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Abstract
Purpose—To demonstrate improved delineation of peripheral artery wall in susceptibility
weighted imaging (SWI) phase images by utilizing gadolinium contrast agent.

Materials and methods—Superficial femoral arteries were imaged using high resolution SWI
in 11 healthy volunteers before, and after injection of gadopentetate dimeglumine. Two post-
contrast scans started 1 min and 11 mins after injection respectively. Eight out of the 11 volunteers
also underwent double-inversion-recovery (DIR) turbo-spin-echo (TSE) scans. The same
resolution and matrix size were used between SWI and TSE studies, and TSE locations were
matched to SWI images. Arterial lumen-wall phase difference and phase contrast-to-noise ratio
(CNR) were measured and compared between pre- and post-contrast SWI measurements. The
lumen and wall areas measured on both TSE and matching SWI images were respectively
analyzed for agreement. Another 2 volunteers participated in a double-echo gradient-echo study.
Results were compared to SWI.

Results—By injecting gadolinium contrast agent, phase difference changed by 54.5% and
−1.6%, and phase CNR changed by 85.7% and 27.0%, for the 1st and 2nd post-contrast scans
respectively. Morphological measurements showed insignificant difference between TSE and
SWIs based on paired t-tests; good agreements in Bland-Altman plots were achieved. The double-
echo gradient-echo study had similar phase measurements as SWI.

Conclusion—Contrast-enhanced phase imaging improves artery wall delineation in SWI of
peripheral artery wall. Contrast-enhanced SWI is a promising vessel wall imaging technique.
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Introduction
Atherosclerosis is a systemic disease manifesting as arterial wall thickening and responsible
for thromboembolic cerebral infarction, thrombotic myocardial infarction, and peripheral
arterial disease (PAD), a vascular disorder often involving the lower extremities. Currently
PAD affects approximately 8 million people in the United States, and 12% to 20% of
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Americans over 65 years of age (1). PAD is found to be a marker for systemic
atherosclerotic disease (2). It is associated with morbidity, impaired quality of life, or even
death. In addition to the degree of lumen stenosis, imaging of vessel wall is essential in
assessing risks associated with PAD, since atherosclerotic plaque vulnerability depends on
its morphology and composition (3–5). Major challenges for peripheral artery wall imaging
are the relatively slow blood flow and the need to cover large volume of interest. Therefore,
a three dimensional (3D) imaging method with good artery lumen-wall contrast even at slow
or regurgitating flow situation is desired.

Yang et al. demonstrated the feasibility of using fully flow-compensated high-resolution
susceptibility weighted imaging (SWI) sequence to image superficial femoral arterial wall
morphology and plaque calcification without the need to suppress the signal from blood (6).
The contrast mechanism between the wall and lumen on phase image was attributed to
susceptibility difference between these two regions. At 3.0 Tesla, a long echo time of 15.6
ms was used to enhance phase difference. Because the lumen-wall contrast in a phase image
appeared more pronounced than in a magnitude image, the delineation of arterial wall
boundaries was better achieved in phase image. Despite the benefits of SWI vessel wall
imaging, namely blood flow independence, three dimensional coverage, and sensitivity to
calcification, the limited contrast-to-noise-ratio (CNR) is still a problem affecting
visualization of wall boundaries.

In this work, we proposed to utilize gadolinium (Gd) contrast agent to alter blood and vessel
wall susceptibility and thus to enhance the lumen-wall contrast in SWI phase images. The
benefit of this contrast-enhanced method was verified on volunteer femoral arteries by
comparison with pre-contrast SWI. The results were also compared to a double-echo
gradient-echo (GRE) study. To examine the accuracy in morphological measurement, pre-
contrast SWI was compared with the reference method in vessel wall imaging, single slice
DIR TSE, in measuring femoral artery lumen and wall area.

Materials and Methods
Imaging Protocols

Eleven volunteers (age 53.2±6.4 years) participated in the study on a 3.0 Tesla system (Tim
Trio, Siemens, Erlangen, Germany) using a 6-channel body matrix and spine coils. The
study was approved by our Institutional Review Board and informed consent was obtained
from all volunteers. Following a vessel scout, a multi-slice time-of-flight angiography scan
was used to identify the location of femoral bifurcation. The imaging volume of 3D SWI
was then placed approximately 1 cm below the bifurcation.

The commercial SWI sequence (essentially a long TE, flow-compensated spoiled gradient
echo) was used with parameters similar to previous publication (6): TR/TE = 26.0/15.6 ms,
FOV = 186×230 mm2, matrix = 260×320, 32 slices, spatial resolution = 0.72×0.72×2.0
mm3, acquisition time = 4.1 min, flip angle = 15°, bandwidth = 80 Hz/pixel, transverse
acquisition. A single injection of 0.1 mmol/kg bodyweight gadopentetate dimeglumine
(Magnevist, Bayer Healthcare, Wayne, NJ) was administered IV at a rate of 2 ml/sec. Two
SWI scans were performed 1 min (named ‘1st contrast-enhanced’ hereafter) and 11 min
(named ‘2nd contrast-enhanced’ hereafter) after contrast injection respectively, with the
same parameters as in the pre-contrast scan.

Eight among the 11 volunteers also participated in comparative TSE study before contrast
injection. Three slices from the top, middle, and bottom of the SWI imaging volume in each
volunteer were selected for single-slice T2-weighted DIR-TSE scans with the same FOV,
resolution, and slice thickness. Other parameters were: TE=51–52 ms, TR= 4000 ms, flip
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angle=180°, 2 averages, acquisition time= 2.6 mins, bandwidth=260–270 Hz/pixel,
spectrally selective fat saturation. Concerning the relative weak flow pulsatility in femoral
artery, no ECG gating was used according to literature (7).

To access the accuracy of SWI phase measurement, it was compared to results of a double-
echo GRE study. The sequence was modified by adding a second echo in the SWI sequence,
and imaging parameters were the same as SWI except the following: TR/TE1/TE2 =
43.0/11.25/21.8 ms, bandwidth = 120 Hz/pixel, and acquisition time = 6.4 min. The same
Gd contrast agent dosage and injection scheme as the SWI study was used, followed by two
back-to-back double-echo GRE acquisitions, each lasting 6.4 minutes. 2 volunteers
participated in this study.

Data Analysis
High-pass filtering was performed on the complex raw image following SWI acquisition to
eliminate B0 field inhomogeneity and to keep mainly signals caused by local susceptibility
variation. Then the phase signal as an image was used for vessel wall delineation and data
analysis. The high-pass filtering process involved dividing the original complex raw image
over its low-pass filtered image. Low-pass filtering was achieved by a Hanning filter with
size of 96×96.

In contrast-enhanced SWI studies, the central 20 slices were analyzed. For each volunteer,
the angle between long-axis of the selected femoral artery segment and the static magnetic
field θ (range: 9.2°–20.4°) was first calculated by measuring time-of-flight (TOF)
maximum-intensity-projection (MIP) images. This angle was later used to adjust for
geometric factor’s effect on susceptibility induced phase as a function of blood vessel
orientation (8). All phase images were inverted for better visualization. In phase images,
region-of-interests (ROIs) were drawn manually in lumen and wall area of the femoral
artery, ensuring inclusion of relatively homogeneous regions. ROIs were then copied to
corresponding magnitude images. Images were analyzed on a workstation (Leonardo,
Siemens).

Phase contrast was defined as the phase difference between lumen and wall:

[1]

where ϕlumen is the average phase value within the ROI in the lumen, and ϕwall is that in the
wall. In a simplified blood vessel model (8), induced magnetic field and thus accumulated
phase has strong dependence on the angle θ between blood vessel and static magnetic field
B0. This effect is accounted for by modifying equation [1] into:

[2]

The adjusted phase contrast equals the phase difference as if the vessel segment was aligned
with B0.

Phase contrast-to-noise ratio (CNR) was defined as

[3]

SNRmagnitude was measured on magnitude images as the average pixel intensity in wall area
over noise standard deviation measured in an anatomical free region (6). Paired t-tests were
used to identify any changes in phase contrast and CNRphase.
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Morphology measurements of vessel lumen and wall area were performed using public-
domain image processing software (Image J, version 1.40g, National Institutes of Health,
USA). Lumen and wall contours were manually drawn by an experienced researcher on
matched pre- and post-contrast SWI images and single-slice DIR-TSE images separately for
the 8 volunteers. Paired t-tests were used to identify any difference between each pair of
TSE and SWI images, and Bland-Altman plots were made to show agreement between
measurements. All statistical tests were performed at α=0.05, using SPSS v. 16.0 (SPSS,
Chicago, IL).

Many sources contribute to magnetic field inhomogeneity, including magnetic susceptibility
(ΔBsuscep), chemical shift (ΔBcs), global geometry (ΔBglobal geometry), and inhomogeneity
produced by scanner hardware (ΔBmain field) (8). Injecting Gd contrast also leads to field
change (ΔBGd) in addition to ΔBsuscep.

Before Gd injection, phase (ϕpre) should be written as:

[4]

where TE is time-of-echo, γ is gyromagnetic ratio, ϕ0 is phase offset.

In SWI the high-pass filtering procedure can largely removeΔBglobal geometry and
ΔBmain field.

To accurately quantify Gd-induced field change, complex dividing GRE images before and
after Gd injection was calculated.

After Gd injection phase (ϕpost) should be written as:

[5]

Subtracting equation [5] from [4], we have:

[6]

and the Gd-induced magnetic susceptibility ΔχGd is:

[7]

ΔχGd can be calculated if phase difference of pre and post images and TE are known.
Geometry effect was ignored.

In each volunteer, pre and post phase difference was measured for lumen and wall areas
each in 4 to 6 selected ROIs, and then divided by γB0TE. This is done for both 1st and 2nd
post-contrast acquisitions. Data was averaged between echoes, ROIs and volunteers.

Results
Comparison between pre-contrast and contrast-enhanced SWI phase images revealed that
both contrast-enhanced images had improved vessel wall delineation, and the 1st contrast-
enhanced SWI showed more pronounced improvement in delineation than the 2nd one.
Representative images were shown in Figs. 1 and 2. Results of quantitative analyses on Δϕ
and CNRphase were shown in Table 1. Paired t-tests revealed that Δϕ is significantly
different between pre-contrast and 1st contrast-enhanced images, and CNRphase is
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significantly different between the pre-contrast scan and both of the contrast-enhanced
scans. For the 1st contrast-enhanced SWI, this amounted to an increase of 54.5% in Δϕ and
85.7% increase in CNR phase. For the 2nd contrast-enhanced SWI, though no statistically
significant difference in Δϕ (1.6% decrease) was identified, CNR phase increased by 27.0%.

Representative images were shown in Fig. 3 to demonstrate similarity in morphology in TSE
and SWIs images. Paired t-tests revealed no significant difference in lumen and wall area
measurements between TSE and any SWI. For lumen and wall measurements, p-values were
0.618 and 0.351, 0.818 and 0.619, and 0.841 and 0.693, respectively, between TSE and pre-
contrast SWI, 1st and 2nd contrast-enhanced SWIs. Bland-Altman plots showed that there
was good agreement in morphological measurements made from TSE and SWI images (Fig.
4).

The average lumen ΔχGd were 0.32ppm (in SI units) and 0.22ppm, and the average wall
ΔχGd were 0.20ppm and 0.25ppm, respectively, for the 1st and 2nd contrast-enhanced
double-echo GRE acquisitions. If these susceptibility values were translated into SWI (with
TE of 15.6ms) phase values, the lumen and wall would change by 36.5° and 22.3°, and by
25.1° and 28.5°, respectively, in the 1st and 2nd contrast-enhanced images. Thus it was
expected that SWI lumen-wall Δϕ would change by 14.2 ° and by −3.43 ° in the 1st and 2nd
contrast-enhanced images respectively.

Discussion
Conventional multi-contrast multi-slice 2D TSE imaging has been a ‘standard’ technique to
image vessel wall and atherosclerotic plaques (9). However this technique has several major
drawbacks: it is susceptible to wall-mimicking flow artifacts that may lead to
misinterpretation; it requires relative long acquisition time to achieve sufficient SNR and
resolution; it has limited coverage which restricts its clinical usefulness.

Various black blood MRI techniques that suppress the signal from flowing blood are
employed for imaging of vessel wall to provide good wall conspicuity. Typical blood
suppressing schemes include the use of radiofrequency pulses to pre-saturate inflow blood
(10), the use of double inversion recovery (DIR) preparation to null signal from inflow
blood following appropriate inversion time (11), or the use of flow-sensitive dephasing
(FSD) preparation (12, 13). However, these techniques rely on blood flow to achieve black
blood effects, which may result in residual luminal blood signal in areas with slow flow, and
complex flow patterns in patients with severe atherosclerosis could deteriorate their efficacy.
Plaque-mimicking flow artifacts may be misinterpreted as thickened vessel wall (14).
Furthermore, inflow pre-saturation and DIR methods become unreliable when combined
with large-coverage 3D vessel wall imaging (15). To overcome these limitations, several
flow-independent blood suppression techniques were developed. T2-prepared inversion
recovery (IR) sequence relies on difference in T1 and T2 between blood and the vessel wall
to suppress blood (16), yet it is susceptible to heart rate variation and improper inversion
time selection. Phase-sensitive IR was employed by Wang et al. to image carotid intraplaque
hemorrhage, however blood suppression efficiency still depends on blood replenishment rate
(17). Xie et al. incorporated steady-state free precession (SSFP) based phase-sensitive
reconstruction in a T2-preapared non-selective IR method, yet additional acquisition was
needed to resolve polarity information, resulting in prolonged imaging time (18).

SWI phase imaging of vessel wall was previously proposed, and here we showed that much
better images can be produced using our contrast-enhanced method. Both SWI and contrast-
enhanced SWI may offer some superiority when compared to TSE. The flow-insensitive
nature of SWI technique is an advantage in atherosclerosis studies. Complex flow patterns
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(e.g. turbulent flow) in patients that often deteriorate conventional blood suppression
techniques are less likely a problem for SWI techniques because of the flow-compensation
gradients used. SWI also has the advantage of being sensitive to calcification. Previous
studies have reported high correlation between calcification sizes measured on SWI and
Computed Tomography (6). Yet the ability of using SWI to explore more complicated
plaque composition needs further investigation. In fact, this is a challenging problem for
both conventional SWI and the contrast-enhanced technique proposed here, since different
plaque components can have distinct magnetic properties which complicate phase image
contrast. A possible solution to this may involve quantitative susceptibility mapping
techniques (19, 20) to resolve component specific susceptibility values. 3D imaging
coverage achieved by SWI is also an important benefit given that 3D large-coverage of
artery wall imaging have only been available recently (21). Compared to conventional SWI,
increased phase CNR obtained in our contrast-enhanced SWI method leaves room to boost
its applications by further improving spatial resolution, reducing imaging time or imaging at
a lower magnetic field (e.g. 1.5 Tesla).

Though previous studies have shown improvement in contrast-enhanced SWI image quality
in the brain (22–24), we have demonstrated for the first time the use of gadolinium contrast
agent to enhance peripheral vessel wall in SWI. In fact the mechanism of improved image
contrast in the arterial wall is different from that in the brain. In brain SWI, phase difference
between venous blood and surrounding brain parenchyma within a single voxel leads to
signal cancellation in magnitude, and this cancellation effect is further enhanced when
magnitude is multiplied by a filter generated from modulated phase. The administration of
Gd contrast agent alters venous blood susceptibility and lead to increased phase difference
between blood and brain parenchyma; meanwhile venous blood magnetization is increased
due to T1-shortening effect of Gd contrast agent. The combined effect of both increased
phase difference and bigger blood magnetization accounts for the fact that small veins in the
brain appear more pronounced in SWI (22).

Yet the mechanism is different in artery wall imaging using contrast-enhanced SWI phase
images. Since tissue volume (e.g. lumen, wall, muscle) in and surrounding the vessel wall is
relatively large and usually occupy at least tens of pixels, signal cancellation could only
occur at the interface of different tissues, and hence is not of primary concern. In fact, the
susceptibility differences between tissues are considered to be the main source of image
contrast in a SWI phase image. This is because differences in susceptibility will result in
differences in magnetic field strength (ΔB), and hence difference in phase (ϕ) as dictated by
the equation ϕ = − γ ΔB * TE (γ is the gyromagnetic ratio; TE is echo time). Since almost
all human constituents are diamagnetic (25), tissues that are paramagnetic than water will
have negative phase and vice versa.

Arterial blood is slightly paramagnetic, while artery wall is diamagnetic and appears bright
in our pre-contrast phase image (please note that all phase images were inverted before
display). This explains the Δϕ of 25.7°±6.3° between lumen and wall in our pre-contrast
phase image, which is close to 20.6°±2.9° as presented in previous literature (6). After Gd
agent injection, magnetic susceptibility will change in both arterial lumen and wall. In the
lumen, blood becomes more paramagnetic quickly through mixing volume of blood with
paramagnetic Gd contrast agent solution, and then gradually returns to its normal
susceptibility when Gd is washed-out. A similarly process also takes place in the arterial
wall: paramagnetic Gd agent perfuses into the wall via vaso vasorum, making the wall less
diamagnetic, and is then gradually washed-out. However, this process is much slower and
susceptibility change is smaller when compared to the competing process in the lumen.
During the acquisition of 1st contrast-enhanced SWI, the lumen susceptibility change is
greater than that in the wall since lumen has faster wash-in, and Δϕ between lumen and wall
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increases from 25.7°±6.3° (pre-contrast) to 39.7°±7.6°. During the acquisition of 2nd
contrast-enhanced SWI when Gd agent in the lumen starts to wash-out while Gd
concentration in the wall is still at its high, Δϕ decreases and approaches its value before
contrast injection, as shown by the similar Δϕ between pre-contrast and 2nd contrast-
enhanced SWI. In addition to its magnetic susceptibility property, Gd also has T1-shortening
effect that increases SNR in magnitude image. During the acquisition of 1st contrast-
enhanced SWI, Gd concentration and hence SNR magnitude is high in the blood, thus
CNRphase (recall in equation [3] that CNRphase is the multiple of Δϕ and SNRmagnitude)
increases compared with pre-contrast. The 85.7% increase in CNRphase is higher than the
54.5% increase in Δϕ. During the the acquisition of 2nd contrast-enhanced SWI, even
though Δϕ is about the same, increased SNR magnitude explains the 27.0% increase in
CNRphase.

From the above discussions, it is evident that the enhancement dynamics of gadolinium
contrast agent in lumen and wall is an important factor. It is speculated that quantification of
dynamic enhancement properties as reflected by SWI phase change could provide useful
physiological or pathological knowledge, or even serving as an indicator to supplement
atherosclerotic plaque component discrimination. Future studies exploiting phase
enhancement properties of gadolinium contrast agent are advised to focus both on early and
late stage effects.

The agreement between TSE and SWIs area measurements demonstrates the reliability of
SWI phase image to serve as vessel wall imaging methods. The accurate lumen size
measurement in SWI reflects its flow-insensitive nature. Nevertheless, when considering
that artery wall has multiple structures including intima, media, and adventitia, it seems TSE
and SWI image does not have to necessarily match in morphology when super high
resolution is used. Higher resolution comparison studies between TSE and SWI are
interesting future topics.

Based on ΔχGd values obtained by double-echo GRE imaging, it is predicted that the
lumen-wall Δϕ would change by 14.2°and −3.43°, respectively, in the 1st and 2nd contrast-
enhanced SWI acquisitions, in general agreement with the lumen-wall Δϕ changes of 14.0°
and −0.4° measured in volunteer studies.

There are certain limitations in this study. Firstly, imaging protocol was not optimized after
contrast injection. As a preliminary study, the aim was to demonstrate the feasibility to
obtain improved wall delineation. Obviously there is still room to get improved image
quality. This can be done by optimizing the timing between contrast injection and initiation
of acquisition, by optimizing post-contrast sequence parameters such as TE and flip angle,
or by optimizing k-space filling schemes (e.g. centric reordering). Secondly, partial volume
problem, which was out of scope of this paper, was not addressed. Thirdly, this study mainly
focused on technical development and failed to include patient population, which would
have given more power to the usefulness of our method. Research on contrast-enhanced
SWI studies involving patient with complicated atherosclerotic plaque components are
underway.

In conclusion, combining gadolinium contrast agent injection and SWI phase imaging will
result in better peripheral artery wall delineation. The 1st contrast-enhanced SWI is better
than the 2nd contrast-enhanced SWI in terms of CNRphase. The degree of delineation
improvement depends on the time of acquisition, reflecting the pharmacodynamics
difference of contrast agent in lumen and arterial wall enhancement. Lumen and wall area
measurements made on SWIs and the ‘gold standard’ TSE images show no significant
difference. Double-echo GRE study generally agreed with phase values measured on SWI.
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Contrast-enhanced SWI phase imaging has the potential to be an alternative 3D flow-
insensitive vessel wall technique for imaging of wall thickening.
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Figure 1.
Typical images from pre-contrast SWI (a), 1st contrast-enhanced SWI (b), and 2nd contrast-
enhanced SWI (c). Images are shown at the same slice from one volunteer. Arrows indicate
superficial femoral artery. Note the substantially improved vessel wall delineation in b.
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Figure 2.
MPR images from one volunteer from pre-contrast SWI (a), 1st contrast-enhanced SWI (b),
and 2nd contrast-enhanced SWI (c). Arrows indicate superficial femoral artery. Note the
substantially improved vessel wall delineation in b.
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Figure 3.
Morphological comparison between TSE (a), pre-contrast SWI (b), 1st contrast-enhanced
SWI (c) and 2nd contrast-enhanced SWI (d) images.
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Figure 4.
Bland- Altman plots of area measurements of lumen (top left) and wall (top right) from TSE
and pre-contrast SWI, lumen (middle left) and wall (middle right) from TSE and 1st
contrast-enhanced SWI, and lumen (bottom left) and wall (bottom right) from TSE and 2nd
contrast-enhanced SWI.
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Liu et al. Page 14

Table 1

Quantitative analysis of SWI lumen-wall contrasts. (n=220)

Pre-contrast 1st Contrast-enhanced 2nd Contrast-enhanced

Phase Difference (Δϕ) 25.7°±6.3° 39.7°±7.6° (p<0.001) 25.3°±4.4° (p=0.281)

Phase CNR (CNRphase) 18.9±6.2 35.1±8.3 (p<0.001) 24.0±6.3 (p<0.001)

Note: Data are presented as mean ± standard deviation.
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