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Abstract

Phase contrast magnetic resonance imaging (PC-MRI) is subject to numerous sources of error,
which decrease clinical confidence in the reported measures. This work outlines how stationary
perivascular fat can impart a significant chemical shift induced PC-MRI measurement error using
computational simulations, /n vitro, and /n vivo experiments. This chemical shift error does not
subtract in phase difference processing, but can be minimized with proper parameter selection.
The chemical shift induced phase errors largely depend on both the receiver bandwidth (BW) and
the TE. Both theory and an /n vivo comparison of the maximum difference in net forward flow
between vessels with and without perivascular fat indicated that the effects of chemically shifted
perivascular fat are minimized by the use of high BW (814 Hz/px) and an in-phase TE (HBW-
TEN)- In healthy volunteers (N=10) HBW-TE,y significantly improves intrapatient net forward
flow agreement compared to low BW (401 Hz/px) and a mid-phase TE as indicated by
significantly decreased measurement biases and limits of agreement for the ascending aorta
(1.8+0.5 mL vs. 6.4+2.8 mL, P=0.01), main pulmonary artery (2.0+0.9 mL vs. 11.9+5.8 mL,
P=0.04), the left pulmonary artery (1.3£0.9 mL vs. 5.4+2.5 mL, P=0.003), and all vessels (1.7+0.8
mL vs. 7.2+4.4 mL, P=0.001).
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INTRODUCTION

Phase contrast MRI (PC-MRI) is a noninvasive imaging technique that can be used to
measure the velocity of flowing blood in a particular blood vessel with flexible spatial and
temporal resolution (1,2). PC-MRI is considered the clinical “gold standard” for
quantification of blood flow (3,4) for patients with various cardiovascular diseases (5-7). In
particular, PC-MRI enables clinicians to measure peak velocity, mean velocity, flow rate,
total flow, and pressure gradients throughout the vasculature.

PC-MRI, however, is subject to numerous sources of error, which decrease clinical
confidence in the reported measures. These sources of error include eddy currents (8),
Maxwell terms (9), gradient field distortions (10), off-resonance (11), variations in intra-
thoracic pressure that arise during breath holding (12,13), non-optimized parameter
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selection, and chemical shift effects. There exist established correction methods for many of
these errors (8-10), but chemical shift effects and the concomitant methods to reduce these
errors in PC-MRI have not been thoroughly described. Gatehouse et al. describes a 5% error
in a stroke volume to be a limit of acceptability in PC-MRI flow measurements (8). Herein
we adopt this criterion and state that sources of error must contribute <5% flow
measurement error to be clinically insignificant.

Herein we outline the theoretical basis of chemical shift in PC-MRI, and then use
computational simulations, /n vitro, and /n vivo experiments to illustrate how perivascular
fat can chemically shift across the vessel wall into the lumen and impart a significant phase
measurement error. Importantly, we will show that the chemical shift effects in PC-MRI do
not subtract in phase difference processing, but these errors can be reduced to clinically
insignificant levels with a judicious choice of bandwidth (BW) and TE. As we will
demonstrate, the effects of chemical shift on quantitative PC-MRI measurements are
complex as they depend on the field strength, receiver bandwidth, echo time, and the
presence or absence of perivascular fat. This has important implications for quantitative,
longitudinal, multi-center trials, which require both quantitative imaging clinical endpoints
and high methodological reproducibility.

To test the theory, we hypothesized that chemical shift induced phase errors in PC-MRI
introduce significant flow measurement errors /n vivo. Therefore, the objectives of this
study were to: 1) analytically define and quantify the contribution of chemically shifted
perivascular fat to quantitative PC-MRI flow measurement errors; and 2) define the BW and
TE that reduces errors in PC-MRI net forward flow measurements in the aAo, PA and RPA
+LPA to clinically insignificant levels.

In PC-MRI, velocity encoded images can be formed from an interleaved set of acquisitions
using both flow compensated and flow encoded gradients (14). The complex MRI signals
(2) depend on the signal magnitude (M) from stationary fat (Mg, and flowing blood
(MBy004), the signal phase (¢) from stationary fat (¢ =5 and flowing blood of velocity, v,
(1), as well as off-resonance (¢ or):

Blood

Z= My, + M, e ] e¥or 1q)

Z,=|M

ood@ 7+ M &) | or i)

Eqg. [1] does not include the effects of eddy currents, Maxwell terms, or other phase errors.
From a pair of complex flow images, Z¢ (flow compensated) and Z¢ (flow encoded), the
measured phase difference (6) is given by Eq. [2] (15-18).

V4 ,
6=arg(Z.) — arg(Z,)=arg (Z—C) =arg(Z.Z;) [2]

E

Where * denotes the complex conjugate and arg yields the angle (i.e. phase) between the
two complex vectors (i.e. arg(x+iy) = atan(y/x)):
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Eq. [3] and Fig. 1 demonstrate that although off-resonance effects due to intravoxel
magnetic field inhomogeneity cancel out during phase difference processing, the effects of
chemically shifted perivascular fat do not. As a result, stationary perivascular fat contributes
to the measurement of & whenever Mg, 0r ¢ 74 iS non-zero. Perivascular fat surrounds most
vessels and can chemically shift across the vessel wall into the lumen, thereby superposing
the off-resonant phase and magnitude of fat onto a pixel containing flowing blood.
Depending on the vessel wall thickness, perivascular fat can chemically shift into the vessel
lumen and corrupt the complex MRI signal near the vessel wall then adds to the complex
blood signal, which can lead to a clinically significant over- or underestimation of blood
velocity within a vessel depending upon the magnitude and phase of the fat signal relative to
the phase of the blood signal.

The magnitude of the chemically shifted fat signal depends upon the steady-state signal
magnitude of Mgy relative to Mgy,o0 the vessel wall thickness, and the percent of
chemically shifted fat within a measurement pixel. The percent of chemically shifted fat
represents the amount of fat that is spatially shifted into the vessel and is controlled by BW
and spatial resolution (Fig. 2) according to the following: pixel shift = 6fsBW~1e Ax, where
&fis the off-resonance frequency shift between water and fat (& A1 ~420 Hz; scanner
reported By = 2.89T) and A x s the spatial resolution in the readout direction. Chemically
shifted perivascular fat shifts further into the vessel at low BW (LBW) compared to high
BW (HBW) (19). The spatial shift of fat, and thus the percent of chemically shifted fat
within a pixel, is greater at lower bandwidths compared to higher bandwidths. The effects of
BW on the accuracy of PC-MRI measurements are summarized in Fig. 3a.

The phase of fat is determined by 6 fand the TE:

©r,=2m0fTE  [4]

A careful distinction is to be made between ¢ g:and ¢ cs: ¢ £z 1S the phase of fat, as
determined by Eq. [4], whereas ¢ s is the chemical shift phase error arising for a given
experiment (i.e. ¢ cs £is the chemical shift induced phase error for the flow encoded
measurement in Fig. 1).

A TEy that orients fat to be in-phase with stationary water (i.e. blood) is referred to as an
in-phase TE (TE;y) and, similarly, aand TEgyT that orients fat to be out-of-phase with
stationary water is referred to as an out-of-phase TE (TEqyT). From Eq. [4] it can be shown
that at 3T, TEy occurs at 2ne1.23 ms and TEgyT occurs at (2m-1)1.23 ms, where
n=[0,1,2,...] and m=[1,2,3,...]. Similarly, echo times that orient the fat signal perpendicular
to the stationary water signal include TE.», which occurs at (2n+0.5) *1.23 ms, and
TE_/2, which occurs at (2m-0.5)¢1.23 ms.

Blood near the vessel wall is typically slow flowing (especially under laminar flow
conditions) and therefore has a near zero phase. The effects of TE on the phase difference
measurements are summarized in Fig. 3b. The use of TE_., causes the phase component of
a stationary fat vector to be oriented approximately perpendicular in the negative direction to
the slow flowing blood vector, which leads to a decrease in the measured 8. The use of TEy
causes the phase component of a stationary fat vector to be oriented in approximately the
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same direction as the slow flowing blood vector, which leads to a decrease in the measured
6. The use of TEgyT causes the phase component of the fat vector to be oriented in
approximately the opposite direction of the slow flowing blood vector, which leads to an
increase in the measured 6. The use of TE./, causes the phase component of the fat vector
to be oriented approximately perpendicular to the blood vector, in the positive direction,
which leads to an increase in the measured 6.

In summary, Eq. [3] demonstrates that chemical shift differentially affects the flow
compensated and flow encoded experiments and, unlike off-resonance effects, does not
cancel out during phase difference processing. The chemical shift induced phase error is
greater at LBW compared to HBW and also at TE./» compared to TE;y or TEgurT.
Collectively, the magnitude of the chemical shift error at different BWs and TEs can be
summarized by Eq. [5], where Truthis defined as the net forward flow measured in the
absence of chemical shift induced phase errors:

LBW,, <HBW,, <LBW, <HBW,, <Trurh<HBW, <LBW,, <HBW,, <LBW,

Eqg. [5] and Fig. [3] indicate that HBW always reduces chemical shift effects more than
LBW for any TE. Additionally, for a given BW, TEy leads to reduced errors from fat
compared to TEgyT because TEy results in fat being more in-phase with slow flowing
blood (¢, ~ 0) near the vessel wall (Fig. 3b).

METHODS

Computational Simulations

A theoretical understanding of chemically shifted perivascular fat in PC-MRI was achieved,
in part, through the use of computational simulations. Constant laminar blood flow (v=50
cm/s) and tri-phasic laminar blood flow (Vpeak = 50 cm/s; the first 50% of the waveform
ranged from 0 t0 Vpeak, the next 25% ranged from O to —0.05¢Vpe i and then back to 0, and
the last 25% ranged from 0 to 0.05¢vpegk and then back to 0) was modeled using a “vessel”
geometry (15.9/1.6 mm inner diameter/wall thickness) that emulated the right or left branch
pulmonary artery. The simulations used the following imaging parameters: 8.5/9.1 ms TR
(3T/1.5T), 2.80/3.08/3.38/3.69/4.01/4.30/4.60/4.92 ms TEs at 3T and
5.36/5.95/6.55/7.15/2.98/3.57/4.17/4.76 ms TEs at 1.5T (TE.;/4/TE+r/2/ TE+35/4/ TEouT/
TE_3r/a/ TE_ 2/ TE_ o/ TE|N), 1.7 mm x 1.7 mm x 6 mm acquisition voxel, 30° flip angle,
BWs of 100, 200, 300, 401 (LBW), 500, 600, 700, 814 (HBW), 900, and 1000 Hz/pixel, and
VENC =50 cm/s. The simulated TEs were chosen based on the achievable TEs within our
current pulse sequence. The simulated TRs were chosen as the minimum available TR for
the longest TE and lowest BW at each field strength.

The signal magnitude of flowing blood, the vessel wall, and fat for a spoiled gradient echo
sequence was determined analytically from the work proposed by Gao et al. (20), which was
altered to account for in-flow effects:

IR

_TE
M() I—¢ TIH Sina/e T dAXAy, V()C, y)zO

-7

1—cosae

m
Meo(x,y)= Zl M (x,y) - 4. Ax - Ay, 0<v(x,y)<4 [6alleb][Ee]
n=
_IE
Mysinae ™2 - dAxAy, v(x,y) = &
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Where, Mpis the equilibrium magnetization, 7Eand 7R are the gradient echo time and
repetition time respectively, a is the imaging flip angle, dis the slice thickness, Axand Ay
are the pixel resolutions in the x and y dimensions, vis the tissue velocity, and m, which
represents the number of RF excitations a spin experiences, is determined by,

mEm TR

where Jntindicates the integer value corresponding to the round off quotient. My, in Eq. [6b]
is determined by the following equation:

—a0
M,(x,y, TE)=M"

-TR
1 —cosae "

—(n=DT,
2R\ [ 1= cos" lae” T ] ZDTR | -TE
l-eh +cos” tae” T | sinee > [g]

Values of the 73, 7, and proton density (PD) at 3T (1.5T) for each tissue type were
obtained from literature results: T;=1700 ms (T1=1400 ms), T,=275 ms, PD=0.90 (blood);
T1=500 ms (T1=350 ms), T,=100 ms, PD=0.98 (fat); and T;=1400 ms (T;=1000 ms), T,=30
ms, PD=1.0 (vessel wall) (21,22). The oil spectrum was measured with spectroscopy at 3T
and the frequency shift was found to be 1.4ppm. The chemical shift of the mixture of
glycerol and water (“blood”) was estimated to be 4.35ppm, based on proton weighted peak
averaging and literature values of glycerol (23). Our computer simulations assume two
single resonances, one for “blood” (water and glycerol) and one for fat (vegetable oil) with a
frequency difference of 2.96ppm. Similarly, for the 1.5T simulations the blood and fat
resonances were simulated with a frequency difference of 1.48ppm. Our simulations were
conducted with By = 2.89T for 3T By = 1.49T for 1.5T based on the scanner reported field
strengths.

Eq. [6] describes three flow regimes. Static spins (v=0, Eq. [6a]) are subject to multiple RF
pulses, resulting in the development of a steady state signal. For spins moving at a velocity
such that they do not fully escape the slice during the TR (\<a/TR, Eq. [6b]), a portion of
the spins occupying the selective slice are replenished each TR by fresh inflowing spins with
an equilibrium level of magnetization. Lastly, if the spins have a velocity such that they
escape the imaging slice during the TR (v= df TR, Eq. [6c]), then they only experience a
single RF pulse and exhibit a maximum signal.

The simulations were conducted with perivascular fat at LBW (high partial volume of fat
pixels) and HBW (lower partial volume of fat pixels) as well as with stationary water in
place of perivascular fat to yield the true flow result in the absence of chemical shift effects.
The simulations were conducted under the assumption of a perfect slice profile. The
simulated field of view was 25 x 25 mm with a spatial resolution of 1.7 mm x 1.7 mm. The
simulation was conducted under super-resolution conditions to better model partial volume
effects. To do this, the image was simulated at 100x the imaging resolution yielding a 1500
x 1500 complex array for blood, fat, and the vessel wall. The signal magnitudes were
computed using Eq. [6]. The phase of the blood signal was assigned for each matrix element
based on the simulated constant laminar or tri-phasic laminar velocity profiles at each spatial
position. The off-resonance phase of fat at 1.5 T and 3T was derived using &f; s7and 6737,
the simulated TEs, and Eq. [4]. The vessel wall was assumed to be static and on-resonance
with blood, thus its phase matrix consisted entirely of zeros.

For the simulations with perivascular fat, the fat array was spatially shifted by 45 (1.5T) and
91 (3T) pixels in the super-resolution domain (equivalent to 0.45 and 0.91 pixels in the
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imaging domain, respectively) for LBW (401 Hz/pixel) and by 22 (1.5T) and 45 (3T) pixels
in the super-resolution domain (0.22 and 0.45 pixels in the imaging domain, respectively)
for HBW (814 Hz/pixel) to simulate the chemical shift effect (pixel shift = 6fsBW~1¢100
spins/pixel). The complex signal from the three simulated tissues was obtained from:

( YBlood )

Z oo (x, y)=M§];”"d(x, y)el VENC ”) [9a]
2 (x,y)= M,\Ff'( ) o/ QTATE) [9b]
Zyu (5. )=M " (x.y)  [oc]

The complex signals for all three tissues within 100 x 100 pixels in the super-resolution
domain were added together to constitute one imaging pixel

The net forward flow of blood in the simulated vessel was computed by calculating the
velocity of every pixel within the simulated vessel by scaling the phase result by VENC/m
(cm/s). The resulting pixel velocities were then multiplied by the spatial resolution (pixel
area, cm?) to calculate the flow rate (mL/s) and finally integrated over the cardiac cycle to
yield the net forward flow results (mL).

In Vitro Phantom Experiments

The theoretical effects of chemical shift induced PC-MRI errors were compared to those
obtained in flow phantom experiments. All imaging was performed on a Siemens Trio 3
Tesla system (Siemens Medical Solutions, Erlangen, Germany) with 40 mT/m maximum
gradient amplitude and 200 T/m/s maximum slew rate. PC-MRI data was acquired in a
sealed tube (19.1/1.6 mm diameter/wall thickness) surrounded first by water and then by
vegetable oil to simulate perivascular fat. Blood-mimicking fluid (40% glycerol, 60% water)
was circulated through the phantom by a CardioFlow 1000MR computer-controlled
displacement pump (Shelley Medical Imaging Technologies, Toronto, Ontario, Canada) at a
constant programmed flow rate of 25 mL/s. Measurements were performed using a 12-
element head coil. The flow rate and tubing were selected to approximate the velocity and
vessel dimensions of the branch pulmonary arteries.

The PC-MRI protocol used a cine gradient echo phase-contrast sequence with the following
sequence parameters: 8.5 ms TR, 4.92/6.15/5.54/6.77 ms TEs (minimum achievable TEn/
TEQUT/TE+r/2/ TE-5/2), 192 x 120 encoding matrix, 1.7 mm x 1.7 mm x 6 mm acquisition
voxel, 30° flip angle, BWSs of 401 Hz/pixel (LBW) and 814 Hz/pixel (HBW) Hz/pixel, 4
views-per-segment, a temporal resolution of 68 ms, 20 phases reconstructed from a 20
second acquisition using retrospective ECG gating, and GRAPPA (24) parallel imaging with
an acceleration factor of 2 and 24 central A-space reference lines. An artificial ECG signal
was generated using a physiologic signal simulation tool available as part of the scanner’s
software environment. The R-R interval was adjusted to 1000 ms (60 beats per minute).
Through-plane velocity encoding was performed using interleaved flow-compensated and
flow-sensitive encoding with a VENC of 70 cm/s.

In Vivo Imaging Experiments

Based upon the theoretical and experimental findings, /n vivo experiments were performed
to demonstrate the effects of chemical shift errors in PC-MRI in healthy volunteers (N=10).
The university’s Institutional Review Board (IRB) approved the study and informed consent
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was obtained for each subject prior to MRI scanning. After addressing each subject’s
concerns, each subject was positioned head first in the supine position on the scanner bed
and imaged using a 6-element body matrix and 6-element spine matrix coils for signal
reception. Blood flow was measured using PC-MRI in the aAo, PA, RPA, and LPA of ten
(N=10) volunteers (3 female, 7 male; age 25.9+4.7 years) with no previous history of
cardiovascular disease. High-resolution black blood turbo spin echo (TSE) images were also
acquired with and without fat saturation (25,26) during end-systole in order to define the
presence (or absence) of perivascular fat for the vessel of interest in the same slices used for
PC-MRI flow measurement.

The imaging plane for aAo flow was located in the ascending aorta distal to the aortic valve
and coronary ostia. The imaging plane for flow in the PA was located downstream from the
pulmonary valve and proximal to the bifurcation. The imaging planes for the LPA and RPA
were located ~1 cm distal to the pulmonary bifurcation. All imaging planes were prescribed
on the cine images during end-systole with end-expiratory breath holds.

PC-MRI flow measurements were obtained using the same sequence parameters as in the /n
vitro phantom experiments with the following changes: 8.5 ms TR, 4.92/5.54 ms TEn/
TE+5/2, 340 x 233 FOV, 256 x 160 matrix, 1.3 mm x 1.3 mm x 6 mm acquisition voxel,
BWs of 399 Hz/pixel (LBW) and 814 Hz/pixel (HBW), and a VENC of 125 cm/s for all
flow territories.

Note that the minimum available TR at LBW was used during HBW scans in order to ensure
the resulting differences in the PC-MRI measurements were only due to the change in BW,
and not due to changes in TR.

Image Processing

Data were processed offline using MATLAB (The MathWorks, Natick, MA) and a DICOM
viewing tool (Osirix, www.osirix-viewer.com). Eddy current correction was conducted
through the use of a stationary phantom (8,27-29) for /n vivo studies after the subject was
removed from the scanner and, in the case of the /n vitro phantom studies, with the flow
turned off. For quantitative flow assessment, a region-of-interest (ROI) was drawn in Osirix
for each vessel territory. This same ROI was copied into the stationary eddy current
phantom images and background phase errors were subtracted in MATLAB. The net
forward flow was calculated as described in the Methods section for the computational
simulations.

Statistical Analysis

Chemical Shift Effects on Net Forward Flow—An analysis of the maximum
difference (Apax) in the measured net forward flow for measurements obtained in the aAo,
PA, RPA, and LPA at LBW-TE;y, HBW-TEn, HBW-TE /2, and LBW-TE. /> for ten
patients was conducted. Pulmonary to systemic blood flow ratios (Qp/Qs, PA flow divided
by aAo flow) were calculated for each individual. A two-sample t-test with Holm-Sidak post
hoc correction was used to measure the statistical significance of the differences in Apjax
between vessels with and without perivascular fat and Qp/Qs at HBW-TEy vs. LBW-
TE.+x/2. Additionally, the mean Ay, Was calculated for each patient’s flow territory in mL
and also as a percentage (percent mean Apjay)-

Relative Blood Flow Comparison—For the /n vivo experiments, according to Eq. [5]
and Fig. 3, we expect the net forward flow measurements to be ordered as follows:

Magn Reson Med. Author manuscript; available in PMC 2014 February 01.
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LBWTE,N <HBWTE,N <Trm‘h<HBW,EM/2 <LBW, £ [10]

Blood Flow Comparison Between Flow Territories—Bland-Altman (30) plots were
constructed to show that the reduction of chemical shift induced flow errors improved the
intra-patient agreement of flow in the various territories as evidenced by a decrease in the
measurement bias (mean difference between the two measurements) and limits of agreement
(95% confidence intervals, 95%-CI) between the net forward flow in the aAo and PA, aAo
and RPA+LPA, and PA and RPA+LPA at HBW-TEy and LBW-TE./». In addition, the
measurement bias was evaluated using a paired t-test with Holm-Sidak post hoc correction.

Computational Simulations versus In Vitro Phantom Studies

Figure 4a demonstrates that constant laminar flow computational simulations and in vitro
phantom studies show nearly identical chemical shift effects over a range of BWs and TEs.
Net flow results follow the expected trends of Eq. [5], with HBW-TE, being closest to
programmed volume flow rate (* 7ruth’=48mL) and LBW-TE.» being furthest from
“Truth.” The 3T tri-phasic laminar flow computational simulations (Fig. 4c) overestimate
the net forward flow compared to “ 7rutf”” at LBW-TE o (54mL vs. 48 mL, 12%)
compared to HBW-TEy (47.9 mL vs. 48 mL, 0.2%), whereas the 1.5T tri-phasic laminar
flow computational simulations (Fig. 4e) overestimate the net forward flow LBW-TE />
(50mL vs. 48 mL, 4%) compared to HBW-TE,y (47.9 mL vs. 48 mL, 0.2%).

In Vivo Studies

Chemical Shift Effects on Net Forward Flow—Not every volunteer had visible
perivascular fat surrounding every measured vessel (Fig. 5). To qualitatively illustrate the
effects of chemical shift the net forward flow data from the aAo, PA, RPA, and LPA at
LBW-TEn, HBW-TE N, HBW-TE /2, and LBW-TE.., for all ten patients were arranged
in a bar-chart to show that changing the BW and TE can systematically lead to changes in
measured flow. The results for each vessel are arranged in order of their theoretically
expected trend (Fig. 6). For vessels in which minimal perivascular fat was observed in the
TSE images (annotated with an * below each dataset) the bar-charts appear much flatter
(low Apayx) than vessels wherein perivascular fat was detected. In the presence of
perivascular fat the bar-charts step upward from LBW-TE;y (smallerApjax) t0 LBW-TE /2
(larger Apmayx) as expected in Eq. [5].

The Apax in @Ao0, PA, LPA, and all vessels with fat is significantly greater than Apjax in
those vessels with minimal perivascular fat (Table 1). The analysis could not be conducted
in the RPA because every vessel had visible perivascular fat.

The mean Apax and percent mean A pax for the aAo, PA, RPA, and LPA is summarized in
Table 2. The mean A pax Was greatest in the PA (8.9+6.7 mL) and smallest in the LPA
(3.1£1.8 mL). The percent mean A pjax Was greatest in the RPA (13.8+£7.9%) where every
vessel had observed perivascular fat and the vessel wall was thinnest. The percent mean

A pax Was smallest in the aAo (5.3+3.7%) where perivascular fat was not observed in 4 of
the 10 vessels and had the thickest vessel walls.

Relative Blood Flow Comparison—The measured phase at LBW-TEy, HBW-TEy,

HBW-TE, /2, and LBW-TE,/, follow the expected trends of Eq. [10] for all of the
volunteers. Note that when there is not an apparent trend this is always associated with a
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lack of observable perivascular fat in the black blood TSE images, hence the trend is still as
expected. The Qp/Qs ratios were closer to one with lower variance when measured with
HBW-TEy and compared to LBW-TE/» (1.05+0.03 vs. 1.08+0.09, p=0.10), but not
statistically different.

Blood Flow Comparison Between Flow Territories—The Bland-Altman plots and
statistics (Fig. 6) show higher internal consistency (lower bias and smaller 95%-Cls) at
HBW TE;\ compared to LBW TE../, across all flow territories.

The magnitude of the bias in net forward flow between the aAo and PA, aAo and RPA
+LPA, and PA and RPA+LPA demonstrates a larger flow discrepancy in different subjects
when using LBW-TE,;/» compared to HBW-TE, (Table 3). The PA vs. RPA+LPA
comparison failed to reach a significant statistical difference due to the fact that seven of the
thirty vessels in this comparison did not have notable perivascular fat.

The bias in net forward flow between the aAo and PA, aAo and RPA+LPA, and PA and
RPA+LPA was shown to be significantly lower at HBW-TE compared to LBW-TE /2
(Table 3). The PA vs. RPA+LPA comparison failed to reach a significant statistical
difference likely due to the fact that seven of the ten vessels in this comparison contained no
notable perivascular fat. If these seven vessels were excluded from the statistical
comparison, the comparison reaches statistical significance. The internal consistency
between the net forward flow in the aAo and RPA+LPA was higher at both HBW-TE (0.5
mL bias) and LBW-TE.;» (-2.4 mL bias) compared to across any other vessel
combination.

DISCUSSION

Both theory and an /n vivo comparison of the maximum difference in net forward flow
between vessels with and without perivascular fat indicated that the effects of chemically
shifted perivascular fat are minimized by the use HBW-TEy. In healthy volunteers (N=10)
HBW-TE,y significantly improves intrapatient net forward flow agreement as indicated by
decreased measurement biases and limits of agreement across the ascending aorta,
pulmonary artery, left pulmonary artery, and all vessels (Table 3 and Fig. 7).

In these experiments we suggest that the use of HBW-TE,y mitigates chemical shift induced
phase errors, but increasing the spatial resolution will also help, all other things being equal.
Throughout the description of chemical shift effects on quantitative PC-MRI measurements
we have assumed that fat has a single resonant peak, which belies the spectral complexity of
fat. Additionally, this means that even at TE,y, not all spectral components of fat are in
phase with water.

It is important to note that perivascular fat is not always present; therefore not all PC-MRI
flow measures are subject to errors from chemical shift effects. Additionally, the presence or
absence of perivascular fat can lead to spurious agreement or disagreement in PC-MRI flow
measures between territories. For example, the presence of perivascular fat could
erroneously leads to a good or poor agreement in flow across the aAo, PA, and RPA+LPA.
Although the internal consistency may be observed to be high, the flow in each territory
could be over- or underestimated due to chemical shift errors.

The observed error arising from the chemical shift effect is greater in our /n vivo studies and
tri-phasic laminar computational simulations compared to our /in vitro studies (Fig. 4 and
Table 1) due to differences in the velocity profiles. The chemical shift induced flow error is
larger for dynamic flow when compared to constant laminar flow and the largest for TE. /o,
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when the total true forward flow is the same. This effect is evident in Fig. 4 and arises as a
consequence of the fact that dynamic flow has more low-velocity pixels, which are the most
effected by these chemical shift induced errors.

Fat-water separated PC-MRI should be considered to solve for both the phase of fat and the
phase of water, thereby eliminating the contamination of the water phase by perivascular fat
phase (31). The physics and mathematics of this problem are interesting, but the clinical
utility of this approach is uncertain. This approach requires the acquisition of additional
imaging data, which may prohibitively increases breath hold duration or significantly
decrease spatial and/or temporal resolution.

In addition, fat saturation techniques could be combined with PC-MRI to minimize chemical
shift induced phase errors. Fat saturation techniques, however, are spatially inhomogeneous
and provide inconsistent fat saturation throughout the cardiac cycle and therefore may
require multiple saturation pulses to be effective.

The results of this study focused entirely on Cartesian based trajectories. Non-Cartesian
trajectories, such as radial and spiral, lead to distortion and blurring of the fat signal (31,32).
This blurring effect may not be as resilient to the proposed chemical shift reduction strategy
(HBW-TE,n) and may necessitate the use of spatial-spectral pulses (33) or non-Cartesian
based multipoint fat-water separation techniques (e.g. IDEAL (31) or Dixon (34))

Breathing artifacts and parallel imaging reconstruction artifacts, for example, can cause the
signal from fat in regions distant from a vessel (e.g. subcutaneous fat) to alias into a vessel
and corrupt the phase. Under these conditions the magnitude of the error is governed by the
relative magnitudes and phases of the superposed fat and flowing blood signals and can lead
to large errors in both velocity and flow.

This study compared the results at TE;y and TE./2 as a means of characterizing and
quantifying the effects of chemical shift. In clinical practice, it is common to use the
minimum available TE, which may or may not be near the TEs chosen for this study. In our
clinical setting, the minimum TE used at 1.5T and 3T are 2.67ms and 1.99ms, respectively.
These TEs differ from TEy by 202° (approximately TEgyT) and 291° (approximately
TE—_r/2), implying that the use of these minimum clinical TEs can lead to a significant
deviation in net forward flow, especially at 3T.

The use of HBW leads to a reduction in chemical shift induced phase errors, but also leads
to an inherent reduction in both SNR and velocity-to-noise (35,36). Based on our theoretical
description of chemical shift induced phase errors, future work is needed to define the
imaging BW that provides optimal quantitative PC-MRI accuracy. Westenberg et al.
reported previously that a 55% reduction in SNR (187+116 vs. 84+60) did not lead to flow
inaccuracies in measurements across the mitral valve (37). Our SNR measurements indicate
that both the LBW (103+6) and HBW (72+4) data are similar to Westenberg’s acceptable
and lower SNR measures. Therefore, the trends in our net forward flow results were largely
chemical shift related and not SNR related. The use of HBW at 1.5T may lead to an SNR
below these acceptable levels.

The in vitroand in vivo studies were conducted at 3T field strength. The spatial shift of
chemically shifted perivascular fat at 1.5T is half of that at 3T because &f; 57 & %26f37 (38),
which leads to ~1/2 the spatial shift and half the off-resonance phase accumulation for fat at
1.5T. Therefore, the chemical shift induced phase error is lower at 1.5T when spatial
resolution and SNR effects are not considered (Fig. 4d—e). The SNR performance of 1.5T,
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however, is ~1/2 that of 3T and to compensate for this, larger imaging voxels and/or lower
bandwidths are typically employed; both of which increase chemical shift induced phase
errors. Therefore, depending on the specific imaging parameters, quantitative PC-MRI
measurements conducted at 1.5T are susceptible to similar chemical shift induced flow
quantification errors.

All subjects included in this study were normal healthy volunteers. We propose that HBW
and TE;y parameters in PC-MRI minimize the phase corrupting effects of chemical shift,
but this needs to be clinically validated in patients. In doing so, the assumption that flow at
the vessel lumen periphery is near-zero, may not be true due to complex flow patterns, areas
of turbulent flow, and partial volume effects. In future studies involving clinical patients
with complex flow patterns, the optimum TE for the minimization of chemical shift effects
may be different than TE,y;, because the flow won’t meet the requirement of being near-zero
near the vessel wall. Under these circumstances fat-water separated or fat-saturation PC-
MRI techniques may be necessary.
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Figure 1.

Components of the transverse magnetization from a flow compensated (Z¢) and flow
encoded (Zg) experiment. In the absence of field inhomogeneity, eddy currents, Maxwell
terms, and other phase errors, the blood (i.e. water) signal is encoded with a phase that
depends upon the first moment of the velocity encoding gradient and the blood velocity
(black arrows). The off-resonant effects of chemically shifted fat (dashed arrow) sum with
the complex blood signal to form the Z-and Zzmeasured signals (gray arrows). Note that
the contribution of fat does not cancel with the phase difference method (¢ ¢ -¢ g) because
the two required experiments are differentially affected by chemical shift (¢ csc # ¢ cs,E)-

Magn Reson Med. Author manuscript; available in PMC 2014 February 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X3]-){Jewtarems

Middione and Ennis

LBW HBW

Theory

Page 15

No Fat Fat Fat

Fat

Blood

Wall

Void

Fat + Wall
Fat + Blood

a b c
Spatial Shift——>

Figure2.

The experimentally measured spatial shift of chemically shifted perivascular fat in a
phantom setup depends on the choice of high or low bandwidth (HBW or LBW) and spatial
resolution (top two rows). Fat chemically shifts more to the right at LBW (middle row)
compared to HBW (top row) and also at lower spatial resolutions (column c). Column a:
Images with no “perivascular” fat (“vessel” surrounded by water). Column b: with
“perivascular” fat (“vessel” surrounded by oil) at a standard spatial resolution. Column c:
with “perivascular” fat at lower spatial resolution. The bottom row is a theoretical
representation of the distribution of signal as a consequence of both chemical shift effects
and partial voluming at LBW. The black region arises due to fat chemically shifting out of
that region (signal void), the green region arises as a result of fat chemically shifting into the
vessel wall (signal overlap of wall and fat signal), and the orange region arises due to fat
chemically shifting through the vessel wall and into the vessel lumen (signal overlap of
blood and fat signal), which leads to chemical shift induced phase errors.

Magn Reson Med. Author manuscript; available in PMC 2014 February 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Middione and Ennis Page 16

Im{M,y}

Ze LBW

|m{Mxy}

TE

+
a

<
N

]

1

1

]

;

1

]

]

]
A\
-
m
Z

TE-‘I‘[/2

Re{Mxy} b

Figure 3.

The effects of chemical shift phase (¢ cs) on quantitative PC-MRI measurements. (a) In the
absence of chemical shift and other phase errors, flowing spins are encoded with an amount
of phase proportional to their velocity (¢, black arrow). When chemical shift effects are
taken into consideration the choice of high or low bandwidth (HBW or LBW) scales the
magnitude (radius of the gray circles in (a)) of the complex fat factor because it controls the
percent of partial-volume fat. HBW results in a lower percent of partial-volume fat (reduced
magnitude) than LBW, which for a fixed TE results in ¢ cs Hpw < ¢ cs Law- In (b) itis
apparent that the TE determines the phase of the complex fat factor (dashed arrow), which
adds to the blood velocity vector (black arrow) to produce the Zoor Zzcomplex signal
(gray arrow) and subsequently impacts the magnitude of the phase error. TE;y leads the fat
vector to be closely aligned with the blood vector when the blood velocity is low, which is
typical of the vessel lumen periphery where CS effects are likely to be problematic. The use
of TEy leads to reduced error from chemical shift (¢ cs TE-r/2 < ¢ ¢S, TEIN < ¢ vBlood <

¢ cs TEOUT < 9cs TE+r/2) for slow flowing blood near the vessel lumen periphery. In
summary, the chemical shift error (pcs) depends on the magnitude and phase of the fat
vector the phase of the water vector (¢,). The use of HBW and TE;y can minimize CS
effects in PC-MRI.
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Impact of receiver bandwidth (BW) and echo time (TE) on PC-MRI flow measurements. (a)
Constant laminar flow computer simulations (dots) and /n vitro (bars) 3T results show nearly
identical chemical shift effects (“ 7rut/i’=48mL). Computer simulations of constant laminar
flow (b,d) and tri-phasic flow (c,e) at 3T and 1.5T demonstrate that the use of HBW-TEy is
closest to the known flow of 48mL and has the least chemical shift induced PC-MRI errors.
Other BW and TE combinations at 3T (1.5T) can lead to as much as a 12% (3%)
underestimate (LBW-TE_.») or a 12% (4%) overestimate (LBW-TE../») for tri-phasic

flow.
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Figure5.

Turbo spin-echo (TSE) (a,c) and TSE with Fat-Sat images (b,d) highlight the presence of
perivascular fat, especially around the PA in (a) and (b) and the lack of perivascular fat
around the LPA in (c) and (d). TV-Tricuspid valve; MV-mitral valve; aAo-ascending aorta;
and dAo-descending aorta; PA-pulmonary artery; LPA-left pulmonary artery; LV-left
ventricle.
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Figure®6.

Net forward flow (mL) data from the ascending aorta (aAo), main pulmonary artery (PA),
right pulmonary artery (RPA), and left pulmonary artery (LPA) at LBW-TEN, HBW-TEp;,
HBW-TE /2, and LBW-TE./2 in normal subjects (N=10). The maximum difference
(Amax) in the measured net forward flow is presented above each dataset. An asterisk (‘*”)
is used to indicate that minimal perivascular fat was observed in the TSE images. In general,
the trends follow the trend expected from Eqg. [5]. a) The mean Apax in the aAo are small
compared to other vascular territories due to the small amounts of observed perivascular fat
and a thicker vessel wall. b) The chemical shift induced flow measurement errors in the PA
can be large due to the presence of perivascular fat and a relatively thin vessel wall. ¢) Note
that no subject had an RPA that was identified as having minimal perivascular fat, whereas
this was common in the aAo, PA, and LPA. Additionally, the thin wall of the RPA makes it
easy for perivascular fat to spatially shift into the vessel lumen. Therefore, all subjects’
RPAs were susceptible to chemical shift induced flow errors. d) Perivascular fat was not as
consistently observed in the LPA compared to the RPA. Additionally, the thin wall of the
LPA makes it easy for perivascular fat to spatially shift into the vessel lumen.
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Figure7.

Bland-Altman analysis of the net forward flow in the ascending aorta (aAo), main
pulmonary artery (PA), and right and left pulmonary branches (RPA and LPA) in normal
subjects (N=10). The solid lines represent the measurement bias while the dashed lines
represent the limits of agreement (95%-ClIs). (a) Bland-Altman statistics for aAo versus PA
at HBW-TE,y;; (b) aAo versus PA at LBW-TE.»; (c) aAo versus RPA+LPA at HBW-
TEN; (d) aAo versus RPA+LPA at LBW-TE . /2; (€) PA versus RPA+LPA at HBW-TEy;
(f) PA versus RPA+LPA at LBW-TE,;/p. The measurement bias and limits of agreement
are reduced at HBW-TE)y (&, ¢, €) compared to LBW- TE./, (b, d, f) for all flow
territories. The HBW-TEy measurements are less susceptible to chemical shift induced
errors and demonstrate better internal consistency.
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Table 1

Comparison of the maximum difference between LBW-TEy, HBW-TE N, HBW-TE. /o, and LBW-TE. />
forward flow measurements in the aAo, PA, RPA, and LPA in normal subjects.

Ay NoFat[mL] ApaFat[mL]  n/m ¥ P-value

aAo 1.8+0.5 6.4+28 4/6 0.01
PA 20+09 11.9+538 317 0.04
RPA - 6.0+29 0/10 -
LPA 13+1.0 43£10 4/6 0.003
All Vessels 1.7+£08 72+44 10/30 0.001

Data is expressed as mean + standard deviation in mL.
n is the number of vessels where minimal perivascular fat was observed.

m is the number of vessels where perivascular fat was observed.

*
P-values<0.05 show a significant difference in Apax indicating the presence of perivascular fat leads to significant flow errors in PC-MRI.
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Table 2

Comparison of the mean maximum difference between LBW-TEy, HBW-TEN, HBW-TE. />, and LBW-
TE.r» forward flow measurements in the aAo, PA, RPA, and LPA in normal subjects (N=10).

Mean Ay [ML]  Percent Mean Ay

aAo 46+3.2 53+3.7
PA 89+6.7 9.4+6.8
RPA 6.0+29 138+7.9
LPA 31+18 8.0+55

Data is expressed as mean + standard deviation in mL.
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Comparison of the bias (mean difference) between HBW-TEy and LBW-TE., forward flow measurements

in the aAo vs. PA, aAo vs RPA+LPA, and PA vs. RPA+LPA in normal subjects (N=10).

HBW-TEy LBW-TE.r, *P-Value

aAovs. PA
aAovs. RPA+LPA
PA vs. RPA+LPA

PA vs. RPA+LPA

4924 9.8+6.4 0.01
1.3+0.38 40+3.2 0.03
54+31 74+£59 0.25
20+0.3 50+29 0.03

Data is expressed as mean + standard deviation in mL.

1. . - .
Excludes seven vessels that contained minimal perivascular fat.

*
P<0.05 show a significant difference in the measurement bias indicating HBW-TE|N is less susceptible to chemical shift flow errors compared to

LBW-TE+7e/2.
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