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ABSTRACT
This work developed a three-dimensional (3D) diffusion-prepared segmented steady-steady
free precession (DP-SSFP) cardiovascular magnetic resonance (CMR) sequence for black-blood
(BB) thoracic aortic and carotid wall visualization. In 14 healthy volunteers, BB CMR of the
thoracic aorta (n = 7) and carotid arteries (n = 7) was performed over 12 cm and 3 cm of
transversal coverage, respectively, with a single 3D DP-SSFP acquisition and multiple twodimensional (2D) slices using a T2-weighted (T2W) double inversion-recovery fast spin-echo
(DIR-FSE) sequence. Arterial wall area (WA), lumen area (LA), and wall-lumen contrast-to-noise
ratio (CNR) measured from the 3D DP-SSFP images were compared to those measured from
the 2D T2W DIR-FSE images. Strong agreement in WA and LA between the two techniques
was observed in the thoracic aorta (WA: intraclass correlation coefﬁcient (ICC) = 0.866, LA:
ICC = 0.993; p < 0.001 for both) and carotid arteries (WA: ICC = 0.939, LA: ICC = 0.991; p <
0.001 for both). Adjusted for slice thickness and number of slices, higher effective CNR per
unit time (i.e., CNR efﬁciency) was attained with 3D DP-SSFP than 2D T2W DIR-FSE during
thoracic aortic wall imaging (11.6 ± 1.4 vs. 2.9 ± 0.5; p < 0.001) and carotid artery wall imaging
(10.1 ± 1.9 vs. 3.1 ± 0.5; p < 0.001). Diffusion-prepared segmented SSFP is a promising vessel
wall CMR sequence that allows for 3D acquisition of thin and contiguous slices with BB image
contrast.

INTRODUCTION
Cardiovascular magnetic resonance (CMR) sequences that
attenuate the signal from ﬂowing blood are useful for depicting arterial anatomy since they yield good arterial wall conspicuity and contrast-to-noise ratio (CNR) between the arterial
wall and lumen. These “black-blood” (BB) sequences, consisting of blood-attenuating magnetization preparations preceding
fast spin-echo (FSE) image acquisitions(1–6), have been valuable in the non-invasive CMR assessment of atherosclerosis, a
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progressive ﬁbroproliferative and inﬂammatory disease that can
cause cardiovascular events including myocardial and cerebral
infarction (7, 8).
Two magnetization preparations typically used to attenuate the CMR signal from ﬂowing blood are double inversionrecovery (DIR) (9, 10) and saturation band (SAT) (2, 11). In
order to achieve BB image contrast with the DIR and SAT
magnetization preparations, complete inﬂow of tagged (either
inverted or saturated) blood spins into the imaged slice is necessary. Although these BB preparations effectively provide for
blood-suppressed CMR of two-dimensional (2D) slices, threedimensional (3D) BB CMR with DIR or SAT is difﬁcult to
achieve since complete inﬂow of tagged blood into the entire extent of arterial vasculature contained within the thick 3D imaging
slab may not be possible. Three-dimensional BB CMR vessel
wall imaging, however, is potentially advantageous over 2D BB
CMR vessel wall imaging in respect to achievable signal-tonoise ratio, anatomical coverage, and spatial resolution.
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In the present work, a diffusion-prepared segmented steadystate free precession (DP-SSFP) imaging sequence is presented
that allows for BB CMR of arterial wall morphology in 3D. A
driven equilibrium Fourier transform (DEFT) diffusion preparation is used in the 3D DP-SSFP sequence to dephase moving
blood spins to achieve BB image contrast (12, 13), without necessitating complete inﬂow of blood for BB effect as required
by DIR and SAT. Segmented SSFP image acquisition is used to
allow for signal-to-noise ratio-efﬁcient imaging of the arterial
wall in a time-efﬁcient manner.
This study sought to investigate the 3D DP-SSFP sequence
for 3D BB CMR of the thoracic aorta and the carotid arteries
in healthy volunteers. T2-weighted (T2W) DIR-prepared FSE
CMR, a conventional method for BB visualization of the aortic and carotid artery walls, was performed to provide a standard of reference. The arterial wall-lumen contrast-to-noise ratio (CNR), wall area, and lumen area measured from the 3D
DP-SSFP images were compared to values obtained from the
2D T2W DIR-FSE images.

MATERIALS AND METHODS
Subjects
This HIPAA-compliant study was approved by our university’s institutional review board. A total of 14 healthy volunteers were involved in this study. Written informed consent was
obtained from all volunteers before CMR was performed. Thoracic aortic wall CMR was performed in 7 volunteers (7 males,
mean age = 40.6 ± 11.9 years, mean weight = 81.4 ± 10.3 kg).
Seven more volunteers (7 males, mean age = 41.4 ± 10.8 years,
mean weight = 77.8 ± 11.6 kg) underwent CMR of the carotid
arteries.

Figure 1. Schema of the diffusion-prepared segmented 3D SSFP
arterial wall imaging sequence. Gradients are applied within the
DEFT preparation to sensitize the magnetization to motion and
achieve black-blood contrast. Spoiler gradients are applied after
the DEFT preparation to dephase remnant transverse magnetization and avoid its interference with the segmented SSFP imaging
signal. Fat saturation is subsequently applied, followed by a SSFP
ramp-up sequence, and segmented SSFP data acquisition with
ﬂip angle α. Center-out phase encoding is used to best capture
the effect of the diffusion (black-blood) and fat saturation (blackfat) magnetization preparations. A α/2◦ RF pulse is applied after
segmented acquisition to transfer coherent SSFP magnetization
to the longitudinal axis. The sequence repeats every TR. GSS =
slice-encode gradient, GPE = phase-encode gradient, GRO = read
out gradient, ADC = analog-to-digital converter.

All CMR experiments were performed on a 1.5 T wholebody scanner (MAGNETOM Sonata, Siemens Medical Solutions, Erlangen, Germany) equipped with high-speed gradients
(maximum gradient amplitude: 40 mT/m, maximum slew rate:
200 mT/m/ms). The scanner’s body coil was used in all experiments for B1 ﬁeld transmission. Two 6-element cardiac
phased-array surface coils (Siemens Medical Solutions, Erlangen, Germany; coil size = 22 cm × 24 cm) were used for
signal reception during aortic CMR, with one coil placed anterior and the other placed posterior to the thorax. Two 2element carotid phased-array surface coils (Machnet BV, Elde,
The Netherlands; coil size = 6 cm × 12 cm) were used for
signal reception during carotid CMR, with one coil placed
on the left and the other placed on the right side of the
neck.

vessel wall CMR. As shown in Figure 1, diffusion sensitization
was imparted by a 90◦x –180◦y –90◦−x DEFT sequence containing
spatially non-selective, “hard” radiofrequency (RF) pulses and
interspersed with empirically determined magnetic ﬁeld gradients in the readout, phase encoding, and slice directions (14–17).
Diffusion sensitization was used to dephase moving blood spins
in order to achieve dark-blood appearance (12, 13). Spoiler gradients were applied after the conclusion of the DEFT preparation
to spoil remnant transverse magnetization.
The DEFT diffusion preparation was followed by a
chemically-selective fat saturation RF pulse to suppress signal
from perivascular fat and improve the conspicuity of the arterial wall. Ten sinusoidally-modulated SSFP ramp-up RF pulses
were applied before segmented SSFP data acquisition to ensure
a smooth signal evolution and to minimize image artifacts during data acquisition (18). Centric (i.e., low-high) phase-encode
ordering was used during SSFP acquisition to place greatest diffusion weighting at the center of k-space (14, 16), allowing for
black-blood imaging. Linear k-space ordering was used in the
slice-encoding direction.

Sequence structure

Aortic CMR

A diffusion-prepared segmented 3D steady-state free precession sequence was constructed to allow for 3D dark-blood

Volunteers were instructed to breathe normally during the
CMR procedure. In each volunteer the thoracic aorta was

CMR system
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localized through acquisition of transverse, coronal, and sagittal electrocardiographically (ECG)-triggered segmented SSFP
scout images.
Based on these scout images, a 12-cm-thick axially-oriented
3D DP-SSFP imaging slab was prescribed containing the ascending aorta, the aortic arch, and a portion of the descending
thoracic aorta. ECG triggering was used during 3D DP-SSFP
imaging with data acquisition performed during diastole. Typical aortic imaging sequence parameters with 3D DP-SSFP were:
repetition time (TR) = 1 R to R interval (R-R), ﬁeld-of-view
(FOV) = 27.5 (readout) × 20.6 (phase) cm2 , matrix = 256 ×
192 (yielding 1.07 × 1.07 mm2 in-plane spatial resolution), 5371 segments per TR, imaging bandwidth (BW) = 1220 Hz/pixel,
segment TR/echo time (TE) = 3.8/1.9 ms, ﬂip angle (α) = 45◦ ,
48 slices, slice thickness (SLTH ) = 2.5 mm, slice oversampling
(SO) = 17%, averages (NEX) = 3. The duration of the magnetic
ﬁeld gradients applied before and after the 180◦ RF pulse within
the DEFT preparation was 2.1 ± 0.2 ms. Total gradient areas
applied within the DEFT diffusion preparation in the readout,
phase encoding, and slice directions (in units of ms·mT·m−1 )
were 12.1 ± 11.5, 12.1 ± 11.5, and 115.5 ± 27.4, respectively,
corresponding to a cumulative b-value of 0.7 ± 0.4 s/mm2 . The
rationale for imparting stronger diffusion sensitization in the
slice direction was to most effectively suppress the appearance
of axially-moving aortic blood ﬂow, the predominant blood ﬂow
direction in the thoracic aorta (19, 20).
To provide a standard of reference for assessing the 3D DPSSFP images, conventional dark-blood CMR of the aorta was
performed with an ECG-triggered T2-weighted 2D DIR-FSE
sequence. Within the same 12 cm thick volume imaged with
3D DP-SSFP, 12–24 evenly-spaced transverse 2D DIR-FSE
slices were acquired sequentially. The 2D DIR-FSE images were
matched in terms of spatial resolution (1.07 × 1.07 mm2 ) with
the 3D DP-SSFP images in both the readout and phase encoding directions (FOV = 27.5 × 20.6 cm2 , matrix = 256 × 192).
Remaining imaging parameters for the 2D DIR-FSE sequence
were matched to literature values (21): free-breathing acquisition, chemically-selective fat saturation, TR = 2 R-R, TE = 59
ms, echo train length (ETL) = 33, BW = 490 Hz/pixel, echo
spacing (ES) = 5.5 ms, α = 180◦ , SLTH = 5 mm, NEX = 2.

Carotid CMR
Volunteers were instructed to abstain from swallowing during
the CMR procedure. The carotid bifurcations of each volunteer
were localized on axial and oblique-sagittal segmented SSFP
scout images.
Based on the localizer images, a 3-cm-thick axially-oriented
3D DP-SSFP imaging slab was prescribed containing both
carotid bifurcations. ECG triggering was not used in accordance to the ﬁndings of Mani et al. (22). Typical carotid imaging sequence parameters with 3D DP-SSFP were: TR = 1 sec,
FOV = 12 × 12 cm2 , matrix = 256 × 256 (yielding 0.47 ×
0.47 mm2 in-plane spatial resolution), 65 segments per TR,
BW = 560 Hz/pixel, segment TR/TE = 5.8/2.9 ms, α = 45◦ ,

20 slices (interpolated to 30), SLTH = 1.5 mm (interpolated to
1.0 mm), SO = 20%, NEX = 2, TA = 192 s. The duration of
the magnetic ﬁeld gradients applied before and after the 180◦
RF pulse within the DEFT preparation was 3.9 ± 0.4 ms. Total
gradient area applied along each direction (readout, phase encoding, slice) was 231.4 ± 22.7 ms·mT·m−1 , corresponding to
a cumulative b-value of 11.1 ± 2.4 s/mm2 . Complex, multidirectional blood ﬂow is known to reside in internal carotid
artery bulb (23,24). To eliminate signal from moving blood involved in these ﬂow patterns, equal amounts of diffusion sensitization were applied in the readout, phase encoding, and slice
directions.
Conventional ECG-triggered T2-weighted 2D DIR-FSE
carotid vessel wall imaging was performed for comparison with
3D DP-SSFP. Within the 3 cm thick volume imaged with 3D
DP-SSFP, 5 evenly-spaced transverse 2D DIR-FSE slices were
acquired sequentially. The 2D DIR-FSE images were matched
in terms of spatial resolution (0.47 × 0.47 mm2 ) with the 3D
DP-SSFP images in both the readout and phase encoding directions (FOV = 12 × 12 cm2 , matrix = 256 × 256). Remaining 2D
DIR-FSE imaging parameters were matched to literature values
(1): chemically-selective fat saturation, TR = 3 R-R, TE = 50
ms, ETL = 13, BW = 190 Hz/pixel, ES = 10 ms, α = 180◦ ,
SLTH = 2 mm, NEX = 2.

Image analysis
Images were transferred from the CMR scanner to a personal
computer loaded with ImageJ (version 1.34s, National Institutes
of Health, Bethesda, MD, USA) for signal and morphometric
analysis by an author with 3 years CMR experience.

Signal analysis
In each pair of DP-SSFP and DIR-FSE images located at the
same axial position, signal measurements of air, arterial wall,
and arterial lumen were taken. In cases where the axial positions of the images slightly differed due to differences in slice
thickness, the closest sets of images were used. Bulk patient
motion between imaging sequences was assessed through visual inspection and compensated for by registering anatomic
landmarks outside of the artery of interest.
First, noise was measured as the standard deviation of air
signal (σN ) enclosed within manually-drawn regions-of-interest
(ROI) no smaller than 100 mm2 and 25 mm2 in the aortic and
carotid images, respectively. Images were subsequently bilinearly interpolated by a factor of 5 for further analysis. Arterial
wall signal (SW ) was measured as the average value of a pixel
path (path width = 1 pixel) manually drawn to outline the arterial wall. Arterial lumen signal (SL ) was measured as the mean
signal contained within a ROI drawn in the arterial lumen.
Wall-lumen contrast-to-noise ratio (CNR) was calculated by
the relation (SW -SL )/σN . CNR values were averaged to yield
one CNR value for each imaging sequence and volunteer. To
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Table 1. Aortic imaging: CNR comparison between 3D DP-SSFP and 2D T2W DIR-FSE
Imaging Time (s) [number of imaging slices]
(slice thickness in mm)
3D DP-SSFP
2D T2W DIR-FSE

Subject
A
B
C
D
E
F
G
Mean ± SD

589 [48] (2.5)
380 [48] (2.5)
606 [48] (2.5)
447 [48] (2.5)
379 [48] (2.5)
480 [48] (2.5)
454 [48] (2.5)
9.9 ± 1.9
sec/slice

316 [12] (5)
206 [12] (5)
645 [24] (5)
537 [24] (5)
493 [24] (5)
616 [24] (5)
457 [24] (5)
22.6 ± 3.8 sec/slice

Wall-Lumen CNR
3D DP-SSFP
2D T2W DIR-FSE
12.0
9.6
14.5
9.4
12.0
13.3
11.1
11.7 ± 1.9

< 0.001

p value

8.2
10.4
8.8
8.5
7.7
8.2
9.6
8.8 ± 0.9

CNReff

[1]

where N is the number of imaging slices, SLTH is the imaging
slice thickness (in millimeters), TA is the total imaging time (in
minutes), and TASLICE is the imaging time per slice (in minutes).
Adjustment of CNR by SLTH rather than voxel volume was fair
since both sequences had equal in-plane spatial resolutions.

Morphometric analysis
In each pair of DP-SSFP and DIR-FSE images located at
the same axial position, paths were manually drawn to outline
the inner and outer boundaries of the arterial wall. The coordinates of the arterial wall boundaries (expressed in millimeters)
were exported from ImageJ and subsequently loaded into Matlab (version 7.0, The Mathworks, Inc., Natick, Massachusetts,
USA) for automatic calculation of arterial lumen area and wall
area.

Statistical analysis
Statistical analysis was performed in SPSS (v11.0, SPSS
Inc., Chicago, Illinois, USA). For both aortic and carotid CMR,
two-tailed matched-paired t-tests were performed on CNR and
CNReff to determine whether values differed between 3D DPSSFP and 2D DIR-FSE. Comparison of the time each sequence
took to acquire one imaging slice was performed through twotailed matched-paired t-tests. Agreement of lumen area and wall
area measurements between imaging sequences was assessed
through calculation of intraclass correlation coefﬁcient (ICC),
linear regression, and the method of Bland and Altman (26).
In all tests, statistical signiﬁcance was deﬁned at the p < 0.05
level.
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10.6
10.6
12.6
9.6
13.3
13.2
11.2
11.6 ± 1.4

2.5
3.9
2.2
2.8
2.6
2.5
3.4
2.9 ± 0.5
< 0.001

0.018

allow for fair comparison of CNR values with respect to imaging
parameter differences, CNR efﬁciency (CNReff ) was calculated
by the relation, adapted from references (6, 25):
√
CNR N
CNR
=
,
=
√
√
SLTH TASLICE
SLTH TA

Wall-Lumen CNReff
3D DP-SSFP
2D T2W DIR-FSE

RESULTS
Aortic CMR
Measured wall-lumen CNR and computed CNReff values obtained during aortic CMR are listed in Table 1. Statistically signiﬁcant differences in wall-lumen CNR between 3D DP-SSFP
and 2D T2W DIR-FSE were detected (11.7 ± 1.9 vs. 8.8 ±
0.9, respectively; p = 0.018), with DP-SSFP values observed to
be larger. Wall-lumen CNReff was signiﬁcantly higher with 3D
DP-SSFP than with 2D T2W DIR-FSE (11.6 ± 1.4 vs. 2.9 ±
0.5, respectively; p < 0.001). Imaging time per section with 3D
DP-SSFP was 44% of the imaging time per section associated
with 2D DIR-FSE (9.9 ± 1.9 sec vs. 22.6 ± 3.8 sec, respectively;
p < 0.001).
Due to differences in acquisition window duration between
imaging sequences, it was not always possible to trigger the 3D
DP-SSFP sequence to begin at the same time point (post ECG
R-wave) as the 2D T2W DIR-FSE sequence while ﬁtting the
acquisition window before the onset of the next R-wave. Mean
trigger times (post ECG R-wave) for the 3D DP-SSFP and 2D
T2W DIR-FSE sequences therefore differed, and were 523 ±
159 ms and 640 ± 62 ms, respectively (paired t-test; p < 0.05).
Representative images of the thoracic aorta obtained with
3D DP-SSFP and 2D T2W DIR-FSE in a volunteer are shown
in Figure 2. Delineation of the thoracic aortic wall with suppression of intra-luminal blood signal was observed with both
imaging sequences. Morphometric measurements of aortic wall
area (WAaorta ) and aortic lumen area (LAaorta ) made from the 3D
DP-SSFP and 2D T2W DIR-FSE images were highly correlated
(WAaorta : ICC = 0.866, linear regression r = 0.947, LAaorta : ICC
= 0.993, linear regression r = 0.995; p < 0.001 for all). Scatter
and Bland-Altman plots for aortic wall area and lumen area are
shown in Figure 3. Measured WAaorta and LAaorta values from the
3D DP-SSFP images were, on average, 15.4% and 5.5% smaller
than the average measurements made with both sequences. Relative to 2D T2W DIR-FSE measurements, signiﬁcant negative
bias (r = -0.190; p < 0.05) and positive bias (r = 0.272; p <
0.01) was present with 3D DP-SSFP measurements of WAaorta
and LAaorta , respectively.
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Figure 2. ECG-triggered CMR images of the thoracic aorta obtained in a 43-year-old volunteer. Left panel: 3D DP-SSFP; right panel: 2D T2W
DIR-FSE. (a) Full ﬁeld-of-view axial 3D DP-SSFP and 2D T2W DIR-FSE images show the black-blood image contrast obtained in the thoracic
aorta († ascending aorta, ∗ descending aorta). (b) Six slices through the 12-cm-thick imaging volume; images are cropped and correspond to the
boxed regions in (a). Numbers in the upper-right corners indicate slice positions. The aortic wall (arrows) is visible in all slices (‡ aortic arch).
Imaging times were 605 s (3D DP-SSFP) and 645 s (2D T2W DIR-FSE). Acquired spatial resolutions were 1.07 × 1.07 × 2.5 mm3 (3D DP-SSFP)
and 1.07 × 1.07 × 5 mm3 (3D T2W DIR-FSE). The b-value used during 3D DP-SSFP imaging was 1.21 s/mm2 .

Carotid CMR
Measured wall-lumen CNR and computed CNReff values obtained during carotid CMR are listed in Table 2. Statistically signiﬁcant differences in wall-lumen CNR between 3D DP-SSFP

and 2D T2W DIR-FSE were detected (6.0 ± 1.1 vs. 7.5 ±
1.2, respectively; p < 0.001), with DIR-FSE values observed
to be larger. Wall-lumen CNReff was signiﬁcantly higher with
3D DP-SSFP than with 2D T2W DIR-FSE (10.1 ± 1.9 vs. 3.1 ±
0.5, respectively; p < 0.001). Imaging time per section with 3D

Table 2. Carotid imaging: CNR comparison between 3D DP-SSFP and 2D T2W DIR-FSE
Imaging Time (s) [number of imaging slices]
(slice thickness in mm)

Wall-Lumen CNR

Wall-Lumen CNReff

Subject

3D DP-SSFP

2D T2W DIR-FSE

3D DP-SSFP

2D T2W DIR-FSE

3D DP-SSFP

2D T2W DIR-FSE

H
I
J
K
L
M
N
Mean ± SD

192 [20] (1.5)
192 [20] (1.5)
192 [20] (1.5)
192 [20] (1.5)
192 [20] (1.5)
192 [20] (1.5)
192 [20] (1.5)
9.6 ± 0.0
sec/slice

477 [5] (2)
394 [5] (2)
515 [5] (2)
390 [5] (2)
404 [5] (2)
416 [5] (2)
450 [5] (2)
87.0 ± 9.5
sec/slice

6.5
7.7
6.0
7.0
4.6
5.3
4.9
6.0 ± 1.1

8.7
8.8
7.7
7.8
5.2
7.1
6.9
7.5 ± 1.2

10.9
12.9
10.0
11.7
7.7
9.0
8.2
10.1 ± 1.9

3.4
3.8
2.9
3.4
2.2
3.0
2.8
3.1 ± 0.5

p value

<0.001

<0.001
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Figure 3. (a) Scatter plot of aortic wall area as measured from the 3D DP-SSFP and 2D T2W DIR-FSE images (ICC = 0.886, linear regression
r = 0.947; p < 0.001 for both). (b) Bland-Altman plot of percentage difference in aortic wall area versus average aortic wall area showing the
limits of agreement. (c) Scatter plot of aortic lumen area as measured from both sequences (ICC = 0.993, linear regression r = 0.995; p < 0.001
for both). (d) Bland-Altman plot of percentage difference in aortic lumen area versus average aortic lumen area showing the limits of agreement.

DP-SSFP was 11% of the imaging time per section associated
with 2D DIR-FSE (9.6 s vs. 87.0 ± 9.5 s, respectively; p <
0.001).
Representative images of the carotid arteries obtained with
3D DP-SSFP and 2D T2W DIR-FSE in a volunteer are shown in
Figure 4. Delineation of the carotid artery wall with suppression
of intra-luminal blood signal was observed with both imaging
sequences. Morphometric measurements of carotid wall area
(WAcarotid ) and carotid lumen area (LAcarotid ) made from the 3D
DP-SSFP and 2D T2W DIR-FSE images were highly correlated
(WAcarotid : ICC = 0.939, linear regression r = 0.945, LAcarotid :
ICC = 0.991, linear regression r = 0.992; p < 0.001 for all).
Scatter and Bland-Altman plots of carotid wall area and lumen
area are shown in Figure 5. Measured WAcarotid and LAcarotid
values from the 3D DP-SSFP images were, on average, 7.6%
and 4.7% smaller than the average measurements made with
both sequences. Bias was not present between measurements of
WAcarotid (r = 0.141; p > 0.05) and LAcarotid (r = −0.190; p >
0.05).

DISCUSSION
In this work, a fat-saturated segmented diffusion-prepared
SSFP sequence was developed for 3D black-blood CMR of the
thoracic aorta and carotid arteries. Good agreement of arterial
wall and lumen areas measured from the 3D DP-SSFP and 2D
38

T2W DIR-FSE images was found for aortic and carotid artery
wall imaging. Two-dimensional T2W DIR-FSE was selected for
comparison because it is the most commonly used technique for
vessel wall imaging at the present time.
During aortic imaging, however, WAaorta values from the 2D
T2W DIR-FSE images were larger than those from the 3D DPSSFP images. A signiﬁcant bias was also detected during BlandAltman analysis, with 3D DP-SSFP underestimating WAaorta and
overestimating LAaorta (relative to 2D T2W DIR-FSE) for large
measurements, which, from our observation, often occurred in
the aortic arch. A possible reason for both of these ﬁndings may
have been the increased partial volume averaging with DIR-FSE
imaging, especially in the aortic arch, resulting from acquisition
of thicker slices (5 mm vs. 2.5 mm, 2D T2W DIR-FSE vs. 3D
DP-SSFP). It is also possible that the use of a long FSE acquisition window during aortic imaging (33 echoes × 5.5 ms/echo
= 181.5 ms) may have resulted in image blurring of the 2D
T2W DIR-FSE images. Image blurring is known to occur in
FSE sequences with echo train duration much longer than tissue
T2 (27). Better agreement of wall area among sequences was
observed during carotid CMR, possibly due to closely-matched
slice spatial resolutions (2 mm vs. 1.5 mm, 2D T2W DIR-FSE
vs. 3D DP-SSFP) and use of a shorter FSE acquisition window
(13 echoes × 10 ms/echo = 130 ms).
Wall-lumen CNReff values obtained with segmented 3D DPSSFP during both aortic and carotid CMR were signiﬁcantly
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Figure 4. (a) Transverse full ﬁeld-of-view 3D DP-SSFP and ECG-triggered 2D T2W DIR-FSE images through the neck obtained in a 50-year-old
volunteer. Transverse images depicting the right (b) and left (c) carotid arteries († common carotid, ‡ internal carotid, ∗ external carotid); images
magniﬁed and correspond to the boxed regions in a. Numbers in the upper-right corners indicate slice positions. Note the similar depiction of
the carotid arterial wall (solid arrows) with both imaging sequences. In this volunteer, residual blood signal was observed in the internal carotid
arterial lumen in the 2D T2W DIR-FSE images (dashed arrows) but not in the 3D DP-SSFP images. Imaging times were 192 s (3D DP-SSFP;
20 acquired (interpolated to 30) slices) and 394 s (2D T2W DIR-FSE; 5 slices). Acquired spatial resolutions were 0.47 × 0.47 × 1.5 mm3 (3D
DP-SSFP) and 0.47 × 0.47 × 2 mm3 (3D T2W DIR-FSE). The b-value used during 3D DP-SSFP imaging was 11.97 s/mm2 .

higher than the CNReff obtained with 2D T2W DIR-FSE.
In the aortic imaging studies, 3D DP-SSFP achieved, on
average, 1.33 times the CNR, 50% of the voxel volume,
and 44% of the imaging time per slice of 2D DIR-FSE.
This resulted in a 4-fold improvement of CNReff with 3D
DP-SSFP over 2D DIR-FSE. In the carotid CMR studies, 3D
DP-SSFP achieved, on average, 80% the CNR of 2D T2W
DIR-FSE with 25% reduced voxel volume and 11% of the
imaging time per slice required by 2D DIR-FSE. This led to a
3.25-fold improvement in CNReff with 3D DP-SSFP over 2D
DIR-FSE.
The versatility of the segmented 3D DP-SSFP imaging sequence for BB vessel wall imaging was demonstrated through
imaging of the thoracic aorta and the carotid arteries, two vessels often afﬂicted with atherosclerosis (28–30). CMR of the
thoracic aorta with 3D DP-SSFP demonstrated the sequence’s
ability for imaging of a thick volume containing tortuous ar-

terial morphology (i.e., the aortic arch) in 3D with BB image
contrast, a non-trivial feat with conventional inﬂow-based blackblood preparation methods (e.g., double inversion-recovery and
saturation band). Furthermore, based on the non-selective nature of the DEFT diffusion preparation, it is expected that 3D
DP-SSFP should also allow for BB imaging with slab orientations oblique or parallel to the long axis of the artery being imaged. The carotid CMR performed in this study demonstrated
3D DP-SSFP’s ability for high spatial resolution BB arterial
wall imaging of a small, localized anatomical region. Importantly, plaque-mimicking ﬂow artifacts previously observed and
described in the internal carotid artery bulb during BB CMR
(2) were not present in the 3D DP-SSFP images. These ﬂow
artifacts, however, were sometimes seen in the 2D DIR-FSE
images. For in-slice or slow ﬂow, it is possible that the phase
dispersion imparted by the diffusion preparation may have been
sufﬁcient to produce a signal void, while the time-of-ﬂight
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Figure 5. (a) Scatter plot of carotid wall area as measured from the 3D DP-SSFP and 2D T2W DIR-FSE images (ICC = 0.939, linear regression
r = 0.945; p < 0.001 for both). (b) Bland-Altman plot of percentage difference in carotid wall area versus average carotid wall area showing the
limits of agreement. (c) Scatter plot of carotid lumen area as measured from both sequences (ICC = 0.991, linear regression r = 0.992; p <
0.001 for both). (d) Bland-Altman plot of percentage difference in carotid lumen area versus average carotid lumen area showing the limits of
agreement.

condition needed by 2D DIR-FSE for BB appearance may not
have been met.
The 3D DP-SSFP CMR sequence produced thin and contiguous slices that, after multi-planar reconstruction, allowed for

in-plane visualization of both the aortic and carotid walls along
arbitrary imaging planes (Fig. 6). Clearly, CMR with isotropic
spatial resolution rather than with slice thickness greater than
the in-plane pixel dimensions, as performed in this study, would

Figure 6. (a) Left panel: Coronal curved MPR from the aortic 3D DP-SSFP data set shown in Figure 2. Right panel: Sagittal curved MPR from
the same data set. Note the conspicuity of the aortic wall (arrows) throughout the length of the thoracic aorta († ascending aorta, ‡ aortic arch,
∗ descending aorta) in both reformations. (b) MPRs from the 3D DP-SSFP data set shown in Figure 4 displaying the right (top panel) and left
(bottom panel) carotid artery bifurcations († common carotid, ‡ internal carotid, ∗ external carotid). Note the conspicuity of the carotid arterial wall
(arrows) proximal and distal to the bifurcation.
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have been better for multi-planar reconstruction. In patients
with atherosclerosis, thin and contiguous slices could be useful
for estimating total plaque burden (in the aorta, for example).
Previous studies in patients examining aortic wall dimensions
have used 2D DIR-FSE sequences with slice thicknesses of 4–
5 mm—presumably to achieve acceptable wall-lumen CNR—
and interslice gaps of 8–10 mm to allow for anatomical coverage of the region of interest given the imaging time limit
(31,33). The proposed 3D DP-SSFP sequence which is capable of acquiring thin and contiguous slices could be a promising
alternative to 2D DIR-FSE in future investigations of the aortic
wall.
This study had certain limitations. First, the durations and
amplitudes of the diffusion gradients (i.e. the b-values) within
the 3D DP-SSFP sequence were empirically determined based
on short, low-resolution preparatory scans in which BB image
contrast was visually evaluated. Initial estimation of appropriate b-values producing sufﬁcient blood signal suppression was
performed in the ﬁrst few volunteers imaged. In subsequent
volunteers, these b-values were used as is, or were adjusted
to improve the level of blood signal suppression without imparting too high of a b-value to unnecessarily reduce imaging
signal-to-noise ratio (SNR). In preliminary work performed in
our laboratory using segmented 3D DP-SSFP for carotid imaging, diffusion sensitization with a b-value of 12 s/mm2 reduced
the SNR of sternocleidomastoid muscle by 28% (72% of the
SNR was retained) relative to an identical, but non-diffusionprepared, segmented 3D SSFP sequence (data not shown). In
the clinical setting, it would obviously be beneﬁcial for the bvalues to be ﬁxed for all patients. The mean b-values used in
this work could serve as starting points in the selection of these
parameters.
Second, it would have been useful to verify arterial wall
dimensions with a reference imaging procedure such as ultrasound, which is often used to measure intima-media thickness.
Without such veriﬁcation, it was not possible to determine
whether one sequence was more accurate at measuring artery
wall dimensions. Nonetheless, strong agreement of morphometric measurements between 3D DP-SSFP and 2D DIR-FSE
measurements was observed in both the aorta and in the carotid
arteries.
Third, it would have been useful to compare arterial wall
dimensions and CNR efﬁciency of 3D DP-SSFP to those of
multi-slice black-blood 2D DIR-FSE imaging sequences (3–6)
which allow for acquisition of several slices in a single repetition
time. In this work, comparison of 3D DP-SSFP was made with
single-slice 2D DIR-FSE since the latter sequence is superior to
multi-slice DIR methods in achieving BB image contrast, and
single-slice 2D DIR-FSE has been documented in numerous patient studies. According to a previous report (6), CMR sequences
that allow for simultaneous acquisition of up to 20 black-blood
2D DIR-FSE imaging sections could lead to a 2.5-fold improvement of CNR efﬁciency over single-slice acquisitions. Even with
this improvement, the CNR efﬁciency of multi-slice 2D DIRFSE would be lower than that of 3D DP-SSFP, according to
our estimation. Obviously, a direct comparison of segmented

3D DP-SSFP to multi-slice DIR methods could be the topic of
future work.
Fourth, a limitation of the 3D DP-SSFP sequence as presented
here for aortic imaging was that 3 averages were acquired to
mitigate respiratory artifacts. This led to larger than necessary
scan times. We expect, however, that future implementations
of segmented 3D DP-SSFP sequence could integrate navigator
gating and saturation of the chest wall to remove respiratory
motion artifacts and reduce scan times associated with aortic
imaging.
A ﬁnal limitation with this study is that all subjects imaged
were healthy volunteers. Previous studies have reported that patients afﬂicted with atherosclerosis suffer from increased arterial stiffness and reduced arterial distensibility (34, 35). Given
that diffusion sensitizing gradients are used during the 3D DPSSFP imaging sequence to suppress signal from ﬂowing blood,
3D DP-SSFP may better delineate less-mobile, atherosclerotic
arterial walls. However, since blood ﬂow velocities in the thoracic aorta appear to decrease with age (36), use of b-values
higher than those used in this work with 3D DP-SSFP may be
necessary to ensure black-blood image contrast in patient examinations of the thoracic aorta, possibly reducing imaging SNR.
On the other hand, the high velocity blood ﬂow jets found in
patients with atherosclerotic carotid artery stenosis (37) may
allow for use of lower b-values than used in this study during
carotid imaging. Clearly, further investigation of the segmented
3D DP-SSFP CMR sequence in patients is needed to clarify these
issues.
In conclusion, segmented 3D DP-SSFP is a fast and CNRefﬁcient sequence that allows for black-blood CMR of thoracic
aortic and carotid arterial walls with thin and contiguous imaging slices. In healthy volunteers, strong agreement in arterial
wall and lumen areas in the thoracic aorta and carotid arteries
was made with 3D DP-SSFP and single-slice 2D T2-weighted
DIR-FSE. Segmented 3D DP-SSFP is a promising sequence for
BB CMR of arterial morphology in 3D that warrants further
investigation.
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