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Abstract

Purpose—To test the ability of a multi-band RF pulse to reduce flow enhancement artifacts for
steady state imaging without compromising temporal resolution or spatial coverage.

Materials and Methods—Selectively spoiled composite RF pulses that provide simultaneous
excitation and flow preparation were designed and tested via simulation, phantom, and in vivo
measurements under varying conditions of flow.

Results—Suppression of flow enhancement was found to depend on flow velocity and spatial
extent of spoiled regions. By determining necessary pulse characteristics for a given experimental
geometry, flow enhancement was reduced and sensitivity to T1-reducing contrast agent was
dramatically increased.

Conclusion—These pulses provide an effective means of suppressing flow enhancement
without sacrificing temporal resolution or spatial coverage.

Introduction

Dynamic, contrast-enhanced (DCE)-MRI is often used to quantitatively evaluate tumor
response to therapeutic intervention (1). This technique is sensitive to differences in the rate
of extravasation and clearance of an exogeneous contrast agent between blood and tissues
under observation (2). Pharmacokinetic models provide a framework for quantitative
assessment of microvascular function by relating the exchange of contrast agents between
blood and tissue to parameters (e.g., Ktans, Kep: Vb) that are related to physiological
characteristics such as blood flow and perfusion (3).

Meaningful pharmacokinetic parameter estimation requires reliable dynamic measurement
of the concentration of the contrast agent in both tissue and in blood (4). Measurement of the
time course in blood, known as the vascular input function (VIF), is challenging, especially
in small animal models of cancer (5). In particular, flow-related enhancement may distort
the measured VIF.

Although many approaches to VIF measurement in small animal models of disease have
been attempted (5-9), reproducible, non-invasive measurement of the VIF remains difficult
(5). Flow-related enhancement is a common phenomenon in vascular structures, and it can
cause substantial interference in the quantification of contrast agent concentrations(10). To
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avoid this artifact, these VIF measurements have used time-consuming saturation-recovery
techniques that yield flow-insensitive measurements at the cost of reducing slice coverage to
only 1-3 slices and image update rates of 4-7s (6,8). More efficient techniques to prepare
flowing spins would allow expanded tumor coverage or improved temporal resolution while
minimizing distortion of the VIF due to flow enhancement.

In this work, we evaluate the feasibility of a selectively-spoiled RF pulse for murine DCE-
MRI that simultaneously excites spins in the imaging plane while preparing spins that may
be flowing through adjacent regions. Preparation is achieved by a combination of RF pulses
that are offset symmetrically in time and in space from the imaging plane and that make
efficient use of the slice refocusing gradient pulse for spoiling. This approach is tested via
simulation, in phantom, and in vivo. Results demonstrate effective suppression of flow
enhancement over a range of spin velocities without compromising sequence timing, which
will enable VIF measurement with reduced artifacts and uncompromised slice coverage.

Regions of an image that contain through-plane flow appear hyperintense if the spins
entering the plane have greater longitudinal magnetization than stationary spins at
equilibrium. Preparation using a 90° pulse eliminates inflow enhancement, but the delay
required in order to recover sufficient signal for VIF measurement significantly
compromises sequence timing.

Alternatively, out-of-slice magnetization can also prepared by repeated exposure to lower
power pulses (11) that places incoming spins at the same-steady state signal level as those
that remain within the slice of interest. This spatial presaturation may be accomplished
efficiently by combining the presaturation and excitation pulses into a single composite
pulse. This can be achieved using a slice profile that consists of a uniform central region,
corresponding to the desired imaging plane, and peripheral preparation regions exhibiting
constant amplitude but a linear phase dependence that integrates to zero along the slice-
select direction. A constant magnitude across central and peripheral regions ensures that all
spins are prepared for steady state imaging when spins flow from the peripheral region into
the imaging plane. The spectral content of this pulse (Figure 1ab) can be expressed as:
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where w1 is the bandwidth of the coherent region of the slice, w, is the additional bandwidth
that is excited but spoiled for flow preparation, and the amplitude of the phase gradient in
the spoiled region is 2na/w,. Because relatively shallow flip angles are used, the RF
waveform can be calculated by Fourier transformation of the desired slice profile (12,13),
leading to:
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The amplitude of the phase gradient in the spoiled region corresponds to the temporal shift
between the centers of the excitation and spoiling pulses. Representative waveforms for two
different rates of phase change are shown in Figure 1cd. The presence of three distinct
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components results from the reversal of the phase gradient in the spoiled regions on each
side of the slice. A cosine-modulated envelope for the flow preparation waveform (14)
results when the phase relationship is not reversed. This produces a pulse with similar flow
suppressive properties, but higher peak power requirements, and was not used in this work.

All experiments and procedures were approved by our Institutional Animal Care and Use
Committee, accredited by the Association for the Assessment and Accreditation of
Laboratory Animal Care International. All data was acquired on a Biospec USR47/40
(Bruker Biospin MR, Billerica, MA) 4.7 T small animal MR scanner.

To validate the excitation waveform, the Bloch equation was numerically solved using
Matlab (Mathworks, Natick, MA). The ratio of the widths of the spoiled to the coherent
excitation regions, m»/m1, was varied from 1 through 5 with two phase revolutions per slice
select bandwidth (o = 2) for pulses with a 30° excitation angle.

The same pulses were implemented on the scanner and slice profiles were measured to
confirm the simulations experimentally. Excitation was performed with the composite RF
pulse, followed by a nonselective 180° refocusing pulse to measure the magnitude and phase
of the excited magnetization. Acquisition parameters were: TE = 12.4 ms, TR = 4000 ms,
matrix size = 256, FOV = 3 cm, receiver bandwidth = 85 kHz, flip angle = 30°. The pulse
duration was 1 ms, yielding bandwidths of 6210 Hz for the coherent band, corresponding to
a coherent region width of 2.2mm. Sideband widths from 2.2mm to 11mm were used.

Simulations were performed to investigate the convergence of the magnetization of flowing
spins when excited using the composite RF pulse. The Bloch equation was numerically
integrated, assuming constant linear motion of spins with velocities ranging from 1 mm/s to
20 mm/s. Simulation parameters were: TR = 40 ms, flip angle = 30°, T = 1800 ms, gradient
strength = 140 kHz. The composite pulse had a duration of 1 ms, a = 2 and wo/wg = 9.

The ability of the RF pulse to perform suppression of flow enhancement was tested in
phantom. A silicone catheter was embedded within a bovine gel phantom. Flow was
introduced in the catheter using a power injector (Harvard Apparatus, Boston, MA).
Composite RF pulses with o =1 and 2 and wy/m1 = 1 to 5 were used. For each pulse, spoiled
gradient echo images were acquired of the phantom with and without flow. Acquisition
parameters were: TE = 2.75 ms, TR = 20 ms, flip angle = 25°, matrix size = 256x192, FOV
= 4.1 x 3.1cm, receiver bandwidth = 80 kHz, pulse length = 1 ms, slice thickness = 1 mm.
Flow rates ranged from 0.05 mL/min (average linear velocity of 0.6 mm/s) to 1 mL/min (12
mm/s). The percent signal enhancement from baseline due to the presence of flow was
calculated as (Sfigw — Shase)/Shase X 100% for each pulse and flow combination.

In vivo measurements were acquired to test the ability of the RF pulse to suppress flow
enhancement under realistic conditions of pulsatile flow at physiological velocities.
Separately acquired short axis images of the heart and axial images of the abdomen, in
which the inferior vena cava (IVC) was visible, were acquired using a spoiled gradient echo
sequence. Acquisition parameters were: TE = 1.7 ms, TR = 40 ms, matrix size = 128x128,
FOV = 3x3 cm, receiver bandwidth = 80 kHz, number of averages = 20, flip angle = 30°,
pulse duration = 1 ms, slice thickness = 1 mm. Composite RF pulses with a = 2 and /w0 =
1 to 7 were used to achieve flow preparation, and a sinc pulse with matching bandwidth was
used as a control. Average signal intensity of the blood within the left ventricle and the IVC
were measured and normalized to signal from muscle within each acquisition.
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The change in sensitivity to the presence of contrast agent with and without presaturation
was demonstrated by acquiring a series of short-axis cardiac images with interleaved use of
composite and standard excitation pulses. Baseline T, measurements were performed using
a variable flip angle protocol with a spoiled gradient echo sequence with TE = 1.7ms, TR =
40 ms, matrix size = 128x96, FOV = 3x3 cm, slice thickness = 1 mm, receive bandwidth =
80 kHz, and 10 averages to minimize interference from motion. ldentical acquisitions were
performed using either a sinc pulse or a composite RF pulse of equal duration with wo/w; =
5, a = 2 and excitation angles of 10°, 20°, 30°, and 40°. T4 was calculated by fitting the
measured signal to the signal equation with a nonlinear least-squares fit (15). After T,
measurement, a 0.1 mmol/kg dose of contrast agent (gadopentetate dimeglumine) was
injected through a tail vein catheter. Dynamic images were acquired beginning
approximately 30 seconds after the injection of contrast agent. Acquisition parameters that
were identical to the T; mapping protocol were used (ie, TE = 1.7ms, TR = 40 ms, matrix
size = 128%96, FOV = 3x3 cm, slice thickness = 1 mm, receive bandwidth = 80 kHz, 10
averages), except for a fixed excitation angle (30°). A total of 64 images were acquired, with
excitation performed in an alternating fashion using either the reference sinc pulse or the
composite pulse for each repetition to yield a total of 32 images acquired using each pulse.
Alternating acquisition of image pairs with and without flow preparation allowed direct
comparison of signal enhancement in images acquired under identical physiological
conditions and blood concentration levels. This procedure was repeated for three different
mice.

Simulations reveal slice profiles with constant amplitude except for a slight artifact at the
transition between excitation and spoiling regions. This artifact results from asymmetric
truncation of components of the waveform that achieve flow enhancement suppression. A
representative profile for wy/wq =5 is shown in Figure 1ef. Corresponding measurements in
phantom demonstrate good reproduction of the intended pulse, with similar artifacts in
transition regions as seen in the simulations (Figure 1gh). A baseline measurement with a
non-selective excitation pulse was used to correct for variations in the signal due to phantom
alignment.

The numerical simulations of flow produced signal profiles along the slice direction, with
flow-dependent transitions toward steady-state magnetization levels, as shown in Figure 2.
The magnetization reaches its steady state value before arriving at the coherent portion of
the slice for velocities of up to 10 mm/s. Although this velocity is somewhat less than
average velocities of 23 cm/s which have been reported in the murine aorta (16), it must be
considered that linear velocity in the heart will be slower because the ventricle is larger than
the aorta and that the width of the saturation region is extended by the tortuous path blood
must travel before entering the ventricle. More rapid linear flow may prevent spins from
reaching steady state before reaching the coherent center, resulting in incomplete
suppression and residual enhancement due to flow.

The RF pulse effectively suppressed flow enhancement over a range of flow rates in
phantom. The use of a 5 mm saturation width reduced the signal in the catheter in the
presence of flow to slightly less than that of stationary spins for all but the most rapid flow,
as illustrated in Figure 3. Although both degrees of spoiling performed well at suppressing
inflow enhancement, we chose to use the greater amount (o = 2), which produced a 3-24%
greater decrease in flow enhancement, for in vivo measurements as a precautionary measure.

The signal in the ventricle and IVC decreased with the sideband width, as shown in Figure
4, indicating a reduction in flow-related enhancement. The signal from the 1\VC and left
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ventricle converged to a stable level by wo/w; = 5, corresponding to 5 mm flow preparation
regions on either side of the slice. The ultimate stability of the vascular signal is a strong
indicator that spins are in steady state before arrival at the coherent region. The signal from
fat is nearly independent of the sideband width, with a coefficient of variation of 4% over
the widths considered. The composite pulses produced slightly lower signals than the sinc
pulse due to partial spoiling of transition regions along the edge of the slice where the tip
angle of the excitation pulse is closer to the Ernst angle than the prescribed excitation angle.

As expected, the apparent T; of blood differed substantially when measured with the
conventional sinc pulse (196 ms) compared to the flow suppressive composite pulse (1739
ms). Comparison of signal time courses in the left ventricle with and without flow
preparation following administration of a T1-reducing contrast agent highlights the loss of
sensitivity caused by inflow enhancement (e.g., Figure 5) using conventional excitation.
Although the sinc pulse produces a larger baseline signal due to the flow enhancement, the
introduction of contrast agent produces only a 7-25% change in the signal. The same
contrast agent concentration produced a 160-430% increase in signal amplitude measured
with suppression of flow enhancement.

Discussion

Although DCE-MRI is an important tool for studies involving small animal models of
human disease, repeatable VIF measurement is difficult due to partial volume and inflow
enhancement artifacts associated with local blood vessels (17). This has led to considerable
effort in the development of techniques to address these limitations (5,8). Quantification in
the presence of flow is necessary, but current approaches to suppression of flow
enhancement sacrifice considerable sequence time. We have demonstrated the feasibility of
a composite RF pulse that significantly attenuates flow enhancement during excitation, thus
improving VIF measurement without penalty to sequence timing.

This pulse has been evaluated for use with a 2-D slice-selective acquisition scheme.
Extending this approach to 3-D volume-selective acquisitions would introduce refocusing of
spoiling phase along the slab-selective direction. Care would be necessary to avoid artifacts
resulting from this deleterious refocusing. In multi-slice DCE-MRI, use of this composite
pulse is most efficient when applied to a slice dedicated to VIF measurement, acquired in an
interleaved fashion with slices providing tumor coverage.

With a saturation width of 5 mm and a phase gradient of 4n/mm, we achieved excellent
image quality and suppression of flow enhancement. In vivo data indicates a substantial
attenuation of vascular flow enhancement. The T, of mouse blood, as measured from a Imm
slice with 5mm preparation bands, is consistent with the values reported by Pickup, et al. of
1780460 ms at 4.7T (8). The signal of stationary tissues has been found to be stable with
increasing saturation width, indicating effective spoiling of the out-of-slice signal.

The coherent region at the center of the profile is the source of signal, and maximum
sensitivity to contrast agent is achieved when spins have reached steady state prior to their
arrival in this region. An inadequate phase gradient may produce imperfect spoiling, and the
resulting flow enhancement would be greatest when flow is linear and perpendicular to the
slice. This artifact may be manifest in the relative hyperintensity of the IVC and thoracic
vessels, as compared to the left ventricle (as seen in Fig 4). Because blood in the left
ventricle passes through the lungs and other cardiac chambers before arriving at the
measurement site, this effect is not expected to be significant in flow-prepared slices
traversing the heart and lungs. The acquisition geometry must be carefully considered for
accurate measurements using this technique.
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In conclusion, this multi-band, selectively spoiled excitation pulse demonstrates efficient
attenuation of flow enhancement by simultaneous excitation and spatial presaturation.
Sensitivity to contrast-related T, changes due is dramatically increased without penalizing
sequence timing. This technique is easily implemented and integrated into steady-state
imaging sequences to improve the accuracy of VIF measurements.
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Figure 1.

Theoretical and measured representations of the composite pulse in spectral and spatial
domains. The ideal pulse profile has constant amplitude (a) and phase (b) across the
excitation bandwidth (1) with spatially dependent phase over the flow preparation
bandwidth (w;). The rate of phase change in the spoiled regions corresponds to the shift in
time between excitation spoiling components, illustrated for mp/w1 =3, a=1(c)and o =2
(d). Simulation shows pulses are easily implemented via Fourier transform to provide
relatively uniform amplitude (e) and expected phase behavior (f) for v/, =5and a = 2.
Phantom measurements of the same pulse confirm amplitude (g) and phase (h) perform as
expected. In all plots, shaded areas denote the spoiling region.
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Signal profiles across the slice
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Figure 2.

The signal profile along the slice for the spatial composite pulse under different flow
conditions. Linear velocities 10 mm/s are fully prepared to steady state levels by the time
they reach the center of the slice for this protocol, while higher rates of flow require further
optimization
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(b) 4n/mm Phase Gradient
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The percent signal increase due to flow enhancement relative to the baseline with no flow,
for 2n/mm (a) and 4z/mm (b). Flows are specified volumetrically because linear flow rates
contain a mixture of velocities.
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Figure 4.

Comparison of flow enhancement in cardiac and abdominal images as a function of flow
preparation region width for 1mm target slices. Images were acquired with a sinc pulse (a)
and the flow suppressive pulse over multiple sideband widths (b—d). The signal from fat is
stable as spoiled regions increase in extent, indicating that the signal from those regions is
effectively suppressed (€). The geometry of the cardiac slice, shown in (f), shows that the
saturation region covers the majority of the lungs and heart and thus has much a much
longer interval to bring spins in blood to steady state.
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Figure 5.

Signal time courses for measurements made with both the flow suppressive composite pulse
and a matched sinc pulse that provides no preparation of flowing spins. The baseline (pre-
injection) signals are shown as horizontal lines. Signal is higher at baseline for the
conventional pulse due to flow enhancement, and sensitivity to presence of a T-reducing
contrast agent is dramatically lower.
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