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Abstract

Exact knowledge of blood flow characteristics in the major cerebral vessels is of great relevance
for diagnosing cerebrovascular abnormalities. This involves the assessment of hemodynamically
critical areas as well as the derivation of biomechanical parameters such as wall shear stress and
pressure gradients. A time-resolved, 3D phase-contrast (PC) MRI method using parallel imaging
was implemented to measure blood flow in three dimensions at multiple instances over the cardiac
cycle. The 4D velocity data obtained from 14 healthy volunteers were used to investigate dynamic
blood flow with the use of multiplanar reformatting, 3D streamlines, and 4D particle tracing. In
addition, the effects of magnetic field strength, parallel imaging, and temporal resolution on the
data were investigated in a comparative evaluation at 1.5T and 3T using three different parallel
imaging reduction factors and three different temporal resolutions in eight of the 14 subjects.
Studies were consistently performed faster at 3T than at 1.5T because of better parallel imaging
performance. A high temporal resolution (65 ms) was required to follow dynamic processes in the
intracranial vessels. The 4D flow measurements provided a high degree of vascular conspicuity.
Time-resolved streamline analysis provided features that have not been reported previously for the
intracranial vasculature.
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It is critically important to understand the blood flow patterns in the human brain because it
is the organ that uses the largest fraction of cardiac output, and it is highly sensitive to
changes in nutrient supply. Accurate knowledge of flow characteristics in the major
intracranial vessels is of great relevance for patients with cerebrovascular disease, since any
perturbation can be critical. In this context, several cerebrovascular diseases are interlinked
with abnormal flow to or within the neurocranium. In carotid artery disease, ruptured
plaques and high-grade stenoses can lead to the formation of thrombi leading to stroke. One
precursor for such thrombotic events is turbulent flow in areas secondary to caliber changes
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that cause platelet aggregation. Areas of slow blood flow within an aneurysm act as a locus
where blood can coagulate and form an embolus, or the aneurysm can rupture, causing
intracerebral hemorrhage due to increased pressure. The primary methods of diagnosis for
aneurysms are CT and MRI angiographic techniques. These techniques provide information
about the morphology of the aneurysm, but are unable to provide information about flow
patterns (1). Likewise, conventional MRI and time-of-flight (TOF) MR angiography (MRA)
lack sensitivity for diagnosing arterial dissections due to the diminished inflow effects.

Additional knowledge from quantitative blood flow measurements and 3D velocity
distributions would be useful for the evaluation of lumen patency and hemodynamic
properties. Given the technical difficulties and the lack of anatomical landmarks that limit
other techniques, the ability to noninvasively obtain complete 3D flow information from the
vessels of the brain and neck would be of great value for elucidating normal physiologic
conditions and disease.

Currently, the most commonly used method for assessing intracranial blood flow is
transcranial Doppler (TCD) ultrasound. It has been used, for example, to assess risk for
future stroke in patients with sickle cell disease (2,3) and to stratify patients that have
experienced a transient ischemic attack (TTA), based on the presence of microthrombi (4).
Meairs and Hennerici (5) showed that increased plaque movement (presumably related to
adjacent turbulence) as measured by 4D ultrasound is correlated with increased risk for
ischemic stroke. However, TCD ultrasound only picks up the velocity component
perpendicular to the ultrasound probe head, and flow cannot be monitored in all directions
simultaneously. Moreover, acoustic coupling is sometimes difficult to achieve, and spatial
localization with respect to the surrounding brain structure is generally inadequate (6).

Today although many techniques are used to describe blood flow, MRI is the only tool
available for true 3D analysis of complex flow (7). Techniques such as contrast-enhanced
CT angiography describe vessel anatomy and patency, but do not give insight into flow
patterns. The inherent sensitivity of MRI to blood flow has been utilized for angiographic
purposes and flow measurements (8—11). Specifically, phase-contrast (PC) MRI allows one
to measure blood flow by exploiting motion-induced phase shifts using dedicated motion-
sensitive gradients. 2D and 3D measurements have been performed using both cardiac-
triggered and time-averaged approaches (12,13).

In this study we set out to implement and test a time-resolved, high-resolution 3D PC-MRI
technique that allows one to acquire all three principal components of blood flow
information from the major intracranial arteries at multiple instances over the cardiac cycle.
To lower the acquisition time, we capitalized on recent improvements in gradient and
receiver-coil hardware in conjunction with parallel imaging methods, and were able to
obtain high-resolution time-resolved 3D PC-MRI scans without administering contrast
material. A major focus of this study was to perform comparative evaluations at 1.5T and
3.0T to assess the effect of field strength, parallel imaging acceleration, and temporal
resolution on the veracity of flow data.
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MATERIALS AND METHODS

Time-Resolved 3D PC-MRI Pulse Sequence

A time-resolved 3D PC-MRI pulse sequence (Fig. 1) was implemented on two whole-body
MRI units operating at 1.5T (Signa LX CNV, 12.0) and 3.0T (Signa LX CNV, 12.0)
magnetic field strength (GE Healthcare, Milwaukee, WI, USA). Both systems were
equipped with high-performance gradient systems (maximum gradient strength = 50 mT/m
@ 1.5T, 40mT/m @ 3.0T; maximum gradient slew rate = 150 mTs/m each). For MR signal
reception a dedicated eight-channel head array coil (MRI Devices, Waukesha, WI, USA)
was used on both systems. Peripheral gating information was recorded by a finger-pulse
oximeter.

In the sequence depicted in Fig. 1, data are acquired continuously throughout the
examination in units of four TRs (i.e., the flow-encoding unit). Flow sensitivity in three
directions is achieved by playing out a different motion-sensitive gradient configuration
within each of these four TRs (8,14). As in conventional cine imaging, the in-plane phase
encoding is constant during each heartbeat, while the section-direction phase encoding is
incremented after each flow-encoding unit. After a predetermined number, Ny, of units has
been acquired for each cardiac phase, the section-direction phase-encoding loop is repeated
with another Ny encoding steps and so forth until the total number of section-encoding
phase encodes is acquired. After that, the next in-plane phase-encoding step (1 ... Ngy) is
played out and the whole encoding procedure is repeated. In this fashion the true temporal
resolution of the data is given as N, x 4 x TR. Hence, if the total number of section-
encoding phase encodes is denoted as Ny, and the total number of in-plane phase encodes is
Nky then the overall scan time is Tgean = Niy X (Nkz/Ny) X Teca, where Tgcg is the R-R
time interval. This configuration provides the ability to trade off increased temporal
resolution for longer scan times.

Identical scanning parameters were used for both scanners, as follows: FOV = 180 x 180
mm, 90% fractional phase FOV, acquisition matrix = 300 x 180 x 30, frequency-encoding
direction = anterior—posterior, TR/TE = 5.46 ms/2.12 ms, a = 15°, NEX = 1, and receiver
bandwidth = +65 kHz. The data were zero-filled to a reconstruction matrix of 512 x 512 x
60, resulting in an effective spatial resolution of (0.6 x 1.0 x 1.6) mm? and an interpolated
spatial resolution of (0.35 x 0.35 x 0.8) mm?. Due to initial experience of muscle twitching
in the first subject, the gradient slew rate was derated from 150 to 120 mTs/m for the
remainder of the study. For flow encoding, a venc = 100 cm/s was chosen along each of the
principal axes. Three section-direction phase-encode steps (Nyy) per cardiac phase were
selected to produce a high intrinsic temporal resolution of 65.5 ms. Of course, the overall
scan time of the sequence is heart rate (HR) dependent and decreases with increasing HR. In
particular, for an HR of 70 bpm, a total of 1620 heartbeats (Ngg) were required, leading to
an overall acquisition time of 23.1 min.

Parallel imaging (specifically, generalized autocalibrating partially parallel acquisitions
(GRAPPA) (15)) along the in-plane phase-encode direction was used to reduce this time to
clinically acceptable periods. A variant of the original GRAPPA reconstruction algorithm
was implemented (16-18) that uses a 3D GRAPPA-kernel (Mg X Mgy X Mojis) instead of
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the 2D kernel proposed initially (Mgy X Mcois) (15). In general, GRAPPA can be separated
into a training phase in which k-space weights are derived, and a synthesis phase in which
these weights are applied to the acquired data in order to synthesize the missing data. From
the fully sampled k-space segments weights can determined that can be used to populate a
3D weighting matrix (training phase), where My and My are the GRAPPA convolution
kernel size in the frequency- and phase-encoding directions, respectively, and M ;s is the
number of receiver coils. For each missing point in k-space this kernel can be convolved
with the acquired k-space data to synthesize the missing sampling point in k-space on a per-
coil basis (synthesis phase) (16—18). For this study the GRAPPA weights were estimated
from 24 central autocalibration lines and a kernel size of My X Mgy X Mcojis =5 X 4 X 8. To
improve the signal-to-noise ratio (SNR), the autocalibration lines were averaged in the
complex domain with the synthesized data. Due to the inclusion of these 24 autocalibration
lines, the effective scan acceleration factors were 1.57 and 2.15 for outer reduction factors
(ORFs) ranging between 2 and 3, respectively. With the use of GRAPPA at 70 bpm, the
overall scan time was reduced to 13.3 min (Ngg = 930) and 10.0 min (Ngg = 700) for ORFs
of 2 and 3, respectively. The net acceleration would equal the prescribed ORF if the
GRAPPA weights were determined from a separate acquisition. We did not do that in this
study, to avoid calibration errors due to motion during the course of the 3D PC-MRI scan.
We preferred GRAPPA over SENSE because we found that GRAPPA performs better with
regard to residual aliasing, particularly when the object is larger than the prescribed FOV
(19,20).

After the acquisition was completed, the data were reconstructed at 20 N, time points
evenly spaced over the R-R interval using the aforementioned GRAPPA reconstruction. At
each time point and for each in-plane phase-encode value, linear interpolation was used to
generate data for each of the section and flow-encode values. After image reconstruction and
before the velocity information was computed, the image data were corrected for Maxwell
phase effects (21), encoding errors due to the gradient field distortions (22), and effects from
eddy currents (23). The time-resolved 3D PC-MRI method in combination with the
aforementioned postprocessing steps was previously tested extensively by Markl et al. (7),
who demonstrated accurate results for known flow conditions.

Visualization of Flow Components

The 4D PC-MRI method used in this study provides a 3D velocity vector field for each
reconstructed cardiac phase. From these vector fields streamlines can be generated by
numeric integration methods, such as the Euler or Runge-Kutta algorithm (24), which have
been shown to produce an accurate visualization of the instantaneous velocity field (25-27).
The streamline generation process is generally identical to methods used extensively in
diffusion tensor imaging (DTI)-based fiber tractography (28). However, in contrast to DTI,
time-resolved 3D PC-MRI provides complete 3D vector information for a number of time
instances and allows the computation of streamlines for each cardiac phase and particle
traces (29).

Corrected velocity data were written to an EnSight data format and imported into EnSight
version 8.0.7(g) (CEI, Inc., Apex, NC, USA) or a VTK-library-based software developed in-
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house (smartTRACK; software available upon request). Both programs facilitate analysis
and visualization of complex 3D and 4D vector fields in combination with structural MRI.
Both software packages provide a variety of complementary data manipulation tools,
including 2D velocity vector fields mapped onto selected planes of interest, 3D streamlines,
and 4D particle traces.

To calculate velocity profiles, 2D cross-sectional planes were placed perpendicular to flow
through the basilar artery (BA), the left and right internal carotid arteries (ICAs) just
proximal to the carotid canal, the A1 segment of the anterior cerebral artery (ACA), the M1
segment of the middle cerebral artery (MCA), and the P1 segment of the posterior cerebral
artery (PCA). 3D velocity and signal magnitude data were stored and exported from the
software tool for these planes for 20 phases of the cardiac cycle, which were then further
analyzed and quantified with a proprietary software program (Aspire2, Stanford University).
Signal magnitude data were used to manually draw regions of interest (ROIs) within the
borders of the vessels in each of the planes for all phases of the cardiac cycle. The maximum
velocity and minimum velocity were assumed to represent systolic (Vsys) and end-diastolic
(Veq) velocity, and served to compute the pulsatility index (PI = (Vgys — Ved)/Vinean) and the
resistance index (RI = (Vgys — Veq)/Vsys, Where Vipeqn is the mean velocity over the R-R
interval).

Human Subjects

A total of nine healthy male subjects (mean age = 30.8 years, age range = 24 — 43 years) and
five female subjects (mean age = 30.4 years, age range = 25-36 years) without any known
history of neurological symptoms or vascular abnormalities were enrolled in this study. The
first six subjects enrolled in this study were scanned at 1.5T with the time-resolved 3D PC-
MRI sequence with ORF =1 and either ORF =2 or ORF = 3. Two of these subjects were
scanned additionally at 3T with ORF = 1 and ORF = 3. Thereafter, eight subjects were
scanned at 1.5T and 3T with ORF = 1 and AT = 65 ms for comparative evaluations. The
order of 1.5T or 3.0T scanning was randomized. After scanning was completed on one
magnet, the procedure was repeated immediately afterwards on the other field strength to
avoid biases. With one exception, all volunteers were instructed to avoid drinking
caffeinated drinks or performing physical exercise prior to scanning so that a comparable
resting-state HR and cardiac output could be maintained during both scans.

All procedures were approved by the institutional review board of our institution, and
informed consent was obtained from all subjects after the nature of the study had been
explained to them and was fully understood.

Assessing the Influence of Main Magnetic Field Strength, Parallel Imaging, and Temporal

Resolution

Despite recent improvements in scanner hardware and software, the acquisition of 4D flow
data still adds considerable time to a clinical MRI exam. Both parallel imaging and
decreasing the temporal resolution can help to reduce the overall acquisition time
significantly. Moreover, migrating to a higher magnetic field strength can provide increased
baseline SNR to improve the quality of flow measurements. However, it is not yet clear how
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both temporal resolution and parallel imaging affects the quality of the velocity
measurements. To investigate the influence of parallel imaging and temporal resolution, as
well as magnetic field strength, we acquired time-resolved 3D PC-MRI flow data at both
1.5T and 3.0T in the same subjects, with no more than 1 hr between the start of each
sequence on both magnets. Identical scan parameters and geometric prescriptions were used
for both scanners. The k-spaces of the full 1.5T and 3.0T data sets were then subsampled
along the in-plane phase-encoding direction and reconstructed to resemble an ORF = 2 and
ORF = 3 GRAPPA acquisition. Similarly, the full 1.5T and 3.0T data sets were subsampled
by omitting one-half or two halves of the N section-direction phase encodes during
reconstruction and then interpolated to the targeted temporal resolution. The mean signal
values obtained by ROI measurements (MR Vision, Menlo Park, CA, USA) were used to
extract velocity data from the left and right ICAs and the BA. The baseline SNR (corrected
for nonzero mean MR magnitude data) of 0.655 x (Mro1/ogg) (30) in the ICAs and BAs
was obtained from the fully sampled 1.5T and 3.0T data sets (Mo is the mean intensity
value within the ROI, and ogg is the standard deviation (SD) in the background). Since the
noise level in parallel imaging varies locally, the aforementioned expression cannot be
applied to GRAPPA data. Therefore, we determined the SNR from multiple acquisitions
(31) using the expression

~ mean(SUM|g,)

SNR = - -,
|[{OI VﬁStd(DIFLmIJ

in which SUM|gy is the sum of two identical acquisitions that supposedly differ only by
their noise figure, and DIF|goy is the corresponding difference image between these two
images. To minimize the effect of noise correlation due to time interpolation, the two
reference images were chosen to be at least three cardiac phases apart, and were measured in
the end-diastolic phase to minimize the influence of pulsatile motion. ROI measurements
were obtained in the distal aspects of the left and right superior cerebellar peduncles and the
pons remote from any major vessel to avoid perturbation from flow signal.

Statistical Analysis

Because of the within-subject correlation present in the measurements, a population-
averaged generalized estimating equations (PA-GEE) model with an exchangeable
correlation structure was used to analyze the data. To further reduce the within-subject
correlation, the dependent variable used was the difference between the processed mean
flow measurements and the unprocessed ones, since the former were derived from the latter
within a given subject. Separate analyses were done on GRAPPA treatments and time-
resolution treatments, since the design was not a factorial one.

RESULTS

The components of intracranial blood flow were measured in nine healthy male and five
female volunteers using 3D PC-MRI at multiple time points over the cardiac cycle. All scans
were diagnostic and of high image quality. The 3D acquisition provided high baseline SNR
and sufficient spatial resolution, and allowed the successful visualization of the ICA, PCA,
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MCA, ACA, and BA. Subject motion was not noticeable in any of the cases. However,
noticeable anterior—posterior movement of the BA was found during the systolic phase.

The increased SNR of 3D data provides better absolute flow quantification and diminishes
blood-flow orientation uncertainty. Quantitative flow values measured from the 3D PC-MRI
over the entire cardiac cycle in all 14 subjects at 1.5T (Table 1) were lower than Doppler
flow measurements (Table 2).

Compared to 2D methods the 3D PC-MRI method provides a continuous data set without
“Venetian blind” effects or obvious misregistration artifacts that produce bothersome stair-
step artifacts in 2D imaging. The continuity of data between slices is particular relevant for
the computation of streamlines or particle traces. Certainly, this technique is also subject to
acceleration and displacement effects that constitute a fundamental issue for PC-MRI (12).
The Visualization ToolKit (VTK) environment used in smartTRACK allowed for 3D
renderings of axial, coronal, and sagittal slices, and streamlines and particle traces.
SmartTRACK provides a necessary user interface to interactively change the view angle and
scan planes, and to perform ROI analyses.

Figure 2 shows streamlines (data acquired at 3T) emanating from proximal seed regions
within the ICA as they traverse through the carotid canal toward the carotid siphon. Due to
inertia, the blood flow in these tortuous vessels follows preferentially along the larger radii.
This effect results in a cross-sectional flow profile that differs from the classic parabolic
profile of laminar flow. In addition, all subjects demonstrated a clear helical flow pattern
along their ICAs (Fig. 2, curved arrow). In Fig. 2 streamlines are shown at four different
cardiac phases as they traverse through the right ICA and into the ICA/MCA/ACA
bifurcation. This helical pattern was previously described for other vessels (32). The color-
coded streamlines in Fig. 2 demonstrate how the tailing edge of the pulse wave traverses
through these vessel segments toward more distal branches, and how the blood velocity is
increased around the ICA/MCA/ACA bifurcation due to the narrowing of the vessel
calibers.

Because of the excellent spatial resolution even smaller vessels, such as the superior
cerebellar artery (SCA), can be shown. Figure 3 shows the flow pattern (data acquired at 3T)
in the BA and the left and right PCAs together with both branches of the SCA. By tracking
the velocity vector field backwards in time and assigning different colors to the different
source vessels, one can generate streamlines that show how the BA supplies blood to these
particular branches. Similarly to the ICA, the blood flow within the BA demonstrates a
helical pattern as blood moves distally. Interestingly, the right SCA blood flow branches off
the BA at a much more acute angle than the left side. This finding is confirmed by results
from numerical simulations of blood flow in the vertebrobasilar system by Karino et al. (33)
(see Fig. 12 in Ref. 33) and by the observation of a similar pattern in these vessels by
Buonocore (27) in time-averaged data.

Figure 4 shows the image quality of the 4D flow data at 3T through an incidental finding: in
one volunteer, a type 15 variation of the ACAs and the anterior communicating artery
(AcomA), according to the De Almeida classification (34), was found. In this particular
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variant the left A1 segment of the ACA has a smaller caliber than the corresponding
contralateral vessel. A streamline visualization of the A1/A2 segments of both ACAs and
the AcomA reveals reduced velocities in the Al segment of the left ACA, and suggests that
the left A2 segment is predominantly fed through the right ACA via the AcomA. During the
diastolic phase significant blood flow only occurs through the right A2 segment, whereas
apparently the increased perfusion pressure in the systolic phase allows blood flowing
through both the AcomA and the left A1 segment to supply the left A2 segment.

Figure 5 shows a side-by-side comparison of 4D flow data using different ORFs for 1.5T
and 3.0T, and provides insight into how image quality might be affected by different levels
of GRAPPA accelerations. The increased baseline SNR is clearly apparent for the 3.0T data.
It is also evident that at 1.5T the magnitude and velocity maps start to deteriorate when
moving from twofold to threefold acceleration. Especially with ORF = 3, a significant SNR
loss can be noticed in the mid-sagittal line (e.g., through the pons) due to the spatially
varying SNR. The vessel baseline SNRs for 1.5T ranged from 21 to 25 for the ICAs, and
from 27 to 30 for the BA. At 3T the corresponding SNR values ranged from 45 to 48 for the
ICAs and 43 to 56 for the BA. These measurements roughly represent the expected twofold
SNR gain when moving from 1.5T to 3.0T. Depending on the location, the SNR at 1.5T
drops to 65-68% and 24-39% of its original value for ORF = 2 and ORF = 3, respectively,
whereas at 3.0T the SNR drops only insignificantly to 91-98% and 81-89% of its original
value for ORF = 2 and ORF = 3, respectively.

Figure 6 demonstrates flow curves obtained in the left ICAs and BAs of five volunteers who
were scanned head-to-head at both 1.5T and 3.0T. In addition the residual between the 1.5T
and 3T flow measurements are shown. It is clearly evident that there is a significant
difference in absolute flow values between subjects. However, the intra-subject differences
in blood flow values at 1.5T and 3T are relatively small. In these five subjects the average
velocity residual over all cardiac cycles between 3T and 1.5T were 8.2 + 22.7 mm/s for the
left ICAs, and 8.5 + 22.0 mm/s for the BAs.

In Fig. 7 the effect of parallel imaging-based scan acceleration on flow data is reflected by
measured velocity time courses in three subjects for the BA at 1.5T and 3.0T using different
ORFs. The overall course of blood velocities can be seen at both field strengths and with all
reduction factors. Only insignificant deviations are seen at 3.0T between the waveforms
obtained with different reduction factors. However at 1.5T, the flow velocity measurements
start to degrade with ORF = 2 and clearly worsen with ORF = 3 (Table 3). In Table 3 this is
best revealed by the root-mean-square error (RMSE) over the time course of the ORF = 1
and ORF = 2 waveforms or the ORF = 1 and ORF = 3 waveforms. At 1.5T and with ORF =
3 in all subjects blood velocity and flow through the BA was underestimated throughout the
entire cardiac cycle, and individual time points demonstrated greater fluctuations than with
ORF =1 and 2. With ORF = 2 a slight increase in fluctuations were seen as well, but no
marked overall underestimation of flow was apparent. At 3T ORF = 1 and ORF =2
measurements were practically identical, and the ORF = 3 scans had perturbations
comparable to those at 1.5T with ORF between 1 and 2. Similar trends were observed for all
other intracranial vessels (Table 3).
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Figure 8 demonstrates similar measurements in the same vessels for scans with reduced
temporal resolutions (i.e., X1, X2, and x3). Other than a generally lower baseline fluctuation
of the velocity time course, there is no apparent difference between the curves sampled at
1.5T and 3.0T. However, significant differences in the measured velocity waveforms are
clearly apparent when the temporal resolution drops from 65 ms to 131 ms, and further to
197 ms. The reduced temporal resolution causes a low-pass filtering of the time course that
in turn leads to an underestimation of the peak velocity and an apparent broadening of the
systolic phase (Table 4). Again, the RMSE clearly demonstrates the difference between the
curves and shows that the net RMSE error is larger for temporal undersampling than for
GRAPPA. Moreover, as a net effect of the temporal undersampling, the dicrotic notch,
which results from the closing of the aortic valve, could only be visualized using the highest
temporal resolution.

The aforementioned observations are also reflected by the statistical analyses performed. To
assess the effect of GRAPPA changes, the difference in measured flow was regressed on
field strength (1.5 and 3T), GRAPPA ORF level (1, 2, and 3), artery (left and right ICAs
compared to BA), and time point in the cardiac cycle. Flow measurements were significantly
lower in the left and right ICAs compared to the BA (P <.001). There was an overall effect
of GRAPPA OREF level (P < .001), with higher ORF levels having lower flow
measurements. There was an overall effect of field strength (P < .001), with 3T flow
measurements being higher than 1.5T measurements, but with less fluctuation. The
difference in magnitude between 1.5T and 3T measurements can be attributed to the fact that
two separate scans were used to generate these data, whereas the rest of the experiments
were obtained from a sub-sampled set of the original data. The reduced fluctuation can be
attributed to the improved SNR afforded by higher field strength. To assess the effect of
temporal resolution, the difference in measured flow was regressed on field strength (1.5 and
3T), time-resolution (0%, 33%, and 50% interpolation), artery (left and right ICAs compared
to BA), and time point in the cardiac cycle. Flow measurements were again significantly
lower in the left and right ICAs compared to the BA (P <.006). There was no significant
overall effect of temporal resolution, but there was an interaction between temporal
resolution and point in the cardiac cycle, as lower temporal resolution gave significantly
different flow values at points of rapid change (points 16, 17, 18, and 19; P <.001, .001, .05,
and .001, respectively). There was a significant effect of field strength (P < .001), with 3T
measurements again being higher than 1.5T, but with less fluctuation.

DISCUSSION

Exact knowledge of spatiotemporal flow properties within the vessels in the neurocranium is
of great relevance for certain cerebrovascular diseases. In addition to information about
complex or turbulent flow trajectories distal from stenoses, biomechanical measures of the
velocity field adjacent to vessel walls can provide important clues about the condition of
plaques and the likelihood of potential aneurysm development. Specifically, altered vascular
wall shear stress, a dynamic frictional force induced by a viscous fluid, can lead to
deleterious effects on the vessel endothelium with potential risk for development and rupture
of aneurysms. In patients with existent aneurysms, flow information can provide information
about slow-flow zones that are susceptible to the formation of emboli. Also, exact
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knowledge of flow properties in patients with chronic hypoperfusion, such as Moya-Moya
disease or high-grade stenoses, is important for treatment. Likewise, in ICA dissections,
spatiotemporal flow information can provide important diagnostic and therapeutic
information. Specifically, it may help to differentiate between true and false lumen. In this
context, one may be able to access relevant diagnostic information only by assessing the
flow data dynamically during the cardiac cycle.

PC-MRI methods (11), specifically 2D PC-MRI techniques, have been used for in vivo
measurement of intracranial blood flow for some time (35). Ungated PC-MRI can be used in
vessels with very little pulsatility, such as veins. However, arteries demonstrate significant
velocity changes throughout the cardiac cycle, which led to the introduction of time-resolved
2D PC-MRI methods (12). To save time, often only one-directional flow encoding
perpendicular to the cross-section of the vessel was used in previous studies (26). However,
it was soon recognized that to achieve a thorough description of intravascular flow in
tortuous vessels and display the corresponding streamlines, one must have knowledge of the
flow components along all three dimensions. Initially, streamline visualization was used
with nongated 3D PC-MRAs of the ICA (25). The method was subsequently improved by
Buonocore (26), who later (27) described streamline visualization for time-resolved three-
directional data sets in continuous 2D sections. Although compelling results were obtained,
it was soon realized that 2D methods, even if flow along all three principal directions is
encoded, have limitations. First, 3D data sets provide thinner sections without “stair-step”
artifacts that are otherwise induced by misregistration and poor slice profiles. Second, with
3D scanning the flow data can be reformatted at arbitrary orientations, which allows for
better vessel inspection. Third, volumetric acquisitions provide continuous vector fields for
more robust and reliable streamline tracking even along the through-plane dimension.
However, to study the dynamics of motion or flow during the cardiac cycle and obtain data
for physically more meaningful particle traces, a complete series of 3D data sets is required
with full three-directional flow encoding acquired at different cardiac phases. The great
utility of such 4D methods with retrospective gating has been demonstrated by Wigstrom et
al. (36) and other groups (7,32,37).

The 4D flow study presented herein builds upon earlier cine 3D PC work in the abdomen by
Markl et al. (7,32), and capitalizes on improved scanner hardware and novel image
reconstruction methods. The current implementation provided an exact delineation of
intracranial vessels and reliable flow measurements across clinically relevant vascular
regions without the administration of contrast agents. The method clearly benefited from a
high intravascular baseline SNR, which could be increased even further with the use of
contrast material. The major limitation in the clinical utility of the sequence as proposed in
Ref. 7 is a prohibitively long scan time. However, the use of parallel imaging produces
significant scan time reductions. In particular, the scan time could be reduced by more than
half by means of parallel imaging. Higher acceleration factors along one phase-encode
dimension at 1.5T are limited by excessive noise enhancement. At 3T, parallel imaging
performed very well up to ORF = 3 without any significant noise enhancement or deviations
in the accuracy of the flow measurements. Our data support previous findings that noise
enhancement with increasing reduction factors progresses much more strongly at 1.5T than
at 3.0T (38). Although noise behavior depends on certain parameters characterized best by
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the geometry factor (39), further improvements in image quality at identical acceleration
factors can be anticipated if parallel imaging is applied along both phase-encode dimensions.
At 3.0T the parallel imaging reduction in the in-plane phase-encode direction could be
increased further before any significant deterioration becomes apparent.

To assess the impact of GRAPPA and different temporal resolutions on velocity
measurements, was used subsampling of fully resolved scans in both the ky and time
domains rather than repetitive scanning with different GRAPPA acceleration factors or
temporal resolutions. In this fashion, one can avoid potential confounders, such as motion or
inevitable flow changes during repetitive scanning. In addition, this guarantees that ROIs
can be duplicated exactly between the sets of matched scans. Except for an increased
likelihood of motion during the course of a prolonged scan time, there is no reason to
believe that GRAPPA reconstructions from a truly accelerated scan or a fully resolved scan
that was subsampled in retrospect should be any different.

The finding that quantitative flow values measured from the 3D PC-MRI (Table 1) were
lower than Doppler flow measurements (Table 2) is not unexpected. For example, 30 — 40%
lower peak velocities of MR measurements over TCD were reported by Enzmann et al. (12).
The determining factors include 1) averaging over parabolic or even more complex flow
profiles due to ROI analysis, which leads to underestimated MR flow relative to TCD,
which employs a smaller interrogation volume; 2) averaging of hundreds of R-R intervals
relative to a shorter, noisier observation period in TCD (i.e., noise bias); and 3) the more
limited temporal resolution of PC-MRI, which results in increased temporal averaging.
Further, although for TCD the volume of interrogation is not known, it is most likely smaller
than that used for MRI and is therefore more sensitive to higher velocities, which leads to an
increase in measured velocity.

The intrinsic temporal resolution is another factor that determines the overall acquisition
time. The higher the temporal resolution the longer the scan lasts, and therefore one might
be tempted to trade temporal resolution to shorten scan time. It is somewhat obvious that
with decreasing temporal resolution, important dynamic information indicative of certain
pathology might be lost. For example, low-pass filtering could also cause certain descriptive
parameters, such as the RI, to be estimated incorrectly. This investigation demonstrated that
certain transient effects, such as the dicrotic notch, could only be resolved at the highest
temporal resolution (i.e., 65 ms).

In this study we were able to obtain a time-resolved 3D velocity vector field that provided
both high in-plane and through-plane resolution and set the foundation for reliable
streamline visualization. High resolution and sufficient SNR facilitated streamline
visualization even in very small vessels, such as the AcomA and SCA, and helped to
demonstrate detailed streamline characteristics, such as helical flow pattern and the source
for asymmetric, non-parabolic flow profiles in the ICA and BA. The amount of data
produced per 4D flow study was substantial, and a further increase in resolution was limited
by the memory address space (i.e., 2.15 GB) used by the scanners. However, such high
resolution is necessary because of the small size of the intracranial vessels compared to the
relatively large FOV that is required to cover all vessel segments. Diminished spatial
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resolution and associated increased partial volume averaging could otherwise lead to a
significant underestimation of blood velocity (10) and to significant dephasing artifacts with
noticeable amplitude and SNR loss due to substantial velocity gradients over the enlarged
voxel. A further limitation of this study is that due to the fixed velocity encoding value, the
full dynamic range of flow encoding could not be fully utilized. This somewhat limits the
sensitivity of this technique in the presence of regionally diminished velocities or for end-
diastolic measurements in general. Certainly, adaptive flow-encoding gradients that adjust to
optimal encoding during the R-R interval would be desirable; however, such gradients have
not yet been implemented.

CONCLUSIONS

The utility of a time-resolved 3D PC-MRI technique for measuring and visualizing blood
flow in major intracranial vessels has been demonstrated. Comparative evaluations were
performed to assess the effect of magnetic field strength, parallel imaging, and temporal
resolution on this sequence. From our experiments it is evident that time-resolved 3D PC-
MRI clearly benefits from the SNR advantage at 3T. Based on the results from this study, it
is also safe to generalize that parallel imaging can be performed at higher acceleration
factors than at 1.5T. Specifically, the increased SNR in combination with the better receive-
B, characteristics at 3T afforded threefold ORFs at 3T without any significant flow errors,
whereas at 1.5T the accuracy of flow measurements using such high acceleration factors was
consistently impaired. Therefore, at this field strength, ORFs should not exceed twofold
acceleration factors. It is important to note that this choice of acceleration factors is based on
a particular set of scan parameters and several other factors, such as the FOV, type of array
coil, slab orientation, and parallel imaging along only one phase-encode direction. The
optimum choice might be different if one or more of these parameters is altered. Clearly,
shortening the overall scan time by cutting down on temporal resolution is not an option if
one is interested in resolving transient effects. For example, the dicrotic notch could only be
seen at a temporal resolution of 65 ms.

The software packages used in this effort provided interactive cross-sectional and 3D
perspective visualization of the streamlines, with quantification and statistical analysis of
velocity. Normal flow patterns in the BA ICA, ACA, MCA, and PCA were investigated.
The program revealed flow patterns in these regions with features that are well known from
Doppler ultrasound, and other features that have not been reported previously. The
association between specific abnormal flow patterns and development of atherosclerosis
suggests that particle paths can be used to assess risk of plaque formation and progression,
as well as to evaluate flow dynamics and vascular patency before and after vascular
interventions.
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FIG. 1.
Schematics of 4D flow pulse sequence with retrospective gating. The four flow-encoding

schemes (FE1...FE4) represent the innermost loop structure (i.e., the flow-encoding unit
(shaded bars and insert)) and determine the minimum possible temporal resolution (i.e., 4 X
TR). After the four flow-encoded echoes are acquired, the phase-encode gradient along the
slice dimension is altered and the acquisition of another flow-encoding quadruple is
performed. In this example, four (Ny) different phase-encode steps (K,1, ..., K,4), are played
along the slice dimension, leading to an intrinsic temporal resolution of AT = Ny x 4 x TR.
This set of Ny phase- and flow-encode steps is repeated over the entire R-R interval. The
acquisition of other section-direction phase encodes (e.g., K;s, ..., K,g) is analogous to this
scheme. After completion of all required section-direction phase-encode steps, Ny,, the
sequence changes the in-plane phase-encode gradient and the acquisition cycle starts all over
again. Depending on the instance when the cardiac trigger occurs, the acquired k-space data
will be assigned to different cardiac cycles.
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FIG. 2.
Streamline visualization of blood flow. Blood flow at four different cardiac phases is shown

through the carotid siphon (curved arrows) and cavernous segment (asterisk) of the right
ICA and through the bifurcation of the ICA into the MCA (arrows) and the ACA (open
arrow). Top row: systolic phase; bottom row: end-diastolic phase. Red and yellow
streamline colors reflect high velocities, and green and blue colors reflect slower velocities.
During the systolic phase, the tailing edge of the pulse wave can be very well appreciated as
it travels distally toward the MCA and ACA. Both proximal and distal to the ACA/MCA
bifurcation the velocity also remains increased in the end-diastolic phase due to the vessel
caliber reduction. In all phases the twisting of the streamlines can be appreciated. No

retrograde flow is apparent.
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FIG. 3.
Flow pattern in the BA and the following distal vessels. The streamlines running into the left

PCA and SCA are shown in yellow and red, respectively. The streamlines branching into the
right PCA and SCA are shown in green and blue, respectively. As in the ICA, the blood
flow within the BA demonstrates a helical pattern as it moves distally. Blood entering the
right cerebellar artery (blue) branches off at a more acute angle than that entering the left
cerebellar artery.
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FIG. 4.
Incidental finding of a type 15 variation (De Almeida classification) of the ACAs and

AcomA in one volunteer. The left A1 segment of the ACA has a smaller caliber than the
corresponding contralateral vessel. a: Streamline visualization of the A1/A2 segments of
both ACAs and the AcomA (arrow) reveals reduced velocities in the A1 segment of the left
ACA, and suggests that the left A2 segment (asterisk) is predominantly fed through the right
ACA via the AcomA. This can be much better appreciated by the color-coded streamlines
coming from the left side in blue and from the right side in red. b and ¢: Streamlines in the
end-diastolic phase obtained from two different view angles. While there is significant blood
flow through the right A2 segment (open arrow), only mild flow can be seen in the left A2
segment. The increased perfusion pressure in the systolic phase (d and €) allows blood
flowing through the AcomA and the left A1 to supply the left A2 segment.
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FIG.5.
a: Comparison of 4D flow imaging using different parallel imaging acceleration factors at

1.5T and 3T. From top to bottom 4D flow measurements are shown with GRAPPA ORFs of
1 (row 1), 2 (row 2), and 3 (row 3). The slice was placed at the level of the Circle of Willis
(COW). Parts of the MCAs (M1 segment, arrows) and PCAs (open arrows) can be seen. The
two leftmost columns were obtained at 1.5T and show the magnitude image (left) and
velocity image (right) for one particular instance within the cardiac cycle. High velocities
are encoded in red and yellow, and slow velocities are encoded in green and blue (see
legend). The two rightmost columns are corresponding slices from the same subject scanned
at 3T. The increased baseline SNR at 3T is clearly apparent. The 3T scans have a
substantially higher vessel contrast-to-noise ratio (CNR), which can be seen best on the
velocity images for ORF 1 and 2. For ORF = 3 the parallel imaging related noise
enhancement at 3T is comparable to that of ORF =2 at 1.5T. Both the magnitude image and
speed image for ORF = 3 at 1.5T demonstrate considerable noise enhancement. In this case
the magnitude drops so dramatically that the threshold procedure eliminates a large number
of pixel around the sella region, pons, vermis, and cerebellum. Nonzero mean background
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noise is apparent especially for all of the 1.5T velocity images and the 3T ORF =2 and 3
images, which is due to the magnitude operations on the phase data when velocity
components are computed. b: The slice shows both carotid siphons (asterisks) and the
cavernous segments of the ICAs (arrows). Further, the BA (open arrow) and a small
segment of the SCA (curved arrow) can be very well delineated across all three reduction
factors. In all images there is excellent vessel CNR for the ICAs. With increasing ORFs the
smaller vessels become less conspicuous. Similarly to the slice through the COW at 1.5T,
the magnitude and velocity maps start to deteriorate when moving from ORF = 2 to ORF =
3. Especially with ORF = 3 at 1.5T, a significant SNR loss can be noticed in the mid-sagittal
line (e.g., throughout the cerebellum). An increase in baseline noise in the cerebellar
peduncles at 3T with ORF = 3 is very well visualized in the velocity maps and can be
appreciated as a change from blue to a more greenish color in this particular region. Note
that this noise level is roughly comparable to the ORF = 1 scan at 1.5T. As in image a at
1.5T with ORF = 3, many pixels are eliminated by the thresholding procedure. C. A
magnified area of image a shows the left and right carotid canals, the BA, and the right
SCA. The two leftmost columns show the 1.5T data, while the two columns on the right
show the corresponding 3T data. From top to bottom: ORF = 1, ORF =2, and ORF = 3. The
tissue surrounding the vessels clearly reflects the expected SNR loss associated with
increasing ORF. However, the intravascular signal still remains significantly above the noise
floor, as can be seen very well in the velocity maps due to the high baseline signal of blood.

Magn Reson Med. Author manuscript; available in PMC 2014 April 14.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Bammer et al.

1.5T - Basilar artery

1.5T - Left ICA

£00.0 600.0
500.0
gmn

300.0

‘g 2000

1000

cardiac cyde

3.07 - Left ICA

00 0.0 |
12345678 310HI1ZI3MIS161718192C 12345678 91011121314151617181920
cardiac cycle
3.0T - Basilar artery
600.0 500.0
500.0
-
ENO
£
> 3000
£
%MO
s

g
4
g
g

00

e
=1

12345678 910M1121314151617181920 1 2345678390 RDHMBSBITIEBHN

cardiac cycle cardine cycle
Velocky Residuum (3.07-1.5T) - Baslar artery Velogty Residuum (3.0T-1.5T) - Left ICA
3000 300.0
0.0 2000
2 00 z
E
: m £
L1 ; e
=
3. ]
g -100.0 ? -
-200.0 -200.0
-300.0 -300.0
123456789 0N2BMISKETIIBNGND 12345678 01011121314151617181920
cardiac oyde cardiac cyde

FIG. 6.

Page 22

Comparison of blood velocity measurements in different subjects. Velocity measurements in
the BA (left) and left ICA (right) performed at 1.5T (top row) and 3T (middle row) are
shown for five subjects. For each subject the same color was used for all plots. The velocity

difference between 3T and 1.5T measurements is shown at the bottom row. The average

difference in velocity measured over the entire cardiac cycle was approximately 8.5 + 22.5

mm/s. From these waveforms it can be very well appreciated that the intersubject variation

of velocity measurements is significantly higher than the intrasubject differences between

1.5T and 3T. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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Page 23

Effect of parallel imaging acceleration on the measurement of velocities in the BA over the
cardiac cycle observed in three volunteers at 1.5T and 3T. Each row shows the time course
of velocity changes over the cardiac cycle in a different subject imaged at 1.5T (left) and 3T

(right). Note that there are only small differences between the time course of ORF = 1 (bold

black), ORF =2 (bold gray), and ORF = 3 (thin gray) data at 3T. Somewhat more
considerable deviations can be seen at 1.5T for ORF = 2. These deviations become

substantial for ORF = 3 data. In the presence of such significant fluctuations, fine details in

which the cardiac trigger is derived) than to the brain.

Magn Reson Med. Author manuscript; available in PMC 2014 April 14.

the time course, such as the dicrotic notch (arrow), which is associated with the end-systolic
closure of the aortic valve, are clearly missed. Note that the time course does not start at
peak velocity because the pulse wave requires longer time to propagate to the fingers (from
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FIG. 8.

Effect of temporal resolution on the measurement of velocities over the cardiac cycle. The

time course of velocity changes over the cardiac cycle is plotted for 1.5T (left) and 3T

(right) in the same volunteer. The top row shows the time course for the BA, and the bottom

row shows the time course for the right ICA. The fully sampled data sets (bold black) are

subsampled by a factor of 2 (bold gray) or 3 (thin black) and interpolated to match the

temporal resolution of the fully sampled scans. While there is little deviation between the

fully sampled and subsampled data for slow signal changes, the lack of temporal resolution

makes it difficult to follow rapid changes in velocity, leads to a significant degradation of

the velocity time course, and directly affects related parameters, such as the PI and RI. The

reduced temporal resolution also makes it difficult to detect the dicrotic notch (arrow).
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