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Abstract
Informed consent was obtained; the study was HIPAA compliant and institutional review board
approved. Fourfold accelerated (FFA) two-dimensional (2D) sensitivity encoding (SENSE) (65
seconds) was prospectively compared with its nonaccelerated counterpart (4 minutes 20 seconds)
for diagnostic image quality and sharpness of visualization of blood vessels at 1.5 T with three-
dimensional (3D) intracranial contrast-enhanced magnetic resonance venography in 18 consecutive
volunteers (10 men, eight women; mean age, 48.4 years) and two patients (55-year-old man, 30-year-
old woman). Two readers compared FFA 2D SENSE results with results from its nonaccelerated
counterpart; they rated visualization of large and medium sinuses as equivalent (P > .1) and that of
small deep cerebral veins (P < .01) and superficial cerebral veins (P < .001) as superior. Overall
diagnostic image quality ratings were excellent for 62% and 80% of nonaccelerated and FFA 2D
SENSE results, respectively (P < .05). FFA 2D SENSE may become the method of choice for fast
visualization of intracranial venous vasculature in clinical practice.

Three-dimensional (3D) magnetic resonance (MR) venography frequently is used to image the
intracranial vasculature and is useful in the diagnosis of venous sinus thrombosis. In
comparison with computed tomography and digital subtraction angiography, the advantages
of MR imaging are that it is minimally invasive, it does not involve radiation exposure, and it
is performed without iodinated contrast material. Time-of-flight and phase-contrast MR
imaging techniques have been used for intracranial venography during the past decade (1–8).
Contrast material–enhanced MR venography with gadolinium-based agents has become
popular (9,10) and has been regarded as a valuable diagnostic tool that supplements time-of-
flight and phase-contrast methods (11–19).

Three-dimensional contrast-enhanced MR venography of the brain requires sub-millimeter
spatial resolution for accurate visualization of blood vessels. Since the acquisition volume
encompasses the patient’s entire head, a large sampling matrix is needed to provide coverage
at the desired resolution. Typically, more than 120 sagittal sections of 1.4-mm partition
thickness are acquired, with an average in-plane isotropic resolution of less than 1.0 mm
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(15). With a repetition time of 6 msec, a 3D contrast-enhanced MR venographic acquisition
requires longer than 4 minutes to complete. Although this duration is similar to that of time-
of-flight and phase-contrast MR venographic acquisitions with comparable spatial resolution,
it is nearly three to four times longer than the acquisition duration for contrast-enhanced MR
angiography of other vascular territories. Shorter contrast-enhanced MR venographic
acquisition times of 60 seconds have been implemented. The shorter acquisition duration
results from a decrease in spatial resolution requirements (13), with the use of MR imagers
that have faster gradients and shorter repetition times (18), or from the advantageous use of
volumetric interpolated pulse sequences (19).

Sensitivity encoding (SENSE) is a parallel imaging method that can allow reduction of MR
acquisition time without the sacrifice of spatial resolution (20–22). The technique has been
used to image multiple vascular regions (23,24). The long acquisition time of 3D contrast-
enhanced MR venography and the limited temporal window of the first pass of the bolus of
contrast material through the intracranial vasculature present an ideal scenario for time-
accelerated SENSE imaging. The technical details of the SENSE technique have been
described (20–22). We hypothesized that fourfold accelerated (FFA) two-dimensional (2D)
SENSE images for 3D contrast-enhanced MR venography are superior to their nonaccelerated
counterparts in regard to overall diagnostic image quality and vessel conspicuity. The SENSE
images are superior primarily because the imaging time for the FFA 2D SENSE technique is
shorter, and this reduction in time leads to a decrease in motion and image blurring. Second,
the FFA 2D SENSE data acquisition is completed shortly after the first pass of the bolus of the
contrast material, and this completion leads to not only better opacification of vessels in general
but also improved depiction of small deep cerebral veins. Thus, the purpose of our study was
to prospectively compare FFA 2D SENSE MR imaging with its non-accelerated counterpart
for diagnostic image quality and sharpness of the visualization of cerebral veins.

Materials and Methods
Volunteers and Patients

From August 2005 through March 2006, 18 consecutive volunteers (10 men, eight women;
mean age, 48.4 years; range, 30–73 years) and two patients (one man, 55 years old; one woman,
30 years old) participated in our prospective study and underwent 3D contrast-enhanced MR
venographic examinations. The 55-year-old man had a previous diagnosis of neurosarcoidosis
and a subsequent diagnosis of venous sinus thrombosis. The 31-year-old woman had bilateral
cerebral venous sinus thromboses in July of 2005 in the setting of factor V Leiden
heterozygosity and the use of the birth control patch. Follow-up contrast-enhanced MR
venographic examinations for sinus thrombosis were performed in both patients. Our study
was Health Insurance Portability and Accountability Act compliant and was approved by the
institutional review board; informed consent was obtained from all participants. Subject
confidentiality was protected.

MR Examinations
Examinations were performed with 1.5-T MR systems (Excite; GE Medical Systems,
Milwaukee, Wis) by using a receive-only eight-element head coil. Subjects were placed
supinely, and their heads entered the magnet bore first. Each examination consisted of the
following: (a) a series of transverse, sagittal, and coronal localizer images; (b) a 2D transverse
single-section timing sequence located just inferior to the skull base for determination of arrival
times of the bolus (a small 2-mL bolus of contrast material) in the carotid arteries and jugular
veins; (c) a nonaccelerated 3D contrast-enhanced MR venographic acquisition that was
considered the standard for comparison; (d) a 3D gradient-echo acquisition to calculate coil
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sensitivity profiles needed for subsequent SENSE reconstruction (20); and (e) an FFA 2D
SENSE 3D contrast-enhanced MR venographic acquisition.

Data collection for both 3D contrast-enhanced MR venographic sequences, as in c and e, was
performed with use of the elliptic centric technique (25). Bolus arrival information obtained
from b was used to determine the proper start time of the two contrast-enhanced MR
venographic acquisitions after administration of 19-mL contrast agent doses. The start time
was just prior to contrast material detection in the jugular veins below the skull base. The order
in which the two contrast-enhanced MR venographic sequences, as in c and e, were performed
was alternated between subjects. The two injections of contrast material were administered
approximately 10 minutes apart to allow the contrast material from the first injection of the
bolus to clear the vasculature.

Nonaccelerated Contrast-enhanced MR Venography
Nonaccelerated 3D contrast-enhanced MR venography was performed with a fast spoiled
gradient-echo pulse sequence. Sagittal sections provided coverage from ear to ear. Imaging
was performed with the following parameters: repetition time msec/echo time msec, 6.5/2.6;
flip angle, 30°; full echo; bandwidth, 391 Hz/pixel; anteroposterior and superoinferior fields
of view (FOVs), 25 cm; sampling matrix, 320 × 320; section thickness, 1.4 mm; and number
of sections, 124, yielding a 17.4-cm right-left FOV. The resultant imaging time was 4 minutes
20 seconds, with a voxel resolution of 0.8 × 0.8 × 1.4 mm3.

FFA 2D SENSE Contrast-enhanced MR Venography
With the SENSE technique, the number of acquired samples is reduced in MR imaging (20).
In 2D SENSE imaging, this occurs along both the phase- and section-encoding directions
(21). This reduction leads to a smaller FOV and aliasing. By using sensitivity information from
multiple coils, aliased images can be deterministically unfolded to generate a full FOV
representation of the object that is to undergo imaging. Coil sensitivity profiles for each coil
element are obtained from a separate calibration acquisition. A 3D gradient-echo acquisition
is used for calibration with the following parameters: 10/3; bandwidth, 195 Hz/pixel; flip angle,
10°; full echo; anteroposterior and superoinferior FOVs, 25 cm; sampling matrix, 320 × 160;
sagittal section thickness, 2.8 mm; and number of sections, 62.

The FFA 2D SENSE acquisition evaluated in this work shares all parameters with the
nonaccelerated acquisition except for the following: reduced anteroposterior FOV, 12.5 cm;
sampling matrix, 320 × 160; number of sections, 62; section thickness, 1.4 mm; and reduced
right-left FOV, 8.7 cm. The reduction in FOV is intrinsic to FFA 2D SENSE imaging. Because
the number of data samples along both the anteroposterior (phase-encoding) and right-left
(section-encoding) directions have each been decreased by a factor of two, the imaging time
of the 2D SENSE sequence (65 seconds) is only one-quarter of that of the nonaccelerated
acquisition time (4 minutes 20 seconds). Images reconstructed from the FFA 2D SENSE
acquisition exhibit the same voxel dimension of 0.8 × 0.8 × 1.4 mm3 as images from their
nonaccelerated counterpart.

Contrast Material Injection
Gadolinium-based contrast agent (MultiHance; Bracco Diagnostics, Princeton, NJ) and saline
were intravenously injected into the antecubital vein in each subject via a commercially
available power injector (Spectris; Medrad, Indianola, Pa). For the 2D timing sequence, 2 mL
of contrast agent was injected at a rate of 3 mL/sec. For each 3D contrast-enhanced MR
venographic acquisition, 19 mL of contrast agent was injected at a rate of 3 mL/sec. Each
contrast agent injection was followed by injection of 25 mL of saline at a rate of 2 mL/sec. The
same injection protocol was followed for all 20 participants.
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Image Processing and Evaluation
Data from both nonaccelerated and FFA 2D SENSE contrast-enhanced MR venographic
acquisitions were successfully reconstructed for all examinations. Source images, full-volume
and targeted (1–2-cm-thick) maximum intensity projections, and reformatted projections at 6°
increments about the superoinferior and right-left axes were transferred to a workstation
(Advantage Windows; GE Medical Systems) with 3D volume-viewing software. Two
radiologists, one with 16 years (J.H.) and the other with 7 years (N.G.C.) of experience in
neurovascular MR imaging, independently assessed the images obtained with both techniques
in all 20 participants. Evaluation and assignment of scores were performed in five categories
(Table 1) during the course of 1 week after imaging was performed in all 20 participants.

Data from all participants were presented to both readers in a sequential manner. For each
participant, results from the acquisition technique associated with the first contrast agent
injection were always presented first, followed by those acquired by using the other technique
during the second contrast agent injection. Both radiologists did not have knowledge of the
order of the contrast agent injection for all participants and were thus blinded to the acquisition
technique that was used to generate each data set. Initial raw scores (not shown in this article)
only reflected each reader’s preference for the data set associated with either the first or second
contrast agent injection in each of the five categories of the evaluation. Another author
(H.H.H.), with knowledge of the acquisition techniques and their association with the order of
the contrast agent injection in each participant, subsequently translated the raw scores into
those shown in Tables 1 and 2.

In category 1, readers were asked to identify cerebral veins and evaluate their sharpness in
visualization and signal intensity. Vessels were classified into five groups on the basis of size
and anatomic location. With use of a five-point scale, a comparison score was assigned to each
vessel group. Zero scores reflect equal visibility and signal intensity of vessels between the
two data sets. Negative and positive scores reflect better visibility and higher signal intensity
of vessels in the nonaccelerated and FFA 2D SENSE images, respectively. For categories 2–
5, a four-point scale was used to evaluate each of the two acquisition techniques. In category
2, the presence of image artifacts was assessed. If artifacts were observed, readers were asked
to comment on the source of the artifacts and whether they affected image interpretation. In
category 3, signal intensity of background tissue was evaluated. In category 4, arterial signal
intensity in the circle of Willis and vertebrobasilar vessels was assessed. Last, in category 5,
the readers assigned a rating for overall diagnostic quality of images.

Statistical Analysis
The Wilcoxon signed rank test and the paired t test were applied individually to scores in each
of the five vessel groups in category 1. They were also applied to the differences in scores
between the two reviewing radiologists in categories2–5. The ratings from both readers were
pooled. The tests were performed to detect any statistically significant differences between
nonaccelerated and FFA 2D SENSE ratings. Statistical significance in each comparison was
declared if a difference with P < .05 was obtained. A commercially available statistical software
package (JMP, version 5.1, 2004; SAS, Cary, NC) was used to perform the calculations.

Results
Category 1

The ratings from both readers have been pooled in Figure 1 such that, for each of the five vessel
groups, the sum of occurrences is 40 (20 studies for reader 1 + 20 studies for reader 2). No
statistically significant difference was detected for vessel groups 1, 2, and 5. In vessel groups
1 and 2, 68% (27 of 40) and 70% (28 of 40) of the scores were zeros, respectively. This result
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suggests that the majority of all large dural sinuses and medium-sized cerebral veins were
equally visualized with both non-accelerated and FFA 2D SENSE images. For vessel group 5,
the distribution of scores was symmetric. Visualization of the extracerebral vessels was
preferred for the technique in which the second injection of the bolus of contrast agent was
administered, as the time needed for the contrast agent to fill the vessels often is longer than
the time needed for the contrast agent to fill vessels in the other four groups. Residual contrast
agent from the first injection of the bolus of the contrast agent probably persists and, thus,
provides better enhancement during the second injection. Figure 2 shows full-volume sagittal
maximum intensity projections in two participants; these maximum intensity projections
illustrate comparable vessel visualization and signal intensity of the major sinuses between the
two acquisition techniques.

Statistical significance was observed in vessel groups 3 and 4, groups in which the score
distributions are right-skewed and show the superiority of the FFA 2D SENSE technique. In
group 3, 17 (42%) of 40 positive scores indicated improved visualization of the septal,
thalamostriate, and vermian veins with the FFA 2D SENSE technique (P < .01, power = .65).
Superiority of the FFA 2D SENSE technique in visualization of small cerebral vessels is further
supported by ratings from vessel group 4 (P < .001, power = .98), the group in which 55% (22
of 40) of the scores are positive. Figure 3 illustrates approximate 2-cm-thick targeted
projections from reconstructions in two studies and illustrates improved sharpness in
delineation of small cerebral veins with the FFA 2D SENSE technique.

Categories 2–5
Table 2 summarizes scores for categories 2–5. The scores were pooled for the two readers in
Table 2, as was similarly done for the data in Table 1. In categories 2, 4, and 5, the scores
reflect a comparison of the two acquisition techniques. Note the exception to category 3 that
involved background tissue signal intensity, where ratings are based more appropriately on the
order of the injection of the bolus of the contrast agent.

In category 2, there was no significant difference in the level of image artifacts between the
nonaccelerated and FFA 2D SENSE results. Ratings of severe artifact levels were not observed
for either technique. In one FFA 2D SENSE data set, a score of 2 for a moderate artifact was
assigned. This artifact was caused by incomplete SENSE reconstruction as a result of
inadequate volume coverage in the calibration image. However, this artifact did not affect
image interpretation, and the result was still considered excellent in regard to diagnostic quality
of the image. All indications of a minor artifact were attributed to slight image blurring and
ghosting. Diagnostic interpretation was not affected by these minor artifacts.

In category 3, a significant difference (P < .001, power = 1.0) was observed in background
tissue signal intensity between the first and second injections of the contrast agent. There was
a trend toward higher tissue signal intensity for the technique performed after the second
injection of the bolus of the contrast agent was administered, and this trend was caused by
residual contrast agent uptake from the first injection of the bolus. Figure 4 illustrates
representative examples from one participant.

In category 4, signal intensity in the arteries of the circle of Willis and the vertebrobasilar
vascular beds was slightly higher in the FFA 2D SENSE data sets than in the corresponding
data sets for the nonaccelerated acquisitions. More than half of the scores in this category
reflected moderate to intense contrast-enhanced signal intensity in the arterial system for both
nonaccelerated and accelerated acquisition techniques. In all studies, arterial enhancement did
not obscure visualization of the venous vasculature.
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Scores from category 5 reflect the overall diagnostic quality of the reference and FFA 2D
SENSE data sets. Although 62% (25 of 40) of the scores for the nonaccelerated acquisition
were of excellent image quality, the FFA 2D SENSE technique was superior for the
visualization of the intracranial venous anatomy (P < .05, power = 0.95), with 80% (32 of 40)
of the corresponding data evaluated as having excellent diagnostic quality.

Discussion
We demonstrated that FFA 2D SENSE images, compared with nonaccelerated images,
obtained with 3D contrast-enhanced MR venography with the same sampling spatial resolution
were deemed superior in image quality and vessel sharpness. The 65-second duration of the
FFA 2D SENSE acquisition implemented in our study is considerably shorter than the durations
with the use of contrast enhancement that were previously reported in the literature (11–13,
15). With this method, high spatial resolution is achieved in all three dimensions without
volumetric interpolation or partial Fourier techniques (14,19). In addition, all FFA 2D SENSE
reconstructions were considered to have sufficient signal intensity for clinical interpretation
by the reviewing radiologists, despite the intrinsic loss in signal-to-noise ratio with parallel
imaging methods.

Comparisons that we made demonstrated the superiority of the shorter FFA 2D SENSE
technique over the non-accelerated method, specifically in the visualization of smaller deep
cerebral and superficial cerebral veins. This improvement in vessel visualization is largely
caused by the manner of SENSE data sampling, in which, compared with a nonaccelerated
image, a greater portion of the elliptic centric k-space is acquired during the first pass of the
bolus of the contrast agent through the vasculature. In essence, SENSE sampling increases the
effective footprint of the bolus of the contrast agent over k-space and is similar to the use of a
larger quantity of the bolus of the contrast agent or a slower contrast agent injection rate. By
encoding a larger area in k-space when the transient contrast-enhanced signal is the highest,
signal intensity and spatial resolution of small vessels are improved. Although a signal-to-noise
ratio loss proportional to √R is typically expected in SENSE imaging when the magnetization
is constant during data acquisition and where R is the SENSE acceleration factor, signal-to-
noise ratio loss less than a factor of √R can be observed in applications where the magnetization
varies with time, such as in contrast-enhanced MR venography (26,27). This phenomenon also
has been recently reported in echo-planar imaging (28).

An extension of our work is to incorporate into the FFA 2D SENSE protocol variations in
contrast agent quantity and injection rates. Contrast agent quantity and corresponding injection
rates used in our study were taken from the standard nonaccelerated acquisition protocol and
were not altered during the acquisition of FFA 2D SENSE images. Further work that addresses
the contrast agent bolus injection rate and duration could possibly lead to additional image
improvement, particularly with regard to the advantage of the shorter 2D SENSE technique.
Another direction is to evaluate 2D SENSE 3D contrast-enhanced MR venography with MR
imagers that operate at a higher magnetic field strength. For example, the theoretical doubling
of signal-to-noise ratio at 3.0 T compared with a similar 1.5-T acquisition can potentially allow
2D SENSE acceleration factors beyond four with a clinically acceptable signal-to-noise ratio.
Although images of excellent diagnostic quality were generated with FFA 2D SENSE in this
study, greater accelerations in 3D contrast-enhanced MR venography can potentially reduce
image time to approximately 45 seconds without a compromise in spatial resolution. Additional
2D SENSE accelerations can also improve the section resolution (right-left dimension) from
1.4 mm to less than 1.0 mm without additional image time, thus allowing the acquired voxel
to become truly isotropic.
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A limitation of this study is that FFA 2D SENSE 3D contrast-enhanced MR venography has
not yet been evaluated as a clinical tool for the detection of venous thrombosis in comparison
with nonaccelerated contrast-enhanced MR venography or other time-of-flight and phase-
contrast MR imaging techniques. The 18 volunteers in our study population were all considered
healthy. Limited data from the two patients are inadequate to draw conclusions about the
performance of FFA 2D SENSE contrast-enhanced MR venography in the detection of venous
thrombosis.

One of the drawbacks of implementing SENSE is the need to separately acquire coil calibration
data with an additional image. Our calibration took 90 seconds to complete and was
accommodated by all study participants without a complication or discomfort. However, the
additional time required for the acquisition of the calibration image is balanced by the benefits
of a shortened contrast-enhanced MR venographic acquisition time, a decreased likelihood of
motion and image blurring, and most important, improved visualization of small vessels with
SENSE acceleration. The excellent diagnostic quality and superior vessel conspicuity and
signal intensity of images obtained with FFA 2D SENSE with 3D contrast-enhanced MR
venography have the potential to make this technique the method of choice for fast visualization
of the intracranial venous vasculature in clinical practice.

Advances in Knowledge

• An acquisition of the intracranial venous system can be completed with
submillimeter spatial resolution in approximately 60 seconds with fourfold
accelerated (FFA) two-dimensional (2D) sensitivity encoding (SENSE), compared
with more than 4 minutes for an acquisition without 2D SENSE with the same
sampling spatial resolution.

• With use of an eight-element head coil, the FFA 2D SENSE technique yields
images of excellent diagnostic quality with high vessel conspicuity and no artifacts.

• Contrast-enhanced MR venography with the FFA 2D SENSE technique allowed
improved depiction of smaller cerebral vessels.

Implications for Patient Care

• Two-dimensional FFA SENSE contrast-enhanced MR venography can provide
three-dimensional volumetric coverage of the entire brain with submillimeter
spatial resolution in less than 1 minute and has the potential to become the method
of choice for fast visualization of the intracranial venous vasculature in clinical
practice.

• FFA 2D SENSE contrast-enhanced MR venography of the intracranial vasculature
helps in not only the reduction of the requisite image time but also the provision
of sharper depiction of cerebral vessels in comparison with a non-accelerated
acquisition.

• The reduced imaging time of FFA 2D SENSE contrast-enhanced MR venography
can help to decrease the likelihood of image blurring and artifacts that are typically
associated with patient motion.
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Figure 1.
Histogram of pooled scores from two readers for category 1. For each vessel group, the sum
of occurrences is 40 (20 studies for reader 1 + 20 studies for reader 2). Numeric scores are
defined in Table 1. Positive scores reflect preference for the FFA 2D SENSE results. Negative
scores reflect preference for the nonaccelerated acquisition. Statistically significant differences
were calculated for each vessel group. FFA 2D SENSE contrast-enhanced MR venography
was deemed to be equivalent to nonaccelerated contrast-enhanced MR venography for
visualization of vessels in groups 1, 2, and 5 and significantly superior for visualization of
vessels in groups 3 and 4.
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Figure 2.
Three-dimensional contrast-enhanced spoiled gradient-echo MR venographic images (6.5/2.6,
30° flip angle) from (a, b) a healthy volunteer and (c, d) a patient. Sagittal maximum intensity
projections from (a, c) nonaccelerated (4 minutes 20 seconds) images show signal intensity
and vessel enhancement that are comparable to those in (b, d) corresponding FFA 2D SENSE
(65 seconds) acquisitions. All major sinuses and large veins, in addition to smaller vessels
including the Labbé and Trolard veins, are equally identified with both techniques. In both
studies, the FFA 2D SENSE image was obtained after the second contrast agent injection. Note
higher background tissue signal intensity caused by residual contrast agent uptake in the FFA
2D SENSE images. (c, d) MR venographic images in the patient demonstrate changes
consistent with sequelae of prior venous thrombosis in the superior sagittal sinus. Note slight
blurring of the transverse (short arrow) and sigmoid (long arrow) sinuses in the longer
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nonaccelerated acquisition in c. This is not observed in the corresponding shorter FFA 2D
SENSE image in d. The overall appearance of vessels in d is sharper.
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Figure 3.
Sagittal targeted projections of approximately 2 cm thickness containing the superior sagittal
sinus from (a, c) nonaccelerated and (b, d) corresponding FFA 2D SENSE reconstructions
(6.5/2.6, 30° flip angle) from two studies. In both studies, FFA 2D SENSE images provide
superior visualization and sharper delineation of small cerebral vessels defined in vessel groups
3 and 4 in Table 1. The improvement is evident in areas marked with rectangular regions,
despite that FFA 2D SENSE images were obtained with the second injection of contrast agent
bolus in both studies. Both data sets received positive scores of 1 for vessel groups 3 and 4
from the reviewers.
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Figure 4.
(a, c) FFA 2D SENSE and (b, d) nonaccelerated images (6.5/2.6, 30° flip angle) in a volunteer.
FFA 2D SENSE images were obtained with the first contrast agent injection. Maximum
intensity projections of images obtained with the technique performed after the second injection
of contrast agent bolus are degraded by increased tissue signal intensity caused by soft-tissue
contrast agent uptake from the first injection. Both readers assigned a score of 2 to the images
obtained with the nonaccelerated acquisition after the second injection of contrast agent bolus.
(b) Sagittal full-volume projection of the data set obtained after the second injection shows
obscured visualization of small cerebral veins caused by increased tissue signal intensity. (c,
d) Targeted 2-cm-thick projections reveal that vessel enhancement between the two
acquisitions is similar.
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Table 1

Evaluation Categories for Assessment of Nonaccelerated and FFA 2D SENSE Reconstructions in 20 Study
Participants Who Underwent Contrast-enhanced MR Venography

A: Category 1—Conspicuity and Signal Intensity of Vessels in Five Vessel Groups

Score* Assessment

−2 SENSE images were markedly inferior to nonaccelerated
images

−1 SENSE images were marginally inferior to nonaccelerated
images

0 SENSE images and nonaccelerated images were equivalent

1 SENSE images were marginally superior to nonaccelerated
images

2 SENSE images were markedly superior to nonaccelerated
images

B: Category 2—Evaluation of Image Artifacts

Score Presence, Degree, and Effect on Diagnosis

0 None

1 Minor, do not affect diagnosis

2 Moderate, can potentially affect diagnosis

3 Severe, probably will interfere with diagnosis or cause
image to be nondiagnostic

C: Category 3—Signal Intensity of Background Tissue

Score Presence and Degree

0 None

1 Mild, less than 50% of venous signal intensity

2 Moderate, greater than 50% of venous signal intensity but not
approaching venous signal intensity

3 Intense, approaching venous signal intensity

D: Category 4—Arterial Signal Intensity for Circle of Willis and Vertebrobasilar Vessels

Score Presence and Degree

0 Absent

1 Faint, noncontinuous

2 Moderate, faint and continuous

3 Intense, approaching or equal to venous signal intensity

E: Category 5—Overall Diagnostic Quality of Images

Score Quality

0 Nondiagnostic

1 Marginal

2 Good
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E: Category 5—Overall Diagnostic Quality of Images

Score Quality

3 Excellent

Note.—In category 1, a single comparison score was assigned to each of the five vessel groups. In categories 2–5, a single score was assigned to each
acquisition technique (nonaccelerated and FFA 2D SENSE). Scores from two readers were pooled and tested for statistical significance.

*
The five vessel groups were as follows: group 1—large sinuses, including superior and inferior sagittal, transverse, and sigmoid sinuses and confluence

of sinuses (torcular herophili); group 2—medium sinuses and veins, including straight and superior and inferior petrosal sinuses, Rosenthal vein, great
cerebral vein of Galen, and internal cerebral vein; group 3—small deep veins, including septal, thalamostriate, and superior and inferior vermian veins;
group 4 —superficial veins, including Labbé, Trolard, and cortical veins; and group 5— extracerebral veins, including ophthalamic, paravertebral,
and facial veins.
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