k-t PCA method, which generalizes the k-f broad-use lin-
ear acquisition speed-up technique (BLAST) [27, 28], uses
undersampling of the k- space to reduce acquisition time.
It was developed by Pedersen et al. [25] to circumvent the
issue of peak velocity underestimation of the k-t BLAST
acceleration [29]. It is based on the PCA method [30], which
reduces high-dimensional data into lower dimensions using
correlation between data. It considers the image series as a
matrix decomposed in a training set and an undersampled
set, the k-t PCA factor being proportional to the undersam-
pling parameter [29].

The k-t PCA technique was evaluated by Knobloch et al.
[31] on the carotid bifurcation using a spatial resolution set
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of 0.8 x 0.8 x 0.8 mm? for an acceleration factor set at 8 and
an acquisition time of ~ 6 min. They showed that increas-
ing the resolution revealed details of flow patterns hidden at
lower spatial resolutions but did not quantify the precision
of the measurements. The error was, however, quantified by
Giese et al. [32] in the aorta, who showed that k-t PCA with
an 8-acceleration factor provided acceptable quantitative
assessment for the aorta. Nevertheless, the influence of the
k-t PCA factor has never been tested in millimetric vessels.

The objective now is to determine how to conduct 2D and
4D PC-MRI measurements within millimetric vessels, such
as those of the head and face area, with high accuracy and
acquisition times compatible with clinical practice. A non-
invasive quantification of hemodynamic conditions would,
indeed, be of help in choosing recipient vessels in microvas-
cular reconstructions [8] or treat stenoses or arteriovenous
malformations [33]. We propose to use a microscopic MRI
coil to increase spatial resolution and determine whether
the k-t PCA technique can be used to decrease acquisition
time without compromising its accuracy. Two- and 4D PC-
MRI measurements were conducted on two in vitro phan-
toms with diameters similar to those in the human face and
neck area: a Y-bifurcation phantom, the branches of which
range from 2 mm to 5 mm in diameter, and a physiologi-
cal subject-specific phantom of the carotid bifurcation. The
same sequences were then applied to in vivo acquisitions of
the carotid arterial vasculature for five healthy volunteers:
in each case, the internal (ICA), external (ECA) and facial
arteries (FA) were acquired. Measurements were com-
pared with 2D PC-MRI acquisitions, which were used as
references.

The manuscript is organized as follows: After having
explained how the 2D and 4D acquisitions are conducted,
we show flow waveforms measured in each branch of the
phantoms while increasing the k-t PCA acceleration factor
systematically. We compare them with flow sensor meas-
urements and conclude by how to optimize acquisition time
and accuracy for axial, sagittal, and coronal acquisitions.
Precision of the 4D measurements are then determined in the
case of in vivo measurements compared with the standard
2D acquisitions. All results are then analyzed to deduce the
influence of the k- PCA method and optimal parameters
for conducting 4D PC-MRI measurements with clinically
relevant scan durations.

Materials and methods
Vessel phantoms
Two Plexiglass in vitro rigid vessel phantomswere used.

Phantom 1 is composed of six branches (Fig. 1a): one
inlet, one outlet, and four forming a diamond shape. The
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Fig. 1 a Geometric characteristics of the in vitro Y-bifurcation phan-
tom (branch numbers indicated in blue). b Positioning of the 2D
phase-contrast magnetic resonance imaging (PC-MRI) measurement

branches are numbered as follows: the inlet channel (branch
1) bifurcates into two sets of V-branches (branches 2—4 and
3-5), which rejoin into a common outlet channel (branch
6). Branch diameters D,(i = 1 ... 6) are, respectively, 5, 2,
3, 2,3, and 4 mm.

Phantom 2 is an anatomically realistic phantom of a
carotid bifurcation and of the vascular tree stemming from
the external carotid. Its goal is to show the ability of the
present PC-MRI sequences to conduct measurements within
clinical conditions. It was obtained through 3D phase-
contrast angiography on a 25-year-old healthy man with a
30 cm/s-velocity encoding [34]. The 3D data set of the right
carotid bifurcation angiogram was contained within 90 slices
of 1.2 mm in thickness and obtained with a spatial resolution
of 0.6 x 0.6 mm?. The Digital Imaging in Communication
in Medicine (DICOM) data sets were processed with the
ITK-SNAP software [35] to reconstruct the lumen volumes
of the vessels, which were exported upon segmentation into
a stereolithography file to create the phantom in clear resin
(Fig. 2) using a fused-deposition rapid prototyping system.
The typical branch diameters are D, = 7 mm for the com-
mon carotid artery, Dic, = 6 mm and Dy, = 5 mm for
the internal and external carotid arteries, Dp, = 2.5 mm for
the facial artery, D; , = 2 mm for the lingual artery, and
D+gs = 2.5 mm for the thyroid superior artery.

In vitro experimental setup

The pulsatile flow is provided by a custom-made peristal-
tic pump (Masterflex), with a frequency of 100 cycles/min
and an average flow rate of 85 ml/min. The phantoms are
perfused by a Newtonian and incompressible fluid of viscos-
ity 1 mPa.s (pure water). They are connected to the pump
by a rigid tube 5 mm in diameter and 10 m in length. The
measurements are performed outside the MRI chamber,
reproducing the same conditions as those found during MR

slices within the phantom. ¢ dStream (dS) Microscopy coil 47-mm
diameter. d Orientation of MRI axes

Fig.2 Physiological subject-specific phantom of the carotid bifurca-
tion. CCA common carotid artery, /CA internal carotid artery, ECA
external carotid artery, FA facial artery, LA lingual artery, TSA thy-
roid superior artery

acquisitions. The dynamic pulse is determined by placing
the plethysmograph on a small finger-like compliant tube
placed downstream of the phantom, which is used to syn-
chronize MRI acquisitions with the pump frequency. The
phantom is placed along the axis of the MRI machine to
orient the flow in the same direction as the blood flow in
the head and neck arteries of a patient lying down in the
MRI. Water gels are placed around the phantom to model
tissue and to limit phase errors in MRI measurements. An
ultrasonic flow sensor (Transonic System, Inc.) is placed
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upstream of the phantoms: repeated flow measurements are
acquired to determine the flow waveform with high repro-
ducibility and build the control flow curve (curve named

QSCHSOI)'
MRI velocity acquisitions

Veloity fields are acquired using a 3T MR scan (Achieva
dStream, Philips) instrument with a dS Microscopy coil
47 mm in diameter (Fig. 1c).

Acquisitions on phantom 1 (simplified vessel-bifurcation
model)

A time-of-flight (TOF) measurement is first acquired
to create a morphological image and help in slice place-
ment for the 2D PC-MRI acquisitions and volume for 4D
acquisitions. TOF acquisition parameters are field of view
(FOV) 120 x 120 mm?, echo/rotation time (TE/TR) 3/23 ms,
spatial resolution 0.35 x 0.35 mm?, slice thickness 1.2 mm,
two repetitions, resulting in the acquisition of 180 slices in
the axial plane covering the entire phantom, for a total scan-
ning time of 90 s. Two-dimensional acquisition slices are
then placed along branches 4 and 5 and the outflow chan-
nel (branch 6), as indicated in Fig. 1b. The 2D PC-MRI
measurements are performed with the following parame-
ters: FOV = 30 x 30 mm?, TE/TR 9/16 ms, spatial resolu-
tion 0.25 x 0.25 mm?, slice thickness 2 mm, 3 repetitions
and 32 frames for each cycle. Encoding velocity v, is set
at 35 cm/s for the smaller branch of the bifurcation (branch
4), 45 cm/s for the larger branch (branch 5), and 50 cm/s
for the outflow branch (branch 6). The sequence is repeated
five times on each branch with a k-t PCA acceleration fac-
tor (developed by Gyrotools LLC, Zurich) set at 0, 2, 4, 8,
and 16, the acceleration factor of 0 corresponding to the
case in which no k-t PCA is applied. Acquisition times are,
respectively, 232, 156, 99, 70, and 55 s when the k-t PCA
acceleration factor is increased from O to 16. Images are
reconstructed with the MRecon reconstruction software.

The 4D PC-MRI acquisitions are performed in a pre-
defined volume of the phantom using the following set-
tings: FOV 50 x 50 mm?, TE/TR 3/11 ms, spatial resolu-
tion 0.65 X 0.65 mm?, slice thickness 0.65 mm, with two
repetitions, 80 slices for axial acquisitions, and 20 slices
for sagittal and coronal ones, and 16 frames for each cycle.
Hansen et al. [36] established that 10-20 training profiles
(k, 10-20) are adequate to obtain accurate measurements,
and Plein et al. [37] confirmed that 11 training profiles were
sufficient to compose the training set. All sequences are thus
acquired with the training profile parameters set at [11 X 6]
(k,=6and k,=11).

The 4D protocol is repeated several times to acquire the
flow in the axial, coronal, and sagittal planes using the same
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settings, changing only the number of slices: volume is com-
posed of 20 slices for sagittal and coronal acquisitions and
80 for axial acquisitions. Additional 4D flow measurements
are acquired after having changed the spatial orientation of
the phantom (i.e., orienting the main flow in the x-, y- and
z-directions, Fig. 1d), as well as FOV in the case of axial
orientation (FOV increased to 100 x 100 mm?).

In all these cases, encoding velocity is set at 50 cm/s in all
three spatial directions. As in the 2D PC-MRI protocol, the
sequence is repeated changing the k-t PCA acceleration fac-
tor. In the 4D case, it is set at 0, 2, 4, and 8. It is not possible
to select a k-t PCA factor of 16 for 4D PC-MRI sequences
with the Gyrotools patch used. Acquisitions times are rep-
resented in Fig. 3: without acceleration, it takes 40 min to
acquire the velocity field in the entire volume for axial meas-
urement and 30 min for coronal and sagittal ones. This is
reduced to 6—8 min for a k-¢ factor of 8.

Acquisitions on phantom 2 (realistic model of the facial
vascular tree)

A TOF sequence is performed with the same parameters
as on phantom 1 to acquire the geometry of the realistic
phantom model of the carotid bifurcation (phantom 2). Two-
dimensional acquisition slices are then placed on the carotid
common artery (v.,. = 15 cm/s), internal carotid artery
(Vene = 15 cm/s), external carotid artery (v,,, = 10 cm/s),
facial artery (v,,. = 10 cm/s), lingual artery (v,,. = 10 cm/s),
and thyroid superior artery (v.,. = 10 cm/s). The 2D PC-
MRI parameters are the same as those used on phantom 1

1 —e— Axial
-#-  Coronal
Sagittal

45

35
|

25

Acquisition time (min)
20
|

10
|

k-t PCA Factor

Fig.3 Acquisition times of the 4D phase-contrast magnetic resonance
imaging (PC-MRI) measurements in the axial, coronal, and sagittal
directions as a function of the acceleration factor
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and no k-t PCA acceleration factor is used. Finally, a 4D
PC-MRI sequence is performed, covering the entire phantom
volume using the same parameters as for phantom 1. The
encoding velocity is set at 20 cm/s, k-t PCA acceleration
factor at 4, and 50 slices are acquired in the axial orienta-
tion. The spatiotemporal k-7 undersampling matrix is recon-
structed with the k-f PCA method to form the 4D PC-MRI
images.

Population for in vivo acquisitions

Five healthy volunteers, one man and four women
22.5 + 1.4 years old [mean + standard deviation (SD)], were
recruited. The in vivo study was approved by the local ethics
committee (No. 2013-A00319-36), registered in clinicaltri-
als.gov (No. NCT02829190) https://clinicaltrials.gov/ct2/
show/NCT02829190?term=NCT02829190&rank=1, and
performed in accordance with the ethical standards of the
1964 Declaration of Helsinki. Written informed consent was
obtained from all participants.

In vivo acquisitions

The imaging protocol starts with a 3D TOF acquisition,
reconstructed in the axial, sagittal, and coronal directions,
to provide vessel geometry and help the placement of the
2D slices and 4D volume. The coil is placed at the right
side of the face to acquire the right carotid arterial tree and
then repeated at the left side. Two planes are successively
positioned (Fig. 4) to acquire 2D PC-MRI images with the
following parameters: FOV 50 x 50 mm?2, TE/TR 8/13 ms,
spatial resolution 0.25 X 0.25 mm?, slice thickness 2 mm,
32 frames for each cardiac cycle, and a scanning time of

(a) (b)

\/

Fig.4 a Positions of 2D slices and 4D volume used for phase-con-
trast magnetic resonance imaging (PC-MRI) in vivo acquisitions. b
Aquired arteries: internal carotid artery (red), external carotid (blue),

~ 2 min. A first slice allows quantification of the ICA and
the ECA with an encoding velocity of 80 cm/s. The second
plane is placed orthogonally to the FA with an encoding
velocity of 35 cm/s. Then, a 4D PC-MRI volume is placed
to acquire the right carotid vasculatures (Fig. 4), and the
left carotid vasculature is acquired when the coil is on
the left side of the face. To reduce acquisition time of 4D
images, the k-f PCA method is applied. Parameters of the 4D
sequence are: FOV 50 x 50 mmz, TE/TR 7/12 ms, spatial
resolution 0.65 X 0.65 x 0.65 mm?, k-r PCA acceleration
factor 4, 16 frames for each cardiac cycle, and a scanning
time of ~ 10 min. Acquisition planes are placed in the axial
orientation.

Data processing

An internally developed software program, developed on
Interactive Data Language (IDL), is used to postprocess
phase-contrast MRI images and reconstruct the phantom
cross-section in the case of 2D PC-MRI or the phantom
inner volume in the case of 4D PC-MRI. The program was
originally developed to analyze 2D PC-MRI images [38].
We upgraded it to process 4D PC-MRI images using a semi-
automated segmentation based on a fast Fourier transform.
We identified voxels contained within the phantom branches
by differentiating those varying in synchrony with pump
frequency to static ones. After reconstructing the phantom
inner volume by 3D segmentation, we selected the cross-cut-
ting planes perpendicular to the branches and analyzed phase
intensities of pixels inside the regions of interest (ROI) to
reconstruct the waveforms along one cycle. All acquisitions
were repeated three times to provide average and SD values.

(o

1.697e+002

6.790e+002
5.092e+002
3 002
0.000e+000

and facial artery (green). ¢ Streamline reconstructions from 4D flow
measurements with Ensight software
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Measurement error € was determined by calculating the
sum of the instantaneous flow rates in branches 4 and 5
(denoted Qyr;), Which corresponds to flow rate in the inlet
channel, and comparing it to the value Q,,,.,, provided by
the flow sensor.

£ = QMRI B Qsensor

QSSHSOI’ ‘ ( 1 )

The error is calculated on time-averaged values of the
flow rates (denoted €,,.,,) and on maximum amplitude of
the flow waveform (denoted €,,,,,), which is determined by
subtracting the minimum flow rate value from the maxi-
mum one for each flow waveform. For the experiment on
the physiologically realistic phantom 2, we use 2D PC-
MRI acquisitions as reference and calculated acquisition
errors of 4D PC-MRI compared with 2D PC-MRI.

Flow waveforms in the ICA, ECA, and FA were
extracted from 2D and 4D PC-MRI images. Time-average
and peak flow rates were obtained for each vessel, and
agreement between 4D and 2D were assessed by Pearson’s
correlation. Statistical analyses were performed using the
R software (version 3.2.2, R Foundation for Statistical
Computing, Vienna, Austria, www.r-project.org).

Results
Phantom 1
2D PC-MRI

Figure 5 shows flow waveforms reconstructed from the
2D PC-MRI images and determined from measurements
in the bifurcation branches (branches 4 + 5) and the outlet
branch (branch 6). Flow curves, obtained for different val-
ues of k-t PCA acceleration factor, are compared with the
control curve (Q.,.r)- Agreement of MRI measurements
with the reference curve was excellent on the whole. Simi-
lar values of mean flow rate were found, but a small differ-
ence was observable on peak value, which was measured
to be slightly higher using MRI than the ultrasonic flow
sensor. No characteristic difference in flow profile was,
however, found when increasing the k-t PCA acceleration
factor, regardless of location of the measurement (bifurca-
tion or outlet branches).

Acquisition time was thus divided by a factor 4 when
the 16-k-r PCA factor is used. Quantitative values of flow
rates and measurement errors are indicated in Table 1.
Mean flow rates were very consistent, the measurement
errors being only a few percent. Slightly larger errors
were found on flow amplitude, which corroborates the
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Fig.5 Flow waveform profiles obtained with 2D phase-contrast mag-
netic resonance imaging (PC-MRI) sequences for different values of
the acceleration factor: a Sum of instantaneous flow rates in branches
4 and 5. b Instantaneous flow rate in branch 6. MRI flow rates Qyr;
are compared with the control curve Q, measured by the flow sen-
sor

sensor

fact that the error was concentrated on peak flow value,
as observed on flow curves (Fig. 5). The error, however,
never exceeded 5% and was not influenced by the choice
of acceleration factor.

4D PC-MRI

Flow curves obtained for the different k-f PCA accelera-
tion factors in the bifurcation and outlet branches when
the phantom is oriented along the x-direction are shown in
Fig. 6. They correspond to the different acquisition planes:
axial, coronal, and sagittal, respectively. Flow curves were
compared with the control curve provided by the flow sen-
sor. For axial plane measurements, flow waveform profiles
reconstructed from 4D PC-MRI images showed excellent
agreement with that provided by the sensor for all k- PCA
factors tested. However, for coronal and sagittal plane meas-
urements, only flow waveform profiles acquired with a k-t
PCA factor set at 0 coincided with the sensor measurement:
flow waveform amplitude otherwise strongly decreases as
the k-# PCA factor increases.

Acquisition time was reduced by a factor of ~ 6 (Fig. 3),
and gain in acquisition time was thus even more important
than in 2D PC-MRI: this could be due to the smaller num-
ber of pixels present per slice in 4D measurements, which
speeds up the PCA algorithm.

Figures 7 and 8 show the evolution of measurement errors
on mean flow rate and flow amplitude calculated on branches
4 + 5 and the outlet branch as a function of the amplification
factor. For measurements in the axial plane, errors remained
low for all selected k-t PCA factors. The error €, on the
mean flow rate was always < 4% in the bifurcation branches,
7% in the outlet branch, and between 2 and 11% for €

ampl*
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Table 1 Two-dimensional phase-contrast magnetic resonance imaging (PC-MRI) values of acquisition time, mean flow error, and flow ampli-
tude error measured in branches 4 4+ 5 and 6 of the Y-bifurcation phantom for various values of k-¢ principal component analysis (PCA) factor

k-t PCA factor 0 2 4 8 16
Acquisition time (s) 232 156 99 70 55

Mean flow rate (ml/min) (branches 4-5) 854 +1.2 86 + 0.5 869+ 1.8 88.1 +2.1 86.1 +14
Mean flow error €,,,, (branches 4-5), (%) 0.5 1.2 23 3.7 1.3

Flow amplitude (ml/min) (branches 4-5) 106 + 3.4 105 +3.7 103.5 +2.6 102.7 +£2.6 103.4 +4.1
Flow amplitude error €,,,, (branches 4-5), (%) 5 4 2.4 1.7 2.3

Mean flow rate (ml/min) (branch 6) 85.4+0.8 85.7+0.5 853 +04 859+13 86.8 + 0.8
Mean flow error €,,,, (branch 6) (%) 0.5 0.8 0.4 1.1 22

Flow amplitude (ml/min) (branch 6) 1042 +£2.2 103.7+ 1.4 105 +1 96.5 +3.8 973 +2.7
Flow amplitude error Eqmpl (branch 6), (%) 3.2 2.7 4 4.4 3.7

Much larger errors were, however, obtained for measure-
ments in the coronal and sagittal planes. Errors increased
with the k- PCA factor and remained < 14% for €_,.,,; the
amplitude error &,,,,; was > 70% in the sagittal plane and
~ 60% in the coronal plane.

To investigate why the errors were larger in the coronal
and sagittal planes than in the axial view, when the phan-
tom was oriented in the x-direction, we conducted the same
measurements orienting the phantom in the y- and z-direc-
tions. Figure 9 shows the corresponding measurement errors
on mean flow rate and amplitude. Equivalent results as those
shown in Figs. 7 and 8 were obtained when changing the
phantom orientation. When the flow direction was in the
z-direction (y-direction, respectively), the error on velocity
magnitude was minimal for the coronal plane (sagittal plane,
respectively) and significantly larger in the other two direc-
tions. These results show the need to align the acquisition
direction with the flow direction in the case of 4D measure-
ments when the k-t PCA method is used. Without accelera-
tion, there is no constraint on the types of acquisition used.

Another phenomenon that may cause larger measurement
errors is the signal itself. To determine its influence, meas-
urements were acquired with a larger FOV (100 x 100 mm?)
than previously used (phantom oriented along the x-direc-
tion). Figure 10 compares flow measurement errors in the
axial direction with the two FOV sizes. It shows that when
no k-t PCA is applied, errors are similar whatever the FOV.
They do, however, increase faster with the k-t PCA factor
when the larger FOV is used.

Phantom 2

Flow curves obtained from 2D and 4D PC-MRI acquisitions
are displayed in Fig. 11 for measurements within each artery
of the physiological subject-specific phantom. Scanning
duration times were 3 and 15 min, respectively. Flow wave-
form profile reconstructed from 4D acquisitions coincide
well with those extracted from 2D images. Maximum flow

rate had a similar value in both cases. This was confirmed by
the difference in values of the 4D versus 2D measurements,
as shown in Table 2. The difference was < 7% for all arter-
ies, even in the case of low-flow branches, such as the facial,
lingual, and thyroid superior arteries. The time-average flow
rate error was, however, more important than the velocity
peak error and reached 16% in the facial artery. Error €.,
iwas > 10% for small arteries of the model (external carotid,
facial, lingual, and thyroid superior arteries).

In vivo

Figure 12 shows the flow waveform over one cardiac cycle
obtained in one volunteer in each artery using 2D and 4D
PC-MRI. The 4D flow waveform was smoother than the 2D
curve, which was the most notable difference. Another dif-
ference was peak flow rate value, which was higher for 2D
than for 4D acquisitions. The conclusions are thus the same
as in the in vitro case.

Correlations (Fig. 13) for the five healthy volunteers were
obtained between 2D (without k-t PCA acceleration factor)
and 4D (with a k-t PCA factor of 4) measurements. The ten
vascular trees (5 right + 5 left) were acquired in 2D and
4D using the same methods; Pearson’s correlation was per-
formed to compare time-average and peak flow rates. Overall
correlations were r 0.99 and r 0.85 for time-average and
peak flow rates, respectively. A poorer correlation was found
for peak flow rate, confirming in vitro results.

Discussion

Results of this study show that PC-MRI measurements in
millimetric-size vessels with diameters between 2 and 5 mm
are possible. They prove the feasibility of reaching voxel
sizes of 0.25 x 0.25 mm? in 2D and 0.65 X 0.65 mm? in
4D, with acquisition times compatible with clinical practice.
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Fig.6 Flow waveform profiles obtained with the 4D phase-contrast
magnetic resonance imaging (PC-MRI) sequences when increas-
ing the acceleration factor from O to 8, when the phantom is oriented
along the x-direction. Comparison with the control flow rate Q..
measured by the flow sensor. Measurements are respectively acquired
in branches 4 + 5 of the bifurcation (left column) and the outlet
branch (right column) in the a axial, b coronal, and ¢ sagittal planes

We show that the k-r PCA acceleration factor can be
applied without any restriction in 2D acquisitions and that k-
t PCA then allows acquisition time to be divided by a factor
of 4, without loss in precision in the measured velocity and
flow rate values. It not only preserves the shape of the flow
waveform, but mean flow error was always < 4% (maximum
error even being obtained when no k-t PCA acceleration was
used). It is thus possible to apply a k-t PCA acceleration
factor for flow quantification at high resolution in vessels
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Fig.8 Flow amplitude error Eampl measured in the axial, coronal, and
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< 5 mm, which has the advantage of reducing acquisition
time significantly without loss of information or precision.
The k-t PCA method was originally developed to over-
come the issue of loss in amplitude and underestimation of
peak velocities found with the k-f BLAST reconstruction
[29]. The study presented here conducted in subcentimetric
vessels shows that the problem is fully solved by the k-t
PCA method in 2D PC-MRI measurements but only partially
in 4D: in this case, only axial acquisitions provide highly
accurate flow measurements for a vessel oriented in the axial
direction. By changing phantom orientation, the same is true
for any other flow/acquisition orientations. A loss in flow
amplitude was found in acquisitions in the perpendicular
planes (coronal and sagittal in the case of vessel flow in the
axial direction), even for a k-t PCA acceleration factor as low
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Fig. 9 a-h Effect of phantom orientation on errors of flow measure-
ments in the axial, coronal, and sagittal planes as a function of the
acceleration factor. Mean flow error €.,, measured in bifurcation
branches 4 + 5 (a, e) and outlet branch (b, f) when the phantom was

as 2. This loss in flow amplitude is not related to the acquisi-
tion plane itself, as 4D measurements obtained in the axial,
coronal, and sagittal planes perfectly fit one another without
k-t PCA acceleration factor. This is due to the difficulty of
the PCA method to reconstruct the velocity field when the
measurement slice is not perpendicular to the flow. This is
due to the absence of correlation in the local velocity for
many pixels in the cutting plane, which decreases the fri-
ability of velocity measurements in these cases.

Results of the parametric study thus confirm the feasibil-
ity of applying the k-t PCA acceleration factor for acquisi-
tions in the axial plane, even when the maximum value of
the acceleration factor (8) is used. Mean flow error €., is
then < 5% and the flow amplitude error €,,,,; < 10%, which
is consistent with results of Giese et al. [32] on larger ves-
sels. Increasing the k-r PCA acceleration factor causes a
slight increase in the amount of information lost (and thus
in the flow measurement error), but it reduces the acquisition
time significantly. In the case of axial acquisitions, it thus
seems appropriate to use an acceleration factor of 8 to reduce
the time by a factor of 6.
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oriented in the z-/y-direction. Flow amplitude error ¢, ; measured in
bifurcation branches 4 + 5 (¢, g) and outlet branch (d, h) when the
phantom is oriented in z-/y-direction

It is interesting to note that although small, measurement
errors increase as the size of the tube is decreased (Table 1).
The principal explanation is the decrease in spatial reso-
lution. In small branches, artefacts such as partial volume
effects [39] can also cause measurement errors. This effect
was similarly observed by Van Ooij et al. [40] in an aneu-
rysm phantom model for 4D flow sequence applied with k-¢
BLAST and SENSE acceleration methods.

Four-dimensional PC-MRI acquisitions in perpendicular
directions to blood flow may only be conducted without k-t
PCA: mean flow error €., actually remains < 10% up to an
acceleration factor of 4, but the flow amplitude error €, is
higher than 10% whenever an acceleration factor is applied.
It reaches values well above 50% in both bifurcation and
outflow branches for an acceleration set at 8, which is much
beyond any acceptable limits. All these results indicate that
no k-t acceleration factor ought to be used to acquire actual
flow waveforms. Giese et al. [32] also found that results in
larger vessels differ for coronal and sagittal acquisitions and
that the k-f PCA method leads to important errors, whatever
the value of the acceleration factor.
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Fig. 10 Effect of field of view (FOV) size on axial flow measurement
errors as a function of the acceleration factor: comparison between
an FOV of 50 x 50 mm? (blue line) and 100 x 100 mm? (red line).
Mean flow error €, in a bifurcation branches 4 + 5 and b outlet
branch. Flow amplitude error ¢,,,, in the axial planes in ¢ bifurcation
branches 4 + 5 and d outlet branch

The higher error in the sagittal than in the coronal plane
can also be explained by the presence of insufficient signal
in some slices: this occurs in 11 sagittal but only six coro-
nal slices. Most of these slices are principally composed
of noise, which reduces the number of voxels with signal,
explaining why the principal component method fails.

Apart from vessel flow direction, a second source of error
for the k-t PCA method may come from the signal itself. To
see the impact of the FOV, we also conducted measurements
considering a larger FOV (100 x 100 mm?) and compared
results with the one presently used. When no k-t PCA is
applied, errors are similar whatever the FOV. However, they
increase faster with the k-# PCA factor when the larger FOV
is used. This can be explained by a weaker flow signal in the
case of the larger FOV, which makes it difficult for the algo-
rithm to accurately reconstruct the velocities. The maximum
error is, however, of the order of 13% when a k-t factor of 8
is used, which is much below the maximum error values of
Fig. 8. This shows that the impact of the FOV is of second-
ary importance compared with the effect of flow direction.
In the case of large vessels, such as the aorta, orientation has
a limited effect because flow is almost unidirectional, and
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Fig. 11 Flow waveform profiles measured in the physiological sub-
ject-specific phantom with the 4D phase-contrast magnetic resonance
(PC-MRI) sequences. Comparison with 2D PC-MRI measurements:
a common carotid artery, b internal carotid artery, ¢ external carotid
artery, d facial artery, e lingual artery, and f thyroid superior artery

the vessel has sufficiently large cross-sections for the pixels
to be correlated.

The 4D PC-MRI acquisition performed in vivo and on
the physiologically realistic phantom confirm that it is pos-
sible to apply the k-r PCA method to explore blood flow
in millimetric vessels with acquisition times of 15 min at
maximum. Indeed, very good agreement was found between
flow waveform profiles measured with 2D (without use of k-¢
PCA acceleration factor) and in 4D (with a k-t PCA factor of
4) flow measurements. Spatial resolution of the sequences
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Table 2 Reference values

Artery CCA ICA ECA FA LA TSA
of mean flow rate and flow
amplitude measured using 2D mean flow rate (ml/min) 834+ 13 67.5+24 17+19 43+08 44+15 44+02
2D phase-contrast magnetic 4D mean flow rate (ml/min) 844+43 674+57 142+2 36418 3.9+27 38+18
resonance imaging (PC-MRI)
in the different branches of 4D mean flow error €., (%) 1.2 4.5 16.6 16.3 11.8 13
the subject-specific phantom 2D flow amplitude (ml/min) 882+25 592+12 28+25 11.1+1 122+22 129+1.6
(Fig. 2) 4D flow amplitude (ml/min) 82452 578445 265+1.1 105+2 121429 12.1+1.2
4D flow amplitude error &, (%) 7.1 23 55 6 1.2 59
Corresponding values for 4D compared with 2D measurements are indicated below each one (k- PCA
acceleration factor of 4)
ICA internal carotid artery, ECA external carotid artery, FA facial arteries
a
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Fig. 12 Comparison of flow profile in the a internal carotid artery, b external carotid artery, and c¢ facial artery measured using 2D and 4D

phase-contrast magnetic resonance imaging (PC-MRI)
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Fig. 13 Pearson’s correlation of the comparison of a time-average
flow rate (+* 0.99) and b peak flow rate (r* 0.85) measured using 4D
and 2D phase-contrast magnetic resonance imaging (PC-MRI)

guarantees good accuracy for flow measurements in vessels
characterized by flow rates as small as 4 ml/min and diam-
eters as small as 2 mm. Still, in vivo measurements showed
smoothing of the flow curve due to data undersampling. This
smoothing effect was not visible on phantom data because
the pump provided a “perfect” signal, which did not fully
reflect the reality of blood flow.

In the in vitro measurements, a small difference in mean
flow rate was observed, especially for the smallest vessels.
This can be explained by the higher spatial and temporal

resolutions used in 2D than in 4D sequences. The differ-
ence can also be attributed to flow-rate value measured in
the smallest arteries (~ 5 ml/min): any little variation in
flow rate can produce a great percent error between meas-
urements. One must, however, keep in mind that only one
encoding velocity can be set in 4D PC-MRI measurements
and that it is necessary to select it depending on the maxi-
mum flow velocity present in the phantom (or vasculature)
to avoid aliasing artefacts. Encoding velocity may, then, not
be adapted to small branches (or vessels) and locally cause
a loss in signal.

Conclusion

In conclusion, we have proven, using an experimental
in vitro setup mimicking physiological pulsatile flow con-
ditions, the possibility of acquiring high-resolution MRI
velocity measurements in millimetric vessels. Two- and 4D
PC-MRI measurements were performed in vessels < 5 mm
with acquisitions time < 10 min per sequence. High preci-
sion and small duration times were guaranteed by using a dS
Microscopy coil and high k- PCA acceleration factor values.
The maximum possible values of the acceleration factor can
be used for 2D and of 4D PC-MRI acquisitions as long as
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measurements are in the same direction as blood flow in the
vessel of interest. No acceleration factor should, however, be
used for 4D acquisitions in the directions perpendicular to
blood flow, as it causes a decrease in flow curve amplitude.
After validating the 4D PC-MRI sequences on the in vitro
V-bifurcated phantom, acquisitions of the carotid bifurcation
were performed in a realistic model in which some branch
were only 2 mm in diameter. They proved that accurate
quantitative flow data could be obtained in complex mil-
limetric vasculatures with clinically acceptable acquisition
times (< 15 min) with voxel sizes of 0.25 x 0.25 mm? in 2D
and 0.65 x 0.65 mm? in 4D. In vivo results confirmed the
effect of k-t PCA acceleration factor for 4D acquisitions in
vasculatures composed of small vessels, such as the facial
artery. This finding opens the possibility of conducting a
complete biomechanical assessment during surgical plan-
ning, whatever the size of the vessel of interest, and to con-
sider geometric as well as hemodynamic information.
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