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Abstract

Purpose—To develop a free-breathing cardiac MR perfusion sequence with slice tracking for
use after physical exercise.

Methods—We propose to use a leading navigator, placed immediately before each 2D slice
acquisition, for tracking the respiratory motion and updating the slice location in real-time. The
proposed sequence was used to acquire CMR perfusion datasets in 12 healthy adult subjects and 8
patients. Images were compared with the conventional perfusion (i.e. without slice tracking)
results from the same subjects. The location and geometry of the myocardium were quantitatively
analyzed, and the perfusion signal curves were calculated from both sequences to show the
efficacy of the proposed sequence.

Results—The proposed sequence was significantly better compared to the conventional
perfusion sequence in terms of qualitative image scores. Changes in the myocardial location and
geometry decreased by ~50% in the slice tracking sequence. Furthermore, the proposed sequence
had signal curves that are smoother and less noisy.

Conclusion—The proposed sequence significantly reduces the effect of the respiratory motion

on the image acquisition in both rest and stress perfusion scans.
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Introduction

Cardiac magnetic resonance (CMR) perfusion allows assessment of the presence and extent
of regional ischemia in patients with known or suspected coronary artery disease (CAD) (1-
4). Studies comparing CMR perfusion vs. single photon emission computed tomography
(SPECT) have demonstrated CMR perfusion to have superior diagnostic accuracy (5-7).
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Data also show a correlation between CMR perfusion and fractional flow reserve, a
physiological index of significant CAD (8-10). Clinically, ischemia is assessed qualitatively
by identifying myocardial regions with delayed and reduced contrast uptake during stress.
Quantitative CMR perfusion analysis enables absolute quantification of myocardial blood
flow (MBF), which may improve the diagnostic accuracy of CMR perfusion, especially in
multi-vessel CAD (11), and provide more observer-independent and reproducible results
(12). Over the past decade, advances have been made to improve quantitative CMR
perfusion including CMR acquisition methods (13-17), contrast infusion scheme (18-20),
model-based quantification of MBF (21-23), and pixel-wise quantification (19,24). To
extract the quantitative metrics from dynamic images, the image series should be aligned.
However, this is difficult because of the breathing motion during the acquisition. Therefore,
methods to reduce, or to compensate for, the respiratory motion effects are required.

To allow imaging with sufficient spatial and temporal resolution, parallel imaging (SENSE
(25) or GRAPPA (26)) with an acceleration factor of 2 is often used. To further reduce the
scan time, the redundancy of the data in spatio-temporal dimension can be exploited (27—
29). k-t SENSE, k-t BLAST and k-t PCA methods can be used either to increase the in-plane
spatial resolution (30-33), or to enable 3D perfusion (34,35) with acceleration rate as high
as 12. CG-HYPR was recently proposed for perfusion imaging to increase both the number
of slices and the spatial resolution (16). Studies also demonstrate the feasibility of
compressed sensing and exploiting the sparsity in k-t dimension to achieve acceleration
factor of 24 (36). However, acceleration methods based on spatio-temporal information are
very sensitive to motion (37), with motion leading to deteriorating image quality. To
mitigate this issue, k-t accelerated perfusion images are acquired during a prolonged breath-
hold. However, not all patients are able to hold their breath during the scan, and there is
commonly a respiratory drift that will impact the quality of the reconstruction (38,39).

Stress perfusion is commonly performed during pharmacological stress. However, MRI
compatible treadmill and bicycle ergometers (40-42) have recently become available which
enable perfusion imaging after physical stress (43,44). While pharmacologic stress has the
advantage of uniformity in testing and a uniform vasodilator response, it provides no
information regarding patient’s exercise capacity and hemodynamic response to exercise
(45,46). Despite the advantages, physical stress has several challenges related to the high
heart rate, and rapid and deep breathing immediately after exercise. This constrains the
choice of acceleration method, causes substantial through-plane and in-plane motion, and
reduces the overall image quality. Therefore, improved motion correction is a necessity for
perfusion after physical exercise in stress CMR.

Respiratory motion is often corrected retrospectively by registering images at different
respiratory phases using different methods (47—-49). While these methods can reduce the in-
plane motion between different frames, through-plane motion is not compensated for. A
respiratory navigator (NAV) positioned on the heart or on the right hemi-diaphragm (RHD),
has been widely used in coronary MRI for prospective slice tracking (50-52). The imaging
slice is adjusted in real-time to increase the acquisition efficiency and to partially
compensate for respiratory motion (53). Slice tracking has also been used for imaging of the
aortic valve (54), but little has been done for perfusion imaging. In a typical perfusion
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sequence, a non-selective saturation pulse is applied with the image acquisition starting
~100 ms later to maximize the contrast. If the NAV pulse is applied immediately before the
acquisition, the NAV signal will have a low signal-to-noise ratio (SNR) because of the
preceding saturation pulse, and if the NAV is placed before the saturation pulse, there would
be a relatively long delay between the NAV and the acquisition, reducing the accuracy of
the slice tracking (55).

In this study, we sought to develop a free-breathing CMR perfusion sequence with real-time
slice tracking to reduce the motion-induced mis-alignment between different frames and to
reduce the through-plane motion. CMR perfusion images were acquired a) during normal
breathing, b) during a simulated heavy breathing (i.e. increased respiratory rate and depth
under instructions), and c) after physical supine ergometer exercise. Both quantitative and
qualitative assessments of in-plane and through-plane motion were performed.

Pulse Sequence

Figure 1 shows the schematic of the proposed free-breathing CMR perfusion sequence with
slice tracking. In this sequence, for each slice, a non-selective 90° saturation pulse is
followed by a saturation delay of 100 ms, and then the acquisition is performed. For a
prospective slice tracking, a NAV measurement is placed directly before the acquisition of
each slice, and a NAV-restore pulse is applied immediately after each saturation pulse to
locally restore the saturated magnetization in the RHD area for subsequent detection of the
lung-liver interface of the NAV. For the NAV-restore pulse, we used a 2D spatially selective
spiral pulse (56,57), with 16 spiral excitation turns in 10 msec, and a flip angle of -90° to
restore the magnetization in a circular area centered on the RHD with a diameter of 50 mm.
The NAV signal is then measured, using a 2D pencil beam NAV positioned on the RHD,
centered at the same NAV-restore center point with a diameter of 30 mm, and immediately
before starting each slice acquisition. The slice location is then prospectively changed in
real-time using the RHD NAV signal with a constant superior-inferior scale factor of 0.6
(53,58). The time interval required for the restore pulse and navigator signal acquisition is
calculated within the delay time between the saturation pulse and the data acquisition. The
NAYV signal is used only for tracking. No gating is performed (i.e. all data are accepted
irrespective of the NAV location).

NAV-restore Validation

In order to validate the effect of the proposed NAV-restore pulse in a perfusion sequence,
the pulse sequence was modified such that the NAV measurement was disabled, and the
imaging pulses were applied exactly at the place of the NAV pulse. This sequence was then
used to image an axial plane that passes through the RHD. Thus, the acquired image
represents the NAV signal in the regular sequence.

We used this setup to acquire three images for the same axial slice: a) with no saturation
pulse, no NAV-restore, b) with a saturation pulse but no NAV-restore, and ¢) with a
saturation pulse, and NAV-restore.
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Imaging Protocols

The CMR perfusion sequence with real-time slice tracking was implemented on a 1.5-T
Philips Achieva (Philips Healthcare, Best, The Netherlands) system with a 32-channel
cardiac phased-array receiver coil.

Twelve healthy adult subjects (6 females, 30.3+12.1 years) without any history of
cardiovascular disease and eighteen patients (10 females, 52.5+15.1 years) referred for
evaluation of cardiovascular disease were recruited. For this HIPAA-compliant study, the
protocol was approved by our institutional review board, and written informed consent was
obtained from all participants.

A bolus injection of 0.05 mmol/kg gadopentetate dimeglumine (Magnevist; Berlex
Laboratories, Wayne, NY) was used, with 10 ml of saline after contrast, both at a rate of 4
ml/s.

Figure 2 shows the study design diagram with associated imaging protocol for each group.
The proposed imaging sequence was evaluated in patients (group A, n=18) and healthy adult
subjects undergoing heavy breathing (group B, n=8) or exercise stress perfusion (group C,
n=3). While group A received only one contrast injection, group B and C received two
separate injections with a time separation of 30—-45 minutes to allow for contrast washout. In
group A, the patients were randomized into two groups, one in which the rest perfusion was
acquired without any NAV tracking (group A1, n=9), and the second with the proposed
NAV tacking (group A2, n=9). In group B, each subject received two contrast injections
(0.05 mmol/kg each). During one injection, the conventional perfusion sequence (i.e.
without NAV tracking) was performed, but the NAV positions were also acquired during
this scan. During the second injection, the proposed sequence with NAV slice tracking was
performed. During both scans, the subject was instructed to take deep breaths at different
rates and depth to simulate the maximum motion that we may encounter in patients after
physical exercise. The order of the two perfusion scans was randomized. In group C, the
perfusion protocols were performed directly after a supine bicycle stress (Figure 9.f), where
the ergometer (Lode B.V., Groningen, NL), was mounted at the end of the MRI tabletop.
After the initial imaging for scan prescription, the table was moved to outside of the scanner
bore to perform exercise. An exercise protocol was performed with initial ergometer
resistance of 25-50W (increase step=25W/2min, with ECG rhythm and blood pressure
monitoring) to reach a target heart rate of ~140 bpm. The table was then positioned back
into the magnet for post-exercise imaging. Similar to group B, each subject performed two
exercises, each followed by a contrast injection of 0.05 mmol/kg and a perfusion scan, with
a time separation of 30-45 minutes to allow for contrast washout. One perfusion scan was
performed without NAV tracking, and the other scan was performed with NAV tracking. In
the first scan of group C, it was observed that the navigator beam length was not sufficient
for the large RHD motion after exercise (Figure 3). Thus, it was increased from 60 mm to
120 mm to accommaodate the large RHD motion.

In all groups, the perfusion sequences were performed during free breathing. For CMR
perfusion, a saturation-recovery steady-state free precession sequence (TR/TE = 2.5/1.27ms,
flip angle = 50°, 90 frames, FOV = 320x320mm?, resolution = 2.7x2.7x10 mm3, acquisition
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matrix size = 120x120, SENSE factor=2, acquisition time = 150 ms/slice, saturation pulse
delay = 100 ms, total imaging time = 175 ms/slice) was used to acquire 3 short-axis images
per heart beat (base, mid, apex). In three cases (two stress and one rest exams), only two
slices were acquired because of the higher heart rate (a maximum heart rate of 115 is
allowed for the acquisition of three slices per cardiac cycle using this sequence).

Image and Statistical Analysis

All images and NAV measurements were exported into a separate PC station for quantitative
analysis. All statistical analyses were performed using Matlab (v7.14, The MathWorks,
Natick, MA) and SPSS (v20.0, SPSS Inc, Chicago, IL). Subjective image scores were used
to evaluate the motion in the proposed sequence for all datasets in group A. A qualitative
assessment of the amount of motion was performed by an experienced independent blinded
reader with CMR perfusion imaging experience, using a four-point scale system: 0- non-
diagnostic; 1- poor images quality due to motion artifacts; 2- good image quality but with
mild motion artifacts; 3- excellent image quality with minimal motion artifacts. The signed
rank test was used for imaging scores to test for the null hypothesis that the central tendency
of the difference was zero for the NAV-tracking and non NAV-tracking images. A p value
of <0.05 was considered to be significant.

Quantifications of Motion—The heavy breathing motion during imaging can result in
both in-plane and through-plane motion. To quantitatively analyze these effects, we
measured and quantified the changes in the center point and area of the left ventricle (LV)
region in the resulting images as an indication of the effectiveness of the slice tracking.

In the perfusion sequence, each slice is imaged at exactly the same cardiac phase in all
cardiac cycles, and thus the myocardium is expected to be located at the same position and
have the same geometry and size in all time frames. If the breathing motion results in in-
plane motion, we would expect this to reflect on the myocardial location in the image but
not on its size or geometry since the same myocardium only moves to a different location
within the same 2D slice. In contrast, if the breathing motion causes a shift in the acquired
slice in the slice-selection direction, we would expect changes in the myocardial size and
geometry. To capture these changes, we developed a software tool in Matlab to manually
draw closed contours around the LV in all the acquired images (Figure 4.a). From these
contours, the LV myocardial area and an approximate center point were estimated, using the
center of mass method, in all slices and time frames (Figure 4.b).

Next, for each dataset, the distance between the estimated center points in each two
successive time frames was calculated as a surrogate for the myocardial in-plane motion due
to the breathing motion. Similarly, to address the effect of the through-plane motion, the
difference in the myocardial area between each two successive time frames was calculated,
where these changes were normalized with respect to the myocardial area at the contrast
arrival dynamic. Then, both measurements (i.e. the center points changes and the normalized
area changes) were compared between the NAV-tracking and non NAV-tracking sequences
using a linear model analysis. In order to capture the measurements variability within and
between-subject, the data from the NAV-tracking sequence for all subjects were structured
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into one single vector with an indicator variable for time within subject. The data from the
non NAV-tracking sequence were structured the same way. The overall slope between these
two vectors, as well as the 95% confidence intervals, was computed taking into account the
correlation of the measurements within each subject. The measurements were considered to
be different if the confidence interval does not cover 1.0. The correlation (variance-
covariance) structure was assumed to be compound symmetry which yielded the within and
between-subject variance components which were used in the estimation of the difference
and confidence interval via a linear mixed-effects model.

Next, to characterize the impact of the motion on the quantification of myocardial and blood
signal changes in different time frames, the average intensity of the LV blood pool was
calculated through different frames. To obtain these data, we used the same software tool
described in the previous section to draw manual contours around the LV blood pool (Figure
4.a). For each slice, the signal curve was calculated using two methods: a) fixed-ROI
method, where the contours drawn at the contrast arrival frame were propagated to all the
other frames and use it to calculate the average intensity of the myocardium and blood pool,
and b) tracked-ROI method, where contours were manually drawn in each dynamic to
calculate the myocardium and blood-pool average intensity (Figure 4.c). Then, these curves
were compared between free-breathing perfusion with and without NAV slice tracking in
groups B and C.

Finally, the same intensity curves were calculated for the LV region, followed by the
calculation of the upslope values in both NAV-tracking and non NAV-tracking sequences
using the paired t-test, with a p value of <0.05 considered as significant.

Figure 5 shows the effect of the saturation and NAV-restore pulses on the signal intensity
level of the acquired NAV measurements. Figure 5.b shows the effect of the saturation pulse
in reducing the signal intensity level while Figure 5.c shows the effect of the NAV-restore
pulse to restore the signal intensity level in the NAV area to be almost similar to the
standard one in Figure 5.a.

Based on the motion score system described above, qualitative image scores indicate that for
group A (free breathing), the NAV-tracking images (3.2+0.6) were significantly better than
the non NAV-tracking ones (2.6x1.2, p < 0.01). And for group B (deep and variable rate
breathing) the NAV-tracking images (3.0£0.7) were significantly better than the non NAV-
tracking ones (1.7£1.0, p < 0.01).

Figure 6 shows multiple frames from a representative slice in a subject from group B, who
was instructed to take deep breaths at different rates and amounts to simulate the maximum
motion that may be encountered in patients post-physical exercise, when no NAV slice
tracking is used. Figure 7 shows multiple frames from the same slice and under the same
breathing instructions but using the NAYV slice tracking. Despite the heavy breathing pattern
shown in the acquired navigator signal in Figure 7.f, the anatomical location of the
myocardium was preserved through the different frames when using the NAV tracking. The
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changes in the papillary muscle shape and myocardium were very small, indicating that the
location of the acquired slice in the slice selection direction was not largely affected by the
heavy breathing motion. Figure 8 shows another representative slice from a subject in group
C, where the perfusion dataset was acquired after physical exercise and with NAV tracking.
Despite the deep and high frequency breathing pattern shown in Figure 8.e, the anatomical
features and geometry are well preserved through the different frames.

Table 1 summarizes the changes in the myocardial area and the location of the estimated
myocardial center point throughout all the cases in groups B (deep and variable rate
breathing) and C (bicycle stress), using the free-breathing perfusion with and without NAV
tracking. The linear mixed model analysis led to overall slopes and corresponding
confidence intervals of 1.64 £+ 0.33 and 1.92 + 0.24 for the myocardial center point motion
in the readout and phase encoding directions respectively. Similarly, for the normalized area
changes, the slope and the corresponding confidence interval from the analysis was 1.69 +
0.21. Thus, the two sequences were significantly different in terms of the quantification of
these cardiac indices.

The LV upslope for the non NAV-tracking was (4.3 = 1.8 a.u.) and for the NAV-tracking
was (4.5 + 1.6 a.u.) with a p value of .36 for the rest cases, while for the stress cases, the LV
upslope was (5.8 + 1.1 a.u.) for the non NAV-tracking and (6.8 + 1.6 a.u.) for the NAV-
tracking with a p value < .05.

Figure 9 shows representative signal curves for two cases: one case from Group B (Figure
9.a and 9.c), where the subject was instructed to breathe heavily, and the other case from
group C (Figure 9.b and 9.d) where the perfusion dataset was acquired after an actual
physical exercise. In all graphs, the signal curves generated from the tracked-ROI method,
shown in solid blue lines, are smooth and less noisy than the curves generated from the
fixed-ROI method (dotted red lines). In each case, the signal curves, generated from the
perfusion with slice tracking sequence, were smoother and less noisy than the ones
generated without NAV slice tracking.

Discussion

In this study, we proposed and evaluated a novel free-breathing CMR perfusion sequence
with real-time NAV slice tracking. The efficacy of the NAV slice tracking was
demonstrated in free-breathing scans with and without heavy breathing, as well as after
physical stress.

Using the NAV for slice tracking has always been a challenge in perfusion sequences due to
the effect of the saturation pulse on the navigator signal. As an alternative solution, Pedersen
et. al. proposed a calibrated motion model combined with a modified respiratory navigator
to obtain a prospective slice tracking in perfusion imaging (59). In this work, the respiratory-
induced heart motion is modeled through a pre-scan and the model is used to estimate the
changes during the actual scan. However, this method requires the patient to have similar
breathing pattern during the pre-scan and the actual perfusion scan. Therefore, such an
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approach is not applicable for imaging after physical stress, where the rate and depth of the
respiratory motion are changing as the patient recovers from the exercise.

In our sequence, we restore the RHD magnetization using a selective 2D restore pulse
applied directly after the non-selective saturation pulse of the perfusion sequence. Therefore,
the navigator measurement is not affected by the preceding saturation pulse. This navigator
restore pulse is ~10 ms. So it can easily be placed during the saturation delay interval, which
is ~100 ms, and thus does not affect the sequence timing. This method has a much simpler
and practical setup (only conventional navigator setup is required) than using the calibrated
motion model proposed in (59).

Although, the results from the quantification of the motion show residual motion, the
amount is substantially smaller than free-breathing imaging without NAV tracking. Further,
reduction of the motion may be achieved using image registration (47-49,60-64). We note
that image registration cannot compensate for through-plane motion, therefore a combined
approach can potentially reduce both in-plane and through-plane motion. We did not
combine the proposed approach with image registration in this study, and the choice of the
optimal registration algorithm remains to be studied and is beyond the scope of this study.

To improve the ability of the navigator for detecting large motion that occurs after exercise,
we increased the navigator beam length to 120 mm from the 60 mm commonly used in
coronary MRI (50-53). Except for this modification, we did not make any other
modification in the implementation of the standard navigator acquisition or processing
available in our imaging software. Thus, the proposed modification of the timing of the
navigator can be easily adapted to the current navigator implementation.

Although the NAV tracking was used to correct for motion only in the head-foot direction,
we found a significant reduction in the motion effect on the acquired short axis slices. This
is likely because the motion in the head-foot direction is the most dominant motion
component attributed to breathing, especially when imaging in the short-axis of the heart
(58). The effect of RHD mation in the other two directions is minor, and could likely be
corrected using image-based registration methods (48,64), but we did not investigate these
correction methods in our study.

While the upslope measurements were not significantly different in images acquired with or
without NAYV tracking in the rest perfusion scans, the same measurements were different in
images acquired immediately after physical exercise, presumably due to larger motion. We
note that the number of subjects was limited, and further studies with a larger number of
patients are needed to further validate the results from this pilot study. We also note that by
using NAYV tracking, we did not aim to improve the clinical efficacy of perfusion. Instead,
our aim was to facilitate quantitative analysis by reducing the need for manual correction of
motion between different phases.

We used a constant head-foot correction factor of 0.6 for NAV slice tracking (53,58,61). At
rest, this factor is subject-specific (65), and may change after physical exercise. We did not
systematically study the optimal tracking factor, but we expect the impact of small errors in
tracking to be negligible. The proposed slice tracking will not compensate for respiratory or
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cardiac motion that occurs during the data acquisition in each heart beat. Such motion will
manifest itself as image blurring and artifacts rather than mis-registration between different
frames.

In this study, we were not able to quantify myocardial perfusion because of the high contrast
agent dose and lack of dual bolus or dual sequence acquisition. So, further studies are
needed to address the impact of slice tracking on myocardial perfusion quantification. We
also did not analyze the benefit of using a NAV for slice tracking in terms of reduction of
analysis time for perfusion quantifications. It is expected that the NAV tracking would
reduce or completely eliminate the need for manual registration between different frames
but this was not studied and requires further investigation.

CMR imaging after physical stress is quite challenging and further improvements in imaging
are still needed before routine clinical exams. As seen in this study, respiratory motion is
one of the major limitations of acquiring clinically acceptable image quality after physical
exercise. In addition, acquiring a reliable ECG could be challenging even at 1.5T. Presence
of additional electronic equipment could interfere with ECG signal. In our experience,
turning off the exercise equipment immediately after completion of the exercise is the most
reliable approach to eliminate this source of interference. In addition, we have experienced
issues with the moving ECG leads during the exercise, which could impact the subsequent
perfusion scans. Rapid changes in heart rate also causes difficulties in performing an ECG
gated scan, such as skipping heart beats, which could adversely impact the interpretation of
the perfusion scans. Furthermore, coordination between the technologist(s) and the nurse(s)
is essential to successfully perform the exercise and the subsequent rapid imaging.

Our study has several limitations. The number of subjects in each group was limited. We did
not perform two different studies with days apart to assess the navigator efficiency between
the two acquisitions. Perfusion imaging with slice tracking reduces the amount of motion,
but does not totally eliminate it because of rapid motion and the inability of the navigator to
accurately measure the heart motion. There were differences in the motion patterns between
the two acquisitions that cannot be accounted for.

Conclusion

We demonstrate a free-breathing CMR perfusion sequence with RHD NAV slice tracking to
reduce the impact of large respiratory motion we encounter in imaging after physical stress.
The proposed slice tracking substantially reduces through-plane motion in CMR perfusion
imaging and does not prolong the scan acquisition.
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Figure 1.

Pulse sequence diagram for the proposed multi-slice free-breathing CMR perfusion
sequence with real-time navigator (NAV) slice tracking using the 2D-pencil beam navigator
with a restore pulse. Immediately after the non-selective saturation pulse (SAT Pulse), a 2D
selective NAV restore pulse (=90°) is applied. This allows restoration of the liver signal that
can be used to monitor the respiratory motion. A 2D pencil beam NAYV signal is
subsequently acquired prior to the image acquisition (ACQ) and used for adjusting the
imaging position using a simple tracking factor of 0.6. The NAV is used only for slice
tracking and not for gating. Therefore all data are accepted.
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Figure 2.

Study design. a) Volunteers are divided into three groups: group A includes the patients,
group B includes healthy adult subjects, that were instructed to breath heavily during
imaging, and group C includes healthy subjects, who underwent a physical stress directly
before imaging. b) The imaging protocol for each group.
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Figure 3.
An example of failing navigator tracking because of the small beam length used in this scan

(80 mm). In all stress scans, the beam navigator length was increased to 120 mm to
accommodate for the large RHD motion after exercise.
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Figure 4.

A schematic of the image analysis to quantify the motion effect in perfusion images. (a)
Epicardium and endocardium contours are drawn on all the slices, (b) For each epicardium
contour, the area is calculated and an approximate center point is estimated. Then,
differences in area and center point location are calculated between each two successive
time frames. If the breathing motion results in in-plane motion, we expect to see a shift in
the center point but not the area. However, if it results in through-plane motion, we expect to
see a different area, because a different slice was imaged, (c) The drawn endocardium
contours are used to calculate the signal curves in two methods: 1) fixed-ROI, where the
contour drawn at the contrast arrival point is propagated through all frames and the average
intensity is calculated from the images; and 2) tracked-ROlI, where the average intensity is
calculated in each dynamic slice using the contour that was drawn specifically for that
dynamic.

Magn Reson Med. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Basha et al. Page 18

Figure 5.
The effect of saturation and NAV-restore pulses on the NAV measurements. a) Neither

saturation nor NAV-restore pulses are applied (i.e. similar to most of the regular sequences),
b) Non-selective saturation pulse is applied without a NAV-restore, and c) a spatially
selective NAV-restore pulse is applied after the saturation pulse.
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Figure 6.
(a—e) Selected frames for a representative short-axis slice from a 20 year old healthy subject

instructed to breathe heavily to simulate the breathing pattern after a physical exercise. f) the
corresponding navigator signal, in mm, acquired immediately prior to the slice acquisition.
However, the NAV measurements were not used for any slice tracking. A white dotted fixed
box is placed around the myocardium at the contrast arrival dynamic (dynamic b), and then
propagated through the other frames to emphasize the myocardial in-plane motion. For the
through-plane motion, note the changes in the heart and liver locations through frames due
to the heavy breathing motion.
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Figure 7.
(a—e) Selected frames for the same short-axis slice in Figure 6, acquired under the same

breathing instruction but using the NAV slice tracking, f) the corresponding navigator
signal, in mm, acquired immediately prior to the slice acquisition, which shows substantial
respiratory motion during imaging. The same fixed box in Figure 6 is used to emphasize the
reduction in the myocardial in-plane motion. Note the good depiction and preservation of
the anatomical location during different frames.
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Figure 8.
(a—d) Selected frames from a representative short-axis slice post physical exercise, e) the

corresponding navigator signal, in mm, which shows rapid deep breathing by the subject,
and f) the physical stress setup used during the study. Note that the anatomical features and
geometry are well preserved in different frames (see arrows) even in the presence of deep
and fast breathing after physical exercise. The maximal RHD NAYV displacement was
18mm.
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Figure 9.

Normalized signal intensity curves from two cases: one case from Group B (first column;
graph a and c) and one case from Group C (second column; graphs b and d). In each case,
the upper row shows the curve calculated from the non NAV-tracking perfusion sequence,
and the lower row shows the curve calculated from the NAV-tracking perfusion sequence.
In each graph, the perfusion curve is calculated using two methods: fixed-ROI (in red dotted
lines), and manually tracked-ROI (in solid blue lines). Note that in general, the manually
tracked ROls result in smoother curves. However, when using the NAV slice tracking, the
curves becomes smoother for both fixed and manually tracked ROIs.
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Table 1

Mean square (MSE), and standard deviation (STD) of the calculated changes in the normalized myocardial
area and the estimated myocardial center point throughout different time frames and slices from groups B and
C. While the effect of the breathing motion is more apparent on the phase encoding direction, reflected on the
center point location changes in both readout and phase encoding directions, the proposed sequence has
reduced the center point motion average and standard deviation by almost half.

Motion of Myocardial Center Point
AArea (%)
Readout Direction (mm) | Phase Encoding (mm)
No NAV Tracking 8.9+11.2 4.1+5.0 9.3+11.0
NAYV Tracking 5.4+6.5 2.9+3.6 4.9+5.8
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