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3D Volume-Selective Turbo Spin Echo for Carotid
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Purpose: To improve 3D volume-selective turbo spin echo
(TSE) carotid artery wall imaging by incorporating naviga-
tors to reduce artifacts caused by swallowing.

Materials and Methods: Images were acquired on a Sie-
mens Magnetom Sonata 1.5T scanner. 3D volume-selective
TSE scans of the carotid arteries were acquired in six
healthy volunteers. A cross-pair navigator placed on the
back of the tongue was used to detect swallowing and
movement. Two swallowing patterns were tested: 1) a single
swallow approximately halfway through the scan time, at
the center of kz, and 2) repeated swallowing as often as
possible throughout the scan period. Images were acquired
with and without navigators for comparison. Signal inten-
sity in the lumen was quantified for the quality of blood
suppression, and the clarity of the vessel wall in the com-
mon carotid was ranked by four independent blinded ob-
servers.

Results: In general, lower signal intensity was recorded in
the lumen, and decreased blurring and ghosting were ob-
served on scans with navigator control. This reduction in
lumen signal intensity signifies an improvement in the
black-blood imaging technique. The differences likely re-
flect the improved double inversion/blood suppression ef-
ficiency due to cycles being rejected when the heart rate
changed at the point of swallowing, or decreased motional
blurring/ghosting of tissue when the navigator is used, or a
combination of these two effects. A statistical analysis of
image quality showed a significant difference between nav-
igated and non-navigated scans as scored by four indepen-

dent, blinded observers. For both swallowing patterns, the
mean score for the navigator images was on average 0.6
greater than that of non-navigator images (on a scoring
scale of 0–5, where 0 � no vessel visible, and 5 � good
delineation and blood suppression) and P-values for all
observers were less than 0.01. Overall, the central swallow
scans were scored higher than the repeated swallow scans.
One reason for this may be the fact that the heart rate
increased on swallowing, and this often lasted for one or
two cardiac cycles after the navigator returned to the nor-
mal acceptance position. The effect of the increased heart
rate after swallowing is likely to have an effect on double
inversion blood suppression efficiency. Therefore, the in-
creased amount of heart rate changes with repeated swal-
lowing may have a greater adverse effect, even if the navi-
gator rejects data views during the swallowing motion.

Conclusion: The clarity of vessel wall delineation and the
apparent efficiency of blood suppression are reduced by
swallowing during acquisition. Both motion blurring and
quality of blood suppression are factors that can be im-
proved with the use of a navigator accept/reject method.
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ATHEROSCLEROTIC CAROTID ARTERY DISEASE is
the most common cause of stroke and accounts for a
substantial number of deaths and disabilities in the
western world (1,2). A number of magnetic resonance
(MR) methods have been described for vessel wall im-
aging. One of the main purposes of vessel wall imaging
is to characterize plaque. However, the multiple con-
trasts (3) and high-resolution imaging required often
lead to increased imaging times. A method to improve
image quality and avoid the need for repeat scans is
therefore important.

Significant work on characterizing plaque by MR has
been reported by several groups, with two-dimensional
(2D) turbo spin echo (TSE) sequences being used in
clinical applications (4–10). Carotid artery disease is
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known to be a good marker for other vessel disease
because the carotid artery is a common location for
atherosclerosis. Superficial vessels enable the use of
surface coils for higher SNR. Since stabilization of the
head is a relatively simple procedure, the vessel is gen-
erally straight, and respiratory motion is minimal, the
carotid artery is often the artery of choice for studies of
atherosclerosis. Most of these studies involve 2D imag-
ing; however, in vivo coronary vessel wall imaging using
a three-dimensional (3D) spiral acquisition has also
been reported (11,12). This approach uses a nonselec-
tive inversion prepulse and a 2D selective local inver-
sion prepulse to suppress unwanted signal outside the
volume of interest.

As these MR arterial wall imaging methods become
more widely available clinically, it is becoming more
important to optimize the techniques used. We recently
developed a 3D volume-selective TSE sequence for ar-
terial wall imaging (13). The primary advantage of this
sequence is that it enables greater coverage of the vol-
ume of interest in the same amount of time as the
equivalent 2D method, while maintaining the same sig-
nal-to-noise ratio (SNR), due to the significantly smaller
phase-encode field of view (FOV). In 3D volume-selec-
tive TSE scans of carotid arteries in some patients,
blurred images have been observed that may be attrib-
uted to swallowing/throat motion during the scan. Ar-
tifacts may be caused by motion of the vessel and/or
surrounding tissue, or by the change in blood flow pat-
terns caused by the increased heart rate on swallowing.
This also has an adverse effect on the timing of the
double inversion in relation to the changes in heart
rate. Similar effects have been observed in other carotid
MRI techniques (14). Images are acquired during free
breathing over several minutes, which means that
swallowing is likely to occur during the acquisition.
Another limitation of the 3D approach is the increased
difficulty of suppressing blood signal. This problem and
methods to reduce it were addressed in another study
(15). The purpose of the present study was to observe
the effect of swallowing motion and investigate the pos-
sibility of removing its associated artifacts during vessel
wall imaging of the carotid arteries.

MATERIALS AND METHODS

All scans were performed on a Siemens Magnetom So-
nata 1.5 T scanner. A 3D volume-selective TSE se-
quence was used to image the carotid arterial wall, with
the slab centered on the carotid bifurcation (13). Navi-
gator and accept/reject algorithms were incorporated
into the MR sequences to assess the effects of any swal-
lowing motion.

For the volume-selective TSE images, the FOV used
was 120 � 24 mm and imaging matrix size was 256 �
52, giving a true pixel size of 0.47 mm � 0.47 mm
(which is further interpolated by a factor of 2 during
reconstruction) with 18 slices (true slice thickness � 2
mm) and 40% slice oversampling to avoid signal wrap.
Volume excitation is achieved by switching the slice-
selection gradient of the 90° excitation pulse onto the
phase-encoding axis and scaling its thickness to the
phase FOV. This is followed by the 180° refocusing

pulse. Dark-blood, double-inversion preparation was
applied to all TSE images. An echo train length of 11
and a bandwidth of 43.5 kHz were used to fit the scan
within the desired acquisition window (65 msec) to
avoid motion blurring due to pulsatility. For these T1-
weighted images, the sequence was triggered on every
cardiac cycle with a short echo time (TE) of 11 msec.
Each scan lasted one to two minutes, depending on the
heart rate and navigator acceptance efficiency. Within
the cardiac cycle a trigger delay can be used to place the
acquisition in diastole, and the inversion time was fixed
appropriately to the RR interval of the subject. A black-
blood double inversion technique was used with an
inversion time of 550 msec, which in most cases placed
the acquisition window into diastole. This inversion
time was longer than would be expected theoretically. It
was found in earlier studies that this longer inversion
time gave better results, possibly because of the longer
time it afforded for reinverted blood in the 3D imaging
slab to be replaced (13). If a subject’s heart rate was
particularly slow, a delay of up to 200 msec was added
before the double inversion preparation. If the heart
rate was fast, the inversion time was decreased to main-
tain cardiac gating on every cycle. The dark-blood prep-
aration consisted of a nonselective inversion and slice-
selective reinversion with a thickness 1.2 times that of
the full 3D imaging slab. The sequence timings are
illustrated in Fig. 1.

The images were acquired using a purpose-built, two-
element, phased-array coil (Machnet BV, The Nether-
lands). The coil was placed on the side of the neck with
the elements in posterior–anterior alignment. These el-
ements cover a single side and can be used in combi-
nation with a second two-element coil to image both
sides of the neck simultaneously. A single side of the
carotid arteries was imaged for this study to ensure
perpendicular location of the vessels and centering on
the bifurcation. Localization of the bifurcation was
achieved with a transverse 2D multislice time-of-flight
(TOF) scan of the entire length of artery covered by the
coil (�12 cm) with a superior saturation band to sup-
press venous flow. A low-resolution 2D TSE scan, in the
vessel plane, was located in the TOF images by using a
three-point piloting tool and positioning markers in the
center of the lumen above and below the bifurcation.
This was then used to plan the 3D scan to ensure that
slices were as perpendicular to the vessel as possible.

A cross-pair navigator placed on the back of the
tongue was used to detect swallowing. This consists of
slice-selective 90° and 180° excitations, the intersection
of which is positioned over and perpendicular to the
back of the tongue, forming a column of signal for a 1D

Figure 1. Schematic of sequence elements.
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frequency encode. This column runs in a head–foot
direction and detects an edge on the tongue that moves
with swallowing. This edge is usually close to the ca-
rotid bifurcation, and sufficient signal is obtained from
the carotid surface coil to detect the edge. The navigator
was acquired in all scans, but in only half was used
with an accept/reject algorithm. For the remainder it
was used only to monitor the swallowing pattern. This
had the advantage that the signal voids from the inter-
secting navigator planes were visible on all images, and
thus blinding for the purposes of image comparison
was not a problem. This also meant that any slight
timing changes caused by the navigator were consistent
in all scans.

Prospective navigator gating with a �2 mm accep-
tance window was used. This is illustrated in Figs. 2
and 3. Because of the long inversion time used, the
navigator was acquired at the end of the double inver-
sion preparation, just before the short FSE readout.
This minimized the possibility of a change in tongue
position between the navigator decision and the time of
data acquisition, and yielded optimum signal intensity
in the navigator output by allowing the signal to recover
after the reinversion.

Two swallowing patterns were tested on both a navi-
gator and a non-navigator acquisition. For the first test
the subjects were asked to swallow halfway through the
scan (this was expected to represent a worst-case single
swallow). For the other tests the subjects were asked to
swallow as often as possible. In the latter case this was
about every 10–20 seconds during a two-minute scan.

The study population included six healthy subjects
(average age � 35 years, range � 23–47 years), who
provided informed consent. Images were analyzed us-
ing CMRTools (Imperial College, London, UK).

It had previously been noted that swallowing during
the 3D volume-selective acquisition generally degraded
the whole of the imaging volume. Slices through the
common carotid were used in this study so that other

problems such as recirculating flow that occur at the
bifurcation would not further complicate the measure-
ments.

Signal intensities within the lumen and wall, as well
as the noise level, were quantified, and paired t-testing
and Bland-Altman analysis were used to compare the
differences between navigator and non-navigator
scans. The images were also scored by four blinded

Figure 2. Images showing position of crossed pair nav-
igator. The column navigator runs through perpendicu-
lar to the images shown, as indicated by the white boxes
with the tongue coming into the column in the region of
the central slices.

Figure 3. Navigator trace from a section of a scan during
which the subject swallowed as often as possible. Each col-
umn represents a 1D reconstruction of the vertical navigator
acquired each cardiac cycle immediately before the TSE read-
out. A solid white edge in the acceptance window shows data
that have been accepted.
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observers in terms of the clarity of the vessel wall. For
the scoring, 11 slices in the common carotid and start of
the bifurcation were graded on a scale of 0–5 (0 � no
vessel visible; 5 � good delineation and blood suppres-
sion), taking into account visibility of the vessel, ghost-
ing, clear delineation of the inner and outer extents of
the wall, and lumen suppression. For each 3D scan a
composite image quality score was calculated as the
average of the image quality scores over the 11 contig-
uous slices. Paired Wilcoxon analyses were performed
to compare the composite image quality scores between
the navigator and non-navigator scans. Analyses were
performed for both swallowing patterns (single central
swallow and repeated swallowing) and for all four ob-
servers.

RESULTS

Overall, the swallowing motion caused blurring and
ghosting in the kz (slice) and ky (phase-encode) direc-
tions, leading to reduced image quality throughout the
3D slab. A comparison of three slices from a typical
scan with a single central swallowing is shown in Fig. 4.
The lumen and wall clarity are improved in the scan
with navigator-controlled accept/reject (b) over the
non-navigator-controlled images (a). Both the wall sig-
nal intensity and noise level remained unchanged be-
tween the navigator and non-navigator scans (both P �
ns), whereas the quality of the blood signal suppression
(as measured by changes in the lumen signal intensity)
improved (P � 0.02; Table 1). The Bland-Altman plot
(Fig. 5) shows that for all but one subject the navigator

scans resulted in a reduced lumen signal. For this sub-
ject (subject 2, gray points on Fig. 5) both the lumen
and tissue signal intensity were low and the difference
was unclear. This subject had poorer overall SNR due to
coil positioning and generally poor lumen/tissue defi-
nition.

For all four observers, the image quality scores for the
navigator images were approximately 0.6 greater than
those for the non-navigator images (on a scoring scale
of 0–5) for both swallowing patterns. Paired Wilcoxon
analyses showed that the improvement in image quality
with navigator gating was statistically significant for
both the single central swallow scans (P � .05 for all
four observers) and those carried out during repeated
swallowing (P � .05 for all four observers). Figure 6
shows the mean of these scores for each observer. Apart
from one pair, all navigator images were scored higher

Table 1
Mean Difference in Lumen Signal Artifact With and Without
Navigator Gating

Subject

Lumen signal intensity

No
navigator

Navigator %Difference

1 53.4 36.7 45.4
2 20.9 21.8 –4.4
3 73.8 59.6 23.9
4 71.2 45.9 55.1
5 36.3 27.2 33.4
6 34.8 29.5 17.9

Figure 4. Comparison of image quality in the common carotid (single central swallow) with (a) no navigator control and (b)
navigator control.
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than the non-navigator scan on the same subject with
the same swallowing instructions. The one exception is
likely due to a poor choice of navigator position, since
several lines were wrongly accepted during the swallow-
ing motion as an alternative edge in the navigator trace
came into the acceptance window. The subject with
poor SNR and little difference in the quantitative mea-
surement of lumen signal also had similar scores for
navigator and non-navigator scans. In general, the cen-
tral swallow scans were scored higher than the re-
peated swallow scans. The mean scores for each subject
compared over all observers for the navigator control
scans were 3.1 (�1.3) for the single swallow and 2.7
(�1.2) for repeated swallowing with a significant differ-
ence (P � 0.05, N � 6). For non-navigator-controlled
scans the scores were 2.4 (�1.0) and 2.1 (�1.2) (P �
0.05, N � 6).

In terms of scan time, the central and repeated swal-
low scans had average (�SD) scan efficiencies, due to
navigator accept/reject, of 90% (�4%) and 70% (�9%),
respectively. This scan efficiency represents the per-
centage of acquired data that is accepted by the navi-
gator algorithm to form the final image. For example, a
scan efficiency of 70% means that a 70-second scan
with all data accepted would be extended to 100 sec-
onds. The larger SD for the efficiency of the repeated
swallow scans may have resulted from the different
frequency of swallowing between subjects (five to 12 per
scan).

DISCUSSION

There are two likely causes for the difference observed
in lumen signal intensity: 1) poorer double inversion/
blood suppression efficiency due to heart rate changes
at the point of swallowing, and 2) increased motional
blurring/ghosting of tissue in the lumen without rejec-
tion of data by the navigator control.

The k-space ordering used in the 3D sequence con-
sisted of a reduced number of ky steps due to the volume-
selective method used. Once ky was completed, the kz

slice encoding was incremented. The center of kz was
acquired at the center of the scan because we did not use
asymmetric raw data coverage or partial-Fourier meth-

ods. For the navigator-gated scans, the efficiency was
taken into consideration when the swallowing instruc-
tions were given. With this ordering, the centrally timed
swallow, as tested, occurred at the center of k-space, and
thus represented artifacts from the expected worst-case
single swallow. Repeated swallowing was used as a delib-
erate test for the effect of swallowing.

In addition to motion artifacts, the effect of swallowing
on blood flow patterns should also be considered. The
increased heart rate on swallowing (16) often lasted for
one or two cardiac cycles after the navigator returned to
the normal accept position. The effect of this small per-
centage increase in heart rate after a swallow is likely to
have an effect on the double inversion preparation and
therefore blood suppression efficiency. The variable na-
ture of these changes over a couple of cardiac cycles re-
sults in unpredictable effects on the suitability of the
inversion time. Heart rate irregularity will also lead to
varying T1 recovery, causing ghosting in all tissues. Re-
peated swallowing causes more heart rate changes during
the scan, leading to reduced image quality even if the
navigator rejects scans during the swallowing motion. A
further improvement to this technique might be to use an
additional arrhythmia rejection algorithm to exclude the
additional short cycles that follow the swallow, or to in-
corporate a more intelligent algorithm to recalculate and
adjust the double inversion time during the scan. Similar
methods have been reported for real-time trigger delay
adaptation (17).

Even with the subjects swallowing as often as possi-
ble, the worst-case acceptance rate for the navigator
sequence was on average 70%, indicating the value of
this technique as a standard “safety net” to help in the
case of swallowing without interfering with the image
acquisition or prolonging the scan time. This could be
significantly helpful for scans that last several minutes,
since in such scans a single movement can affect the
quality of the whole slab and necessitate repeated data
acquisitions.

In conclusion, the clarity of vessel wall delineation
and the apparent efficiency of blood suppression are
improved by dealing with swallowing motion and asso-
ciated heart-rate irregularity. The image quality can be
improved by using a navigator accept/reject method.

Figure 5. Bland-Altman plot of lumen signal intensity differ-
ences between navigator-controlled and non-navigator-con-
trolled scans. Gray points represent subject 2, as explained in
the text.

Figure 6. Mean score for each type of image for each observer.
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