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Technical Note

Contrast-enhanced MR Angiography: The Effects of k-
Space Truncation on Luminal Representation in a

Carotid Artery Phantom Model

Elias R. Melhem, Jean-Micheal Serfaty, Lisa Jones, Ryuta Itoh, Brian S. Kuszyk, Jean-Baptiste Martin, Philippe
Gailloud, Kieran P.J. Murphy, and Daniel A. Rufenacht

Summary: Using carotid bifurcation phantom models with
different degrees of stenoses, we evaluated the accuracy of
vessel lumen representation on MR images obtained from
the inverse Fourier transform of different k-space percent-
ages. Our results show that the lower thresholds of trun-
cated k-space sampling are dictated by the severity of lu-
minal narrowing. The defined thresholds may help improve
efficiency of 3D MR imaging of the carotid arteries while
maintaining adequate luminal representation.

The need for noninvasive imaging of the carotid
arteries has provided fertile ground for the rapid
development and application of different MR an-
giographic techniques (1, 2). Contrast-enhanced
MR angiographic techniques (using T1-shortening
agents) have shown potential for accurate represen-
tation of the vascular lumen compared with con-
ventional angiography (3).

Carotid imaging using contrast-enhanced 3D MR
angiography has followed one of three trends: 1)
ultra-high spatial resolution imaging with low tem-
poral resolution, necessitating, at times, tedious im-
age postprocessing for the extraction of the carotid
arteries from superimposed capillaries and veins
(3); 2) high spatial and temporal resolution imag-
ing, requiring different schemes for timing the ar-
rival of the contrast bolus to coincide with the cen-
ter of k-space (4); 3) ultra-high temporal resolution
(,6 s) imaging (bolus tracking) with submillimeter
in-plane resolution that requires little image post-
processing and no contrast bolus timing. In the lat-
ter method, improvements in temporal resolution
are often the result of partial k-space updating for
each dynamic acquisition (keyhole) (5, 6).

In addition to anatomic display of the carotid
arteries, ultra-fast contrast-enhanced 3D MR angi-
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ography can provide information regarding flow
dynamics in the cervical vasculature. Also, it can
reduce motion-related artifacts and obviate the need
for cumbersome image postprocessing and for high
doses of contrast agent (7).

Using carotid bifurcation phantom models with
different degrees of stenosis at the origin of the
internal carotid arteries, we evaluated the accuracy
of vessel lumen representation on images obtained
from the inverse Fourier transform of different k-
space percentages. Using fixed concentrations of
contrast material and a steady-state flow model, we
aimed to define a minimum k-space percentage be-
low which vessel lumen representation becomes
distorted.

Methods

MR Imaging

MR studies were performed on a 1.5-T superconducting MR
system (ACS NT Power Trak 6000; Philips Medical Systems,
Shelton, CT) with maximum gradient capability of 23 mT.m21

and a slew rate of 103 mT.m21.ms21. MR images were ob-
tained with a standard quadrature head coil operating in receive
mode.

The MR angiographic technique implemented a 3D fast
field-echo readout, with 4.4/1.5 (TR/TE) (partial echo sam-
pling), a flip angle of 308, and a readout bandwidth of 450 Hz
per pixel. Complete coverage of the carotid phantoms was
achieved in the coronal plane by using a single 4.1-cm-thick
volume with an in-plane field of view of 25 cm and a matrix
of 256 3 256. The volume thickness was divided into 55 1.5-
mm-thick partitions reduced to an effective thickness of 0.75
mm by using interpolation (zero filling) in the section direc-
tion. Acquisition time was 62 s.

Phantom Models

In vitro models of common carotid bifurcations were de-
rived from a vascular cast of the cervicocranial arteries ob-
tained on an unfixed human specimen. A mixture of methyl-
methacrylate and barium sulfate powder was injected in the
proximal descending thoracic aorta under continuous fluoro-
scopic control. The specimen was then maintained in a 15%
solution of potassium hydroxide until complete dissolution of
the surrounding soft and bony tissues occurred. Multiple wax
copies of the arterial cast were produced by applying a molding
procedure adapted from dentistry prosthetic techniques.

Four stenotic lesions of increasing severity were simulated
by remodeling the carotid bifurcation of otherwise identical
wax copies. These wax copies were then coated with liquid
silicone and placed in a 3D rotator device, ensuring even dis-
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FIG 1. Digital radiographs of the iodinated contrast-material–filled carotid artery phantom models. The measured degree of stenosis is
38% for phantom 1, 61% for phantom 2, 80% for phantom 3, and 92% for phantom 4.

tribution of the silicone during the drying process. The models
were exposed to high temperature (808C) to evacuate the wax
by melting.

The finished models were filled with iodinated contrast ma-
terial and imaged using digital radiography (field of view, 15
cm; matrix, 1024 3 1024) at different obliquities to optimize
visualization of the stenotic segment (Fig 1). With the optimal
obliquity, the stenotic lesions were measured using caliper
tools found on a commercially available on-line workstation.
For each of the four phantoms, the percent stenosis was mea-
sured by comparing the diameter of the stenotic segment to
the normal distal segment (NASCET method). The degree of
stenosis was 38% for phantom 1, 61% for phantom 2, 80%
for phantom 3, and 92% for phantom 4. Values derived by the
evaluation of luminal representation on MR angiograms were
considered to be the standard of reference. For the MR imaging
experiments, a contrast material and water solution (126.42/
105.71 [T1/T2]) was infused through the phantom models at
a fixed flow rate of 85 mL/s by using a calibrated motorized
pump.

Data Analysis and Postprocessing

The 3D MR angiographic data obtained from the four phan-
toms were transferred to an off-line workstation. Using a pro-
gram written in interactive data language, low passed versions
of the entire data corresponding to 0, 10, 20, etc., to 100% k-
space were calculated. These low-passed versions were gen-
erated by retaining a central cube of the appropriate percent of
k-space while zeroing outside this central region. MR angio-
graphic images were generated from the inverse Fourier trans-
form of the different k-space percentages and were displayed
using a standard maximum intensity projection ray-trace al-
gorithm (Figs 2 and 3). The maximum intensity projections of
the four phantoms were rotated to match the obliquity of the
standard of reference visually.

The degree of luminal stenosis in the four phantoms was
calculated according to the NASCET method for the different
k-space percentages. The luminal diameter was measured using
the number of pixels with signal intensity above half maximum
in the line profile drawn perpendicular to the vessel. In situa-
tions in which the stenotic segment was not identifiable be-
cause of either complete signal drop off or obscuration, the
luminal diameter was arbitrarily set to zero.

The ratio of luminal stenoses (MR angiography/standard of
reference) was plotted as a function of percent k-space. This

was done to determine a percent k-space threshold below
which MR angiographic revelation of luminal stenosis be-
comes distorted. Distortion of luminal stenosis on MR angio-
grams was arbitrarily defined as a ratio more than 15% differ-
ent from unity (,0.85 or .1.15) based on the shape of the
plot.

Results
MR angiographic images of the four phantoms

obtained from the inverse Fourier transform of the
entire k-space data showed luminal stenosis within
15% of the standard of reference (Fig 4). For
phantom 1, adequate luminal stenosis representa-
tion (ratio, 1.14) was maintained despite using
only the central 30% of k-space data. Below this
threshold, image distortion led to inadequate lu-
minal representation (Fig 4). The thresholds for
phantoms 2, 3, and 4 were 40%, 40%, and 60%
k-space, respectively. At these thresholds, the ratio
of luminal stenosis for phantom 2 was 1.03, for
phantom 3 was 0.90, and for phantom 4 was 0.93.
Below these thresholds, image distortion resulted
in poor luminal representation (Fig 4). There were
no appreciable differences in luminal stenosis rep-
resentation of the four phantoms as we decreased
the percent k-space from 100% to the respective
thresholds (Fig 4).

Discussion
High spatial frequency data found in the periph-

ery of k-space is responsible for image detail,
whereas low spatial frequency data found in the
center of k-space is responsible for image contrast.
Limiting the signal sampling process to the central
portions of k-space improves the efficiency of scan-
ning at the expense of image detail and spatial res-
olution (4, 6, 8).

For accurate luminal representation, our phantom
experiments show that as the severity of stenosis
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FIG 2. 2D projectional images of 3D k-space data. A, Superimposed
squares show the percentages of k-space used to generate corresponding
different MR angiographic maximum intensity projections (4.1/1.5, flip angle
of 308) of the phantom. B, Inverse Fourier transform of 2D projectional image
is an MR angiographic image of phantom 2. Adequate luminal representation
is maintained at 50% k-space, but is lost at 10% k-space.

FIG 3. MR angiographic maximum intensity projections (4.1/1.5, flip angle of 308) of phantom 4 show that luminal representation is
maintained at 60% k-space, but is lost at 50% k-space (arrows).
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FIG 4. Plot of the ratio of luminal stenosis in the four phantoms
shown by MR angiography (4.1/1.5, flip angle of 308) divided by
the standard of reference as a function of percent k-space. The
ratio deviates from unity at higher percent k-space for phantoms
with greater severity of stenosis.

increases, so does the need for a larger percentage
of k-space sampling. In the case of phantom 4
(92% stenosis), at least 60% of the central portion
of k-space is required for accurate representation,
whereas for phantom 1 (38% stenosis), only 30%
is needed. This can be explained in that high spatial
frequency data (periphery of k-space), responsible
for image detail, become more critical for the rev-
elation of small structures, such as severely stenotic
segments.

Despite the severe narrowing in phantom 4, we
were able to reduce k-space sampling by 40% and
still maintain accurate luminal representation. This
reduction in k-space sampling at the above-speci-
fied MR imaging spatial resolution and for the most
extreme situation tested, allows a commensurate
decrease in acquisition time (5).

Ultra-fast contrast-enhanced 3D MR angiogra-
phy (,6 s/dynamic) has several advantages in ca-
rotid imaging. It allows the study of flow dynamics
in the cervical and intracranial circulation, provides
a reliable method to time-resolve the carotid arter-
ies from the jugular vein, reduces motion-related
artifacts, and allows decreases in the total dose of
contrast agent required for the same intraluminal
signal-to-noise ratio (7). The latter advantage is
based on the approximation that for a particular in-
jection rate, the duration of the peak intraarterial
concentration of contrast agent is proportional to
the total dose administered (3).

The combination of high-performance gradients
(hardware) and different k-space truncation
schemes (software) have shown potential for high
temporal resolution MR angiography with suffi-
cient spatial resolution for carotid imaging (6). We
think that our results can help guide efforts aimed
at improving imaging efficiency without signifi-
cantly sacrificing anatomic information.

Our results are limited in part by the inability of
the phantom model to emulate carotid arteries in
vivo accurately. Nevertheless, the phantom models
that are used in this experiment have been shown
to be anatomically accurate and reproducible with
viscoelastic properties very similar to those of real
human carotid arteries (9). Further, the viscosity of
the contrast material solution used in the experi-
ments is different from that of blood and the mo-
torized flow pump does not provide pulsatile flow.
The effects of viscosity and pulsatile flow on intra-
voxel phase dispersion and vascular lumen re-
sponse cannot be addressed in this study. Finally,
the use of maximum intensity projection MR im-
ages for measuring the degree of stenosis and the
use of different methods to measure the degree of
stenosis on the fluoroscopic images and MR images
may have influenced our results.

Conclusion
Truncated k-space sampling in MR angiography

leads to improvements in time resolution without
necessarily compromising anatomic information.
Lower thresholds of k-space sampling are dictated
by the severity of narrowing. Our results can help
guide efforts aimed at improving the efficiency of
3D MR imaging of the carotid arteries.
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