Serveur Académique Lausannois SERVAL serval.unil.ch

Author Manuscript
Faculty of Biology and Medicine Publication

This paper has been peer-reviewed but dos not include the final publisher
proof-corrections or journal pagination.

Published in final edited form as:

Title: Spatially selective implementation of the adiabatic T2Prep
sequence for magnetic resonance angiography of the coronary
arteries.

Authors: Soleimanifard S, Schar M, Hays AG, Prince JL, Weiss RG,
Stuber M

Journal: Magnetic resonance in medicine

Year: 2013 Jul

Volume: 70

Issue: 1

Pages: 97-105

DOI: 10.1002/mrm.24437

In the absence of a copyright statement, users should assume that standard copyright protection applies, unless the article contains

an explicit statement to the contrary. In case of doubt, contact the journal publisher to verify the copyright status of an article.

S e rV a I UNIL | Université de Lausanne

serveur académique lausannois Faculté (;IE blplogle
et de médecine


http://dx.doi.org/10.1002/mrm.24437

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
Magn Reson Med. 2013 July ; 70(1): 97-105. d0i:10.1002/mrm.24437.

A Spatially-selective Implementation of the Adiabatic T,Prep
Sequence for Magnetic Resonance Angiography of the Coronary
Arteries

Sahar Soleimanifard, MSEL, Michael Schar, PhD?23, Allison G. Hays, MD24, Jerry L. Prince,
PhD12, Robert G. Weiss, MD%4, and Matthias Stuber, PhD12:5

1Department of Electrical and Computer Engineering, Johns Hopkins University, Baltimore, MD,
USA 2Russell H. Morgan Department of Radiology and Radiological Science, Division of
Magnetic Resonance Research, Johns Hopkins University, Baltimore, MD, USA 3Philips
Healthcare, Cleveland, OH, USA “Department of Medicine, Division of Cardiology, Johns Hopkins
University, Baltimore, MD, USA ®Department of Radiology, Centre Hospitalier Universitaire
Vaudois, Center for Biomedical Imaging and University of Lausanne, Lausanne, Switzerland

Abstract

In coronary magnetic resonance angiography, a magnetization-preparation scheme for T,-
weighting (T,Prep) is widely used to enhance contrast between the coronary blood-pool and the
myocardium. This pre-pulse is commonly applied without spatial selection to minimize flow
sensitivity, but the non-selective implementation results in a reduced magnetization of the in-
flowing blood and a related penalty in signal-to-noise-ratio (SNR). It is hypothesized that a
spatially-selective T,Prep would leave the magnetization of blood outside the T,Prep volume
unaffected, and thereby lower the SNR penalty. To test this hypothesis, a spatially-selective
ToPrep was implemented where the user could freely adjust angulation and position of the T,Prep
slab to avoid covering the ventricular blood-pool and saturating the in-flowing spins. A time gap
of 150ms was further added between the ToPrep and other pre-pulses to allow for in-flow of a
larger volume of unsaturated spins. Consistent with numerical simulation, the spatially-selective
T,Prep increased /n vivo human coronary artery SNR (42.3+2.9 vs. 31.4+2.2, n=22, p<0.0001)
and contrast-to-noise-ratio (18.6+1.5 vs. 13.9+1.2, p=0.009) as compared to those of the non-
selective ToPrep. Additionally, a segmental analysis demonstrated that the spatially-selective
ToPrep was most beneficial in proximal and mid segments where the in-flowing blood volume
was largest compared to the distal segments.
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Introduction

Non-contrast enhanced three-dimensional (3D) magnetic resonance angiography (MRA)
techniques (1) have been widely used to image the geometrically complex coronary arterial
anatomy with high spatial resolution and signal-to-noise ratio (SNR). In these techniques,
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contrast between the coronary blood-pool and the surrounding tissue is often enhanced by
using magnetization preparation schemes (2-5). For contrast enhancement between the
coronary blood-pool and the myocardium, a magnetization-preparation scheme for T,-
weighting (T,Prep) that takes advantage of T, differences between arterial blood and
myocardial tissue has been proposed (3). This pre-pulse was originally designed in a
spatially non-selective fashion to minimize flow sensitivity. Recently, a Bp- and B1-
insensitive variant of it, using adiabatic refocusing pulses, has been proposed for high-field
systems (6). However, independent of the field strength, this spatially non-selective
implementation affects the steady-state magnetization of the spins both inside and outside
the imaged volume. Therefore, the magnetization of the blood flowing into the imaged slice
is reduced and inevitably leads to a penalty in coronary SNR (7). A significant fraction of
the blood-volume that enters the coronary arteries in diastole after aortic valve closure
originates from the ascending aorta. We hypothesize that a properly placed spatially-
selective variant of the T,Prep that does not affect the blood-pool magnetization above the
aortic valve would allow blood with fully recovered magnetization to flow into the coronary
arteries and improve SNR. The purpose of this work was to test this hypothesis and
investigate if the physiology can be exploited to improve vessel conspicuity. Thereby, a
carefully designed and graphically-prescribed spatially-selective variant of this pre-pulse
was implemented and its performance studied quantitatively.

In the pursuit of this goal, we performed numerical simulations of the Bloch equations to
compare the potential signal gain from in-flowing blood between spatially-selective and
non-selective variants of the T,Prep. Subsequently, we developed and implemented a flow-
compensated spatially-selective T,Prep. Finally, we acquired /n vivo human coronary MRA
with both the spatially-selective T,Prep and its conventional non- selective counterpart and
we compared the results quantitatively.

The conventional T,Prep (3) is designed to “store” To-weighted magnetization in the
longitudinal direction prior to imaging. This To-weighted magnetization increases contrast
between the coronary blood-pool and its surroundings since the T, of arterial blood is much
longer than those of venous blood and myocardium. Fig. 1a shows the schematic of the non-
selective ToPrep. The To-weighting is created by first exciting the magnetization with a non-
selective 90° RF pulse after which the magnetization is exposed to To-decay in the
transverse plane, and next storing the resultant magnetization in the longitudinal direction
using a non-selective 90° tip-up RF pulse after a time interval (TE). During TE, the
transverse magnetization is repeatedly refocused by adiabatic 180° RF pulses to minimize
the effects of By and B4 inhomogeneities (6). A relatively large spoiling gradient follows to
dephase residual transverse magnetization. Fig. 1b illustrates the integration of the ToPrep as
part of a contemporary fat suppressed free-breathing navigator-gated and corrected 3D
coronary MRA imaging approach (8).

Numerical Simulation

To study the potential signal gain obtained from in-flowing blood into the coronary arteries
using a spatially- selective variant of the T,Prep under ideal and well-controlled conditions,
a numerical simulation of the Bloch equations (9) was implemented using MATLAB
(MathWorks, Natick, MA, USA) as shown in Fig. 2. With this tool, the longitudinal
magnetization M,(t) of both myocardium and blood were calculated as a function of time for
the pulse sequence shown in Fig. 1b. While the effect of other pre-pulses (navigator, fat
suppression, saturation slab) on M,(t) was neglected in our calculations, the total duration of
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these pulses was still taken into account. The simulation modeled a cardiac-gated gradient
echo sequence with a heart rate of 60bpm in a 3.0T MR scanner. Simulation parameters
were as follows: T1pjgog = 1550mMS, Topjgeg = 140ms, Tlmyocardium =1115ms, T2my0cardium =
55ms (6,10,11), RF excitation angle = 20°, 25 RF excitations per k-space segment, TE of
T,Prep = 50ms, duration of other pre-pulses (Tprep) = 50ms. The effect of all RF excitations
in the acquisition window was taken into account for this simulation. However, we only
considered the first readout, corresponding to the signal in the center of k-space, for
comparison of in-flowing blood magnetization between the two variants of ToPrep.

Spatially-selective Adiabatic ToPrep

We implemented the spatially-selective ToPrep by replacing the two non-selective 90° RF
pulses with spatially-selective versions as shown in Fig. 1c. In addition, flow-compensating
gradients using gradient moment nulling were added to minimize flow sensitivity of the pre-
pulse. Further, a time gap (Tgap) Was added between the T,Prep sequence and other pre-
pulses (Fig. 1d). This delay can be increased by the user to allow for in-flow of a larger
volume of spins with fully relaxed magnetization into the coronary arteries.

In the numerical simulations, it is assumed that in-flowing blood-pool magnetization is not
affected by the spatially-selective T,Prep prior to entering into the imaged volume.
However, this assumption may not be entirely valid if the spatially-selective ToPrep has the
same orientation and position as the imaged volume, which in many cases is selected in a
way that it covers the ascending aorta. To address this issue and to avoid To-preparation of
the aortic blood-pool before it flows into the coronary arteries, the orientation, position, and
slice thickness of the spatially-selective ToPrep volume can be freely selected by the user on
the scanner console. Fig. 3c illustrates the T,Prep volume selected along the axis of the
artery of interest and orthogonal to the imaged volume without covering the ventricular
blood-pool or the ascending aorta.

In vivo Imaging Protocol and Hardware

A total of 14 healthy adult subjects with no history of cardiovascular disease (mean age
32+11 years; 11 men) were recruited for the study. The protocol was approved by the Johns
Hopkins Institutional Review Board and written informed consent was obtained from all
participants. Studies were performed on a commercial whole body 3.0T MR scanner
(Achieve R3.2, Philips Healthcare, Best, The Netherlands) equipped with a thirty-two-
channel cardiac phased-array coil, multi-transmit system, and vector electrocardiography
triggering (12). The duration of the entire study was approximately 45 minutes.

All subjects were scanned in the supine position with vector electrocardiography electrodes
connected to the anterior thorax. The imaging protocol began with a multi-slice segmented
k-space gradient echo scout scan in axial, sagittal, and coronal views to identify the heart
and the lung-liver interface for navigator localization. This scan was followed by a
sensitivity encoding (13) reference scan. Subsequently, an axial mid-ventricular balanced
steady-state free-precession cine scan (14) was obtained during free- breathing to visually
identify the period of minimal coronary motion. The beginning of this stationary period was
chosen as trigger delay for subsequent scans in the protocol. The cine scan was followed by
the coronary localizer scan, a quick low spatial resolution navigator-gated and corrected
whole-heart 3D scout scan, oriented axially during free-breathing, which was utilized for
planning of the subsequent high spatial resolution 3D coronary artery acquisitions using the
three-point plan scan tool (8). Using two-dimensional sensitivity encoding, the duration of
the localizer scan was below 2 minutes (navigator efficiency ~40%). As a result, localization
of coronaries and T,Prep slab planning led to approximately 5 minutes of scan preparation
in total. When the image quality on the scout scan was equivalent for the right coronary
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artery (RCA) and the left anterior descending artery (LAD), both arteries were subsequently
imaged and analyzed.

3D Coronary Artery Imaging Sequence

After localizing the coronary arteries, 3D volume-targeted navigator-gated (gating window =
5mm) and corrected (correction factor of 0.6 in the superior-inferior direction (15)) MRA of
the coronary arteries (8) was obtained during free-breathing. A conventional 3D segmented
k-space spoiled gradient echo with fractional echo readout and centric k-space profile
ordering was used. Imaging parameters were as follows: repetition time = 4.1ms, echo time
= 1.5ms, field-of-view = 300x300x20mm3, acquired voxel size = 0.86x0.86x4.00mm3,
reconstructed voxel size = 0.78x0.78x2.00mm3, RF excitation angle = 20°, 25 RF
excitations per k-space segment (with an acquisition window of 103ms), and a sensitivity
encoding acceleration factor of 2. A spectrally selective fat saturation pre-pulse was applied
both before the navigator and before the imaging sequence. In addition, an anterior
saturation slab preceded the imaging sequence to suppress respiratory motion artifacts
originating from the chest wall. The combined duration of these pre-pulses was 50ms as
shown in Fig. 1b. Two adiabatic refocusing pulses and a TE of 50ms were chosen for both
variants of ToPrep implementations (6). The 3D coronary MRA were acquired a) without
T,Prep, b) with non-selective ToPrep, and c) with the proposed spatially-selective ToPrep in
all subjects. In a few initial volunteers, the Tqa, between the ToPrep and other pre-pulses
that leads to best visual vessel conspicuity was experimentally determined by increasing the
Tgap from Oms to 200ms in increments of 50ms. A T, 0f 150ms was found to allow for a
large volume of in-flowing blood with no significant decrease in T, contrast and thus was
used for the spatially-selective sequence. Moreover, additional images using the spatially-
selective T,Prep with zero time gap were acquired in 7 volunteers to test the effect of Tgq
on the resultant SNR. Since quantification of SNR is not straightforward on sensitivity
encoding accelerated images (16), additional 3D fast noise scans (~9sec) with disabled RF
excitations and gradients but otherwise identical scan settings were acquired immediately
following all the 3D coronary MRA acquisitions for SNR measurements as previously
described (17).

Image Analysis

On each coronary artery of interest, vessel boundaries were identified using a semi-
automated algorithm developed in-house (18). The vessel neighborhood region was defined
as the outer two voxels of vessel boundaries (i.e. a rim with thickness of about 2.3mm). To
identify this region, the segmented vessel boundaries were first dilated using a five-voxel
morphological dilation operator. Subtraction of the inner vessel region from the dilated mask
then yielded the neighborhood regions.

Three coronary artery segments were defined in a modified form according to the
recommendations of the American Heart Association (19). The segments were categorized
into three groups: proximal, mid, and distal as illustrated in Fig. 4 that shows examples for
both the RCA and LAD.

For each segment, the signal was averaged on the anatomical images both inside the vessel
boundaries (Sjmage, vessel): and the neighborhood region (Sjmage neighbornood)- Subsequently,
vessel boundary and neighborhood contours were copied onto the corresponding noise scans
where noise measurements were obtained. Vessel SNR was then defined as

S image,vessel

SNR=

S noise,vessel
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where SDjp/se vesser 1S the standard deviation of the noise measurements inside the vessel
boundaries.

The vessel region and its adjacent neighborhood were selected to define vessel-
neighborhood CNR as

S image,vessel — N image,neighborhood

CNR=

N Dnoise,vessel+neighborhood

where SDpojse, vessel+neighborhood 1S the standard deviation of noise measurements inside the
vessel boundaries and its immediate neighborhood.

Vessel sharpness was measured in each coronary segment using the first-order derivative of
the multi-planar reformatted MRA images, as previously described (20).

Statistical Analysis

Results

Statistical analysis was performed using JMP software (version 8, SAS Institute Inc., Carey,
NC). All segments were included in the analysis and results are reported as mean + one
standard error of mean. Analysis of variance (ANOVA) with Tukey post hoc test was used
to analyze repeated measures of vessel SNR, vessel-neighborhood CNR, and vessel
sharpness in acquisitions with no ToPrep, non-selective ToPrep, and the proposed spatially-
selective T,Prep with Tgap=150ms. Paired two-tailed Student’s t-test was used to compare
vessel SNR in the spatially-selective T,Prep images acquired with Tgap=0 and Tgap=150ms.
A p-value of <0.05 was considered statistically significant in all analyses.

Numerical Simulation

The longitudinal magnetization M,(t) of blood and myocardium for the 3D coronary MRA
sequence (as shown in Fig. 1b) is illustrated in Fig. 2a. The solid black line shows the
magnetization of myocardium for multiple consecutive cardiac cycles. The blue and red
lines refer to the longitudinal magnetization of blood outside the imaged volume, which
flows into the coronary arteries in the non- selective and spatially-selective variants of
ToPrep, respectively. The black rectangle in Fig. 2a is zoomed and shown in Fig. 2b to better
compare the magnetization from in-flowing blood between the two implementations. The
horizontal lines refer to the magnetization that is available for the first RF excitation used for
imaging. This magnetization corresponds to the signal in the center of k- space.

In-flowing Blood: Non-selective TyPrep

The horizontal blue line shows magnetization at the first readout for the in-flowing blood
that enters the imaged volume before the beginning of the T,Prep pre-pulse (Ta). This in-
flowing blood always experiences the non- selective T,Prep outside the imaged volume in
previous RR intervals and its magnetization is 0.50Mg when entering the imaged volume.
The in-flowing blood entering the imaged volume between Ta and the beginning of the
imaging sequence (Tb) has the same magnetization since the blood is always affected by the
pre-pulse regardless whether it is inside or outside the imaged volume.

In-flowing Blood: Spatially-selective ToPrep without Tgap

By comparison, the in-flowing blood entering the imaged volume before Ta for the
spatially-selective variant of the ToPrep experiences only one ToPrep and enters the imaged
volume with a magnetization of 0.67Mg (Fig. 2b, horizontal dashed red line), and results in
34% increase of blood magnetization when compared to the non-selective ToPrep (Fig. 2b,
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M,=0.50My, horizontal blue line). The in-flowing blood, which enters the imaged volume
between Ta and Tb is not affected by the ToPrep (Fig. 2b, horizontal solid red line), and thus
possesses maximum magnetization. However, blood must flow into the artery between the
end of the T,Prep and the beginning of the imaging sequence (Tyrep= 50ms; see Fig. 1b) to
achieve this maximum magnetization gain. In addition, the in-flowing blood is not expected
to entirely replace the blood in the arteries at every heartbeat (21) and the difference in the
in-flowing blood magnetization of the two T,Prep implementations decreases after the first
cardiac cycle (Fig. 2b, red and blue lines in the dashed black circle). For these reasons, the
resultant SNR gain in the final image is expected to be smaller than the in-flowing blood
magnetization gain of 34%.

In-flowing Blood: Spatially-selective ToPrep with Tga,

Fig. 2c and 2d show the same situation as in Fig. 2a and 2b but with an added Tgq, of
150ms. Due to T relaxation, the additional Tgqy in the spatially-selective scenario results in
40% increase of blood magnetization from spins observing one T,Prep and entering the
imaged volume before Ta as compared with in-flowing blood for the non- selective pre-
pulse (M,=0.70My, horizontal dashed red line in Fig. 2d, vs. M;=0.50My, horizontal solid
blue line in Fig. 2b). The addition of Ty, between the T,Prep and other pre-pulses may
allow for a larger volume of spins to flow into the imaged volume between Ta and Tb
without T, preparation (horizontal solid red line in Fig. 2d). The fully relaxed spins may
potentially compensate for loss of magnetization from blood remaining in the coronary
arteries for more than one heartbeat, and lead to a larger signal gain. If this gap is chosen too
large, however, prolonged T relaxation of the myocardium may lead to a reduced blood-
muscle contrast.

In vivo Experiments

A total of 22 coronary arteries (RCA: n=13; LAD: n=9) were imaged in 14 healthy adult
subjects using the spatially-selective sequence with nonzero Tgq,. The duration for each 3D
MRA scan was approximately 2 minutes (navigator efficiency ~40%). The proximal and
mid coronary segments were visible in every dataset and the distal segments were identified
in 8 datasets. In addition, 7 coronary arteries (RCA: n=5; LAD: n=2) were imaged using the
spatially-selective sequence with Tgap=0. Fig. 3 shows examples of multi- planar
reformatted (20) images of RCA and LAD in three subjects, acquired without a T,Prep, with
non-selective T,Prep, and with the proposed spatially-selective T,Prep (Tgap = 150ms). The
quantitative endpoints of this study averaged for proximal, mid, and distal coronary
segments are summarized in Table 1.

Signal-to-Noise-Ratio

Both selective and non-selective implementations led to a vessel SNR penalty as compared
to imaging without T,Prep (p<0.001), as previously reported (3,7). In the subset of images
acquired with Tgap=0, mean SNR improved by 22% in comparison with paired images
acquired with the conventional non-selective sequence (37.6+4.6 vs. 30.9+3.8, p=0.018,
n=7). With the addition of Tgqap, a larger in-flow volume of unsaturated spins further
increased SNR as shown in Table 1, consistent with numerical simulations. The spatially-
selective ToPrep with Tgap=150ms led to 35% higher vessel SNR when compared to non-
selective ToPrep (42.3+2.9 vs. 31.4+2.2, p<0.0001, n=22). Segmental analysis of SNR (as
shown in Fig. 5a) revealed that in spatially-selective Toprep (with Tga,=150ms) images, a
40% increase in SNR was achieved in proximal segments (47.0+5.0 vs. 33.6£3.7,
p=0.0006). This result shows that Tq, allowed in-flow of sufficient volume of unsaturated
spins to attenuate the loss from remaining spins in these coronary segments from previous
heartbeats, in agreement with numerical simulations. Additionally, a smaller SNR increase
of 32% was achieved in mid segments (spatially-selective with Tgap=150ms: 37.9+4.3 vs.
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non-selective: 28.6+3.4, p=0.008). A similar trend with 26% increase in SNR was also
observed in the distal segments (spatially-selective with Tgap=150ms: 40.4+5.0 vs. non-
selective: 32.0+4.4, p=NS).

Contrast-to-Noise-Ratio

Similar to SNR findings, vessel-neighborhood CNR measurements increased by 33% using
the spatially- selective ToPrep in comparison with its non-selective counterpart (18.6+1.5 vs.
13.9+1.2, p=0.0087), although smaller compared to imaging without T,Prep (p<0.001).
Segmental CNR decreased as well in proximal and mid segments with use of both T,Prep
pre-pulses (p<0.001) as shown in Fig. 5b. However, the proposed spatially-selective T,Prep
increased CNR significantly in these segments as compared to the non-selective T,Prep
(proximal: 19.8+2.4 vs. 14.1+2.0, p=0.0025; mid: 18.2+2.5 vs. 13.1+2.0, p=0.028). The
CNR of distal segments was similar for both implementations of ToPrep (spatially-selective:
16.2+2.2; non-selective: 15.4+2.1 p=NS).

Vessel Sharpness

Both variants of T,Prep increased the overall sharpness of coronary arteries in comparison
to imaging without T,Prep (p<0.0001, Table 1). Images acquired with the spatially-selective
ToPrep exhibited somewhat higher overall vessel sharpness compared to the conventional
implementation (49.8+0.9% vs. 46.2+1.2%, p=0.061). This increase was found to be
significant in proximal segments (49.6+1.2% vs. 44.7+1.6%, p=0.0097).

Discussion

The T,Prep pre-pulse, widely used in coronary MRA (7,8,22—24), has been optimized for
insensitivity to flow artifacts (3) and field inhomogeneities (6). However, its conventional
non-selective implementation inevitably leads to a penalty in SNR (7). We hypothesized that
a spatially-selective variant of this pre- pulse, leaving the magnetization of blood in great
vessels and heart chambers unaffected, leads to a higher signal in the coronary blood-pool,
which may in part compensate for the loss in SNR. Therefore, we proposed, implemented,
and tested a spatially-selective T,Prep at 3.0T.

In this modified T,Prep an additional Tg,,=150ms was added between T,Prep and other pre-
pulses (Fig. 1d) to allow for a larger volume of spins with maximum magnetization to flow
into the imaged volume. Additionally, the orientation and position of the spatially-selective
slab could be freely selected by the user (Fig. 3c). This configuration has a twofold
advantage. It not only avoids saturation of the spins in ascending aorta before flowing into
the coronary arteries, but it may also minimize the flow artifacts in ventricular blood-pool if
the T,Prep volume is selected in a way that it does not fully cover the ventricles. An
acknowledged limitation of this implementation is that the ToPrep volume must be planned
along the main axes of the arteries on the coronary localizer scan. Although the positioning
of slabs is a fairly straightforward procedure on most commercial scanners, this adds 2—-3
minutes to the scan. The time required for the coronary localization and slab positioning
together results in approximately 5 minutes of scan preparation, which could be used for
other signal enhancing strategies such as signal averaging or acquisition of a larger volume
with conventional T,Prep. Whether those strategies result in similarly improved vessel
conspicuity or CNR remains to be studied, however.

Improvements in SNR, CNR, and vessel sharpness using the proposed spatially-selective
ToPrep were observed in healthy coronary arteries. In agreement with numerical simulations
of the Bloch equations, the spatially- selective Toprep with a Tgq, improved mean SNR, as
compared with the conventional non-selective Typrep, by 35% (p<0.0001) averaged in the
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three coronary segments and by 40% (p=0.0006) in proximal segments (Table 1). In mid and
distal segments, in which smaller volumes of in-flowing blood were expected, a smaller
SNR improvement was observed. In the absence of Tgqp, the spatially- selective Toprep
improved the overall SNR by 22% compared to the conventional non-selective T,Prep,
somewhat smaller than the 34% magnetization gain computed with numerical simulations.
We speculate that this discrepancy is due to the remaining blood in coronaries from previous
heartbeats.

T,Prep has been shown to improve blood-myocardium CNR (7). However, in the present
study, and as a result of the T,Prep volume that was orthogonal to the imaged volume, the
coverage of blood-pool and myocardium in the images was small (as shown in the examples
in Fig. 3). Therefore, we chose to quantify the CNR between the coronary blood-pool and its
immediate surroundings instead (as shown in Fig. 4). This regional assessment of contrast
may be more representative of vessel conspicuity compared with the common analysis of
contrast using manually drawn regions of interest in aorta and myocardial wall. Results from
this study demonstrated that the proposed implementation of T,Prep improved the regional
CNR by 33% (p=0.0087) in comparison with the non-selective implementation.

Additionally, the ToPrep improved vessel sharpness (p<0.05) compared to imaging without
ToPrep. The spatially-selective ToPrep, taking advantage of in-flowing blood, further
increased the vessel sharpness values compared with the non-selective implementation and
confirmed that the introduction of Tga, and its minor resultant reduction in To-weighting did
not decrease vessel conspicuity. The major beneficiaries of the new implementation were the
proximal and mid segments of the coronary arteries where the in-flowing blood volume was
largest compared to the more distal segments. These segments are routinely visualized with
MRA, especially the proximal segments that are evaluable in nearly 100% of subjects with
an excellent agreement between MRA and conventional angiography (1).

As suggested by the results, the proposed implementation may result in flow-dependent non-
uniformly enhanced arterial segments in an artery of interest. Indeed, reduced blood-flow in
the region of a lumen-narrowing stenosis may have an impact on the contrast in adjacent
vessel segments using the proposed ToPrep. Systemic evaluation of this technique in CAD
patients and whether it affects detection of stenosis is beyond the scope of this work.
However, and based on the encouraging results in this initial study, this remains to be
investigated in a patient cohort in comparison to non- selective T,Prep and the gold standard
x-ray angiography.

In this work, the new selective implementation of T,Prep was examined with a volume-
targeted imaging sequence to test whether the physiology can be utilized to improve
conspicuity of coronary arteries in MRA. Additionally, and if the spatially-selective T,Prep
does not affect the magnetization of the blood-pool above the aortic valve, a benefit may be
expected for whole-heart imaging. However, this benefit is likely to be reduced for whole-
heart imaging, as the selective implementation is most effective when the T,Prep volume is
small and avoids intersection with the ascending aorta. Alternatively, and owing to the fact
that the left coronary system may benefit more from the T,Prep than the RCA which is often
embedded in fat, a targeted ToPrep could be selectively applied for the left coronary system
during whole-heart imaging. Simultaneously, sub-dividing the entire whole-heart volume
into smaller sub-volumes may be another option to take advantage of a spatially-selective
T,Prep for whole-heart imaging. The practical use of this approach and its magnitude of
enhancement remain to be investigated with the whole-heart approach. Nevertheless,
volume-targeted coronary MRA continues to be a valuable alternative to whole-heart
imaging at high magnetic field strengths (25).
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Limitations

One limitation to this study is that we did not evaluate the addition of Tg,p in the non-
selective sequence. However, as shown in the numerical simulation, the blood flowing into
the imaged volume before or after T,Prep never recovers to its maximum magnetization in
the non-selective implementation such that a Tggp in this setting would only result in Ty
relaxation and a reduction of the blood-myocardium contrast. Furthermore, distal segments
were identified in only eight datasets and lack of significance in results may be in part due to
the small sample size. Also the difference in sample size for images acquired with and
without Tgq, prevented a head to head comparison. Lastly, no studies were conducted in
patients with coronary artery disease. However, the implementation is complete and the
efficacy of the technique can now be readily tested in different populations.

Conclusions

This study tested the hypothesis that a spatially-selective variant of the T,Prep pulse leads to
improved SNR in non-contrast enhanced coronary MRA. Consistent with the results from a
numerical simulation, significantly improved SNR and CNR were found in /n vivo coronary
artery images where it was demonstrated that proximal and mid segments of the coronary
arterial tree are among the major beneficiaries of this new technique.
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Figure 1.

(a) Non-selective T,Prep pre-pulse illustrated with two adiabatic refocusing pulses. GR;: the
slice-select gradient. (b) Schematic of pulse sequences for the three-dimensional navigator -
gated coronary MRA used for /n vivo experiments. Fat Sat: fat saturation pre-pulse,
Saturation: saturation slab pre-pulse. (¢) The proposed spatially-selective ToPrep with
selective 90° RF pulses and additional flow-compensating gradients. (d) A time interval
Tgap added between T,Prep and other pre-pulses to allow for a larger volume of blood with
fully relaxed magnetization flowing into the imaged volume.
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Figure 2.
Longitudinal magnetization in myocardium and in-flowing blood in a 3D cardiac-gated

gradient echo imaging sequence as shown in Fig. 1 with (a), (b) Tgap = 0 and (c), (d) Tgap =
150ms. Ta and Th mark the beginning of the T,Prep and the imaging sequence, respectively.
Dotted rectangles in (a) and (c) are magnified and shown in (b) and (d) to demonstrate the
magnetization of in-flowing blood when entering the imaged volume (horizontal lines).

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



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Soleimanifard et al.

Page 13

Subject 1 Subject 2 Subject 3

Non-selective T,Prep

Selective T,Prep

Figure 3.

Examples of RCA and LAD in three subjects using (a) no T,Prep contrast, (b) non-selective
T,Prep, and (c) spatially-selective T,Prep with Tgs, = 150ms. Dotted white lines illustrate
the orientation of the selective pre-pulse relative to the imaged volume.
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Figure4.

Examples of (a) RCA and (b) LAD, and their proximal, mid, and distal coronary artery
segments (c) and (d), respectively. White contours illustrate the vessel surroundings used for
vessel-neighborhood contrast assessment.

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



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Soleimanifard et al.

Signal-to-Noise-Ratio " IProximal Segments
a BMid Segments
70

,I,, Mpistal Segments
60
*t
50
40 * *
I *

30
20

10

0

NoT,Prep  Non-selective Spatially-Selective
5 Contrast-to-Noise-Ratio

, I -
*t
20 :
*
*
15 _I,
10
0

No T,Prep Non-selective Spatially-Selective

(5]

Vessel Sharpness

c

50 2 1* I
o I
30
20
10
0

No T,Prep  Non-selective Spatially-Selective

Figureb5.

Page 15

(a) Vessel SNR, (b) vessel-neighborhood CNR, and (c) vessel sharpness values of the three
arterial segments averaged in 22 coronary arteries. The proximal and mid coronary segments
were visible in every dataset and the distal segments were identified in 8 datasets. Bar plots
represent mean values and error bars represent standard error of mean (SEM). *p<0.05 vs.

no T,Prep; tp<0.05 vs. non-selective ToPrep.
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Table 1

Mean + standard error of mean (SEM) of vessel SNR, vessel-neighborhood CNR and vessel sharpness
averaged in 22 coronary arteries using no T,Prep, non-selective T,Prep and spatially-selective ToPrep (Tgap =

150ms).

SNR CNR Vessel
Shar pness%
No T,Prep 65.4432  243+14  38.9+12
Non-selective T,Prep 31.4422%  13.9+12%  46.2+12%

Spatially—selective TzPrep 42.3+2.9 *t 18.6+1.5 *f 49.8+0.9 *

*
p<0.05 vs. no T2Prep.

fp<0.05 vs. non-selective T2Prep.
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