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Evaluation of the Intracranial Dural Sinuses with a 3D

Contrast-enhanced MP-RAGE Sequence: Prospective

Comparison with 2D-TOF MR Venography and Digital
Subtraction Angiography

Luxia Liang, Yukunori Korogi, Takeshi Sugahara, Mitsukazu Onomichi, Yoshinori Shigematsu, Deweng Yang,

Mika Kitajima, Yasuhiro Hiai, and Mutsumasa Takahashi

BACKGROUND AND PURPOSE: The diagnosis of dural sinus thrombosis is often difficult
because of its variable and nonspecific clinical presentation and the overlapping signal inten-
sities of thrombosis and venous flow on conventional MR images and MR venograms. We
compared 3D contrast-enhanced magnetization-prepared rapid gradient-echo (MP-RAGE) se-
quences with 2D time-of-flight (TOF) MR venography, digital subtraction angiography (DSA),
and conventional spin-echo (SE) MR imaging for the assessment of normal and abnormal dural
sinuses.

METHODS: In a phantom study, a plastic tube with pulsating flow was used to simulate the
intracranial dural sinus. With 3D MP-RAGE, a variety of flow velocities, contrast material
concentrations, and angulations between the phantom flow tube and the plane of acquisition
were tested to measure their relationship to signal-to-noise ratio (SNR). In a clinical study, 35
patients, including 18 with suspected dural sinus thrombosis, were studied with both MR im-
aging and DSA. Receiver operating characteristic (ROC) analysis was performed in a blinded
fashion using DSA as the reference standard.

RESULTS: With the phantom, the SNR of flow increased with increasing contrast concen-
tration, but was not affected by the angle between the tube and scan slab. There was no
relationship between SNR and velocity when the contrast concentration was 1.0 mmol/L or
greater. In the clinical study, dural sinus thrombosis as well as the normal anatomy of the
dural sinuses were seen better with 3D contrast-enhanced MP-RAGE than with 2D-TOF MR
venography. Three-dimensional contrast-enhanced MP-RAGE showed the highest diagnostic

confidence on ROC curvesin the diagnosis of thrombosis.

CONCLUSION: Three-dimensional contrast-enhanced M P-RAGE issuperior to 2D-TOF MR
venography and conventional SE MR imaging in the depiction of normal venous structures
and the diagnosis of dural sinus thrombosis, and is a potential alternative to DSA.

Clinical and radiologic diagnosis of dural sinus
thrombosis is sometimes difficult because of its
variable, nonspecific presentation. The improved
detection of dural sinus thrombosis afforded by
high-resolution CT and MR imaging has shown
that the prevalence of sinus thrombosis is much
higher than previously thought. Delayed diagnosis
of sinus thrombosis may cause high rates of mor-
bidity and mortality, whereas proper and prompt
treatment, including recently advanced catheteri-
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zation techniques, can improve the prognosis dra-
matically (1-4).

On conventional MR images, the dilated collat-
erals of the cortical and medullary veins and ve-
nous infarction are easily visualized, but they usu-
ally do not appear at the initial stage of dural sinus
thrombosis. The diagnosis of sinus thrombosis is
not always straightforward, because the thrombus
and flow can produce overlapping signal intensities
(4). Two-dimensional time-of-flight (2D-TOF) MR
venography, contrast-enhanced CT projection ve-
nography, and digital subtraction angiography
(DSA) are common techniques in the diagnosis of
dural sinus thrombosis. However, with 2D-TOF
MR venography, one may not be able to distinguish
a hypoplastic or atretic sinus from thrombosis (5).
Another pitfall of 2D-TOF MR venography is sig-



482 LIANG

nal loss of vessels, in which the direction of blood
flow is within the imaging plane. This so-called
saturation may resemble thrombotic occlusion
(5-7). High-resolution CT has been reported to be
comparable or superior to MR venography (2D-
TOF or phase-contrast); however, it requires com-
plex postprocessing work, including the proper
choice of threshold levels, the use of iodinated con-
trast material, and exposure to X-rays. Moreover, it
is limited by the poor delineation of skull base
structures (7, 8). At present, despite its invasive-
ness, DSA is considered the standard of reference
in the diagnosis of thrombosis and patency of the
dural sinuses. Therefore, a less invasive, more ef-
fective, and more accurate diagnostic technique is
required for the early diagnosis of dura sinus
thrombosis.

Recently, a relatively new sequence, magnetiza-
tion-prepared rapid gradient-echo (MP-RAGE), has
been shown to provide excellent delineation of ve-
nous structures and good contrast and resolution
between the sinuses and an adjacent lesion (9). The
purpose of this study was to assess prospectively
the accuracy of 3D contrast-enhanced MP-RAGE
in the evaluation of the normal and abnormal dural
sinuses as compared with 2D-TOF MR venogra-
phy, conventional spin-echo (SE) MR imaging, and
DSA.

M ethods

Phantom Sudy

Phantom Models and Scanning Parameters—In the first
part of this investigation, a phantom study was performed to
evaluate the relationships between signal-to-noise ratios
(SNRs) and concentrations of gadopentetate dimeglumine,
flow velocities, and angles between the tube and scan slab with
3D MP-RAGE. We used a pulsating flow generation pump
(Model 405; Harvard Apparatus, Natick, MA) to provide pul-
sating circulation resembling in vivo vascular blood flow. To
simulate the intracranial dura sinuses, a 300-mm-long plastic
tube with an internal diameter of 5 mm was used, and mea-
surements were obtained 1.5 m from the pump.

In a closed circuit, flow was delivered to the flow phantom
at a pulse rate of 25, 50, 75, and 100 beats per minute, and
the corresponding mean velocities were 3.4, 6.8, 10.2, and
13.6 cm/s, respectively. The mean velocity was defined as the
flow volume divided by the cross-sectional area of the plastic
tube. These velocities corresponded to the reported flow ve-
locity of the cortical veins and sinuses (615 cm/s) (10, 11).

MR phantom studies were performed on a 1.5-T system with
the use of a head coil. The MP-RAGE sequence was applied
using the following parameters: 13.5/7 (TR/TE); acquisition
time, 2 minutes 7 seconds; matrix, 128 X 256; field of view
(FOV), 10 X 20 cm; section thickness, 1.5 mm; flip angle,
15°; inversion time (T1), 300 milliseconds; delay time (TD),
meaning the time interval between the last rapid gradient echo
and the subsequent 180° inversion recovery magnetization-
preparation pulse, 300 milliseconds; bandwidth, 130 Hz per
pixel; and slab thickness, 4.2 cm. The contrast agent was kept
flowing at a steady concentration throughout the acquisition
time.

The T1 value of 0.1 mmol/L of contrast material is smilar to
that of blood (1200 ms) at 1.5 T, and the maximum signal inten-
sty in the aorta after a bolus injection of 0.1 mmol/kg of contrast
agent in the human body is nearly equa to the signal intensity at
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2.0 mmol/L (12, 13). Therefore, the concentrations of contrast
medium used were 0.1, 0.2, 0.5, 1.0, and 2.0 mmol/L. The angles
between the plastic tube and imaging dab were 0°, 30°, 45°, 60°,
and 90°.

Image Analysis—Standard electronic measurements of sig-
nal intensity in each region of interest (ROI) were made by
one of the researchers. Three ROIs were selected from the
center slices of the MP-RAGE volume with the same mea-
surement area. When the concentration of contrast agent and
velocity was very low (such as 0.1 mmol/L, 3.4 cm/s), the
signal intensity of the phantom could not be distinguished from
that of surrounding noise. In these instances, the ROl was
placed at the corresponding phantom position that could be
recognized in other conditions. SNR was calculated for each
scan using the following formula: SNR = SI/N, where Sl is
the mean signal intensity of the three ROIs on each scan and
N is the standard deviation of the background along the phase-
encoding direction. The relationships between SNR and scan
angles, concentrations of contrast material, and flow velocities
were calculated and displayed on graphs.

Clinical Study

Patients—From June 1997 to December 1999, 35 consec-
utive patients (19 women and 16 men, ages 19 to 76 years;
mean age, 49 years) were examined prospectively with both
2D-TOF MR venography and 3D contrast-enhanced MP-
RAGE during the same scan session. All patients also under-
went DSA within 1 week. Eighteen patients were examined
for suspected dural sinus thrombosis. Six had proved arterio-
venous fistula (AVF). Three patients (one with a posterior fossa
meningioma, one with a parasagittal meningioma, and one
with a mastoid abscess) were examined to assess the relation-
ship between the lesions and dural sinuses, as well as the in-
volvement of the sinuses. One patient was imaged for an ar-
teriovenous malformation (AVM) close to the dural sinuses,
one patient for a high-riding jugular bulb that mimicked a le-
sion in the jugular foramen, and one patient with neurofibro-
matosis (type 1) and pineal tumor. The remaining 11 patients
had intraaxial tumors that were located far from the dural si-
nuses and they served as the control group. Follow-up exam-
inations were performed in three patients who had acute dural
sinus thrombosis.

MR Protocols and Image Display.—The same MR unit as
used in the phantom study was used in all 35 patients. T1-
weighted SE sequences (600—700/14—24/1) and T2-weighted
fast-SE sequences (3700/96/1; echo train length, 7) were ob-
tained with a slice thickness of 5 mm, an intersection gap of
1 mm, a 220-mm FOV, and a matrix of 256 X 224. Two-
dimensional TOF MR venography was performed after com-
pletion of the T1- and T2-weighted sequences. Parameters used
for 2D-TOF MR venography were 25/9/1, a flip angle of 30°,
a 2.0-mm dlice thickness, a 256 X 192 matrix, a 20-cm FOV;,
60 to 64 dlices, and an acquisition time of 5 minutes 32 sec-
onds. After 2D-TOF MR venography, intravenous contrast ma-
terial (0.1 mmol/kg) was administered manudly at arate of 1
to 2 mL/s, then T1l-weighted SE and MP-RAGE sequences
were obtained. The order of these two sequences was alter-
nated from patient to patient. The parameters for the T1-
weighted SE sequence were the same as described above. The
3D contrast-enhanced MP-RAGE sequence was applied with
the following parameters: 13.5/7, a TI/TD of 300/300 milli-
seconds, a flip angle of 15°, an acquisition time of 6 minutes
43 seconds to 7 minutes 43 seconds, a matrix of 192 X 256,
an FOV of 20 cm, a section thickness of 1.25 to 1.5 mm, a
bandwidth of 130 Hz per pixel, and a dab thickness of 13.5 cm.
All sequences were oriented in the axial plane. In addition,
2D-TOF MR venography was obtained in the sagittal plane in
one patient and in the corona plane alone in two patients. In
one patient, the sagittal plane instead of the axial plane was
imaged with a 3D contrast-enhanced MP-RAGE sequence.
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Source images of the 2D-TOF MR venographic sequences
and the 3D contrast-enhanced MP-RAGE sequences, and con-
tiguous multiplanar reformation (MPR) images were eval uated.
The maximum intensity projection (MIP) algorithm was used
to produce venograms for both the 2D-TOF MR venographic
sequences and the 3D contrast-enhanced MP-RAGE sequenc-
es. A selective MIP view in the sagittal plane, multiple oblique
MIPs rotated about the superoinferior axis in 15° increments,
and multiple MIPs rotated about the anteroposterior axisin 15°
increments for the entire venous circulation were also provided
simultaneously for blinded interpretations. All image process-
ing was performed with the same method by the same
radiologist.

DSA Technique—DSA was performed by means of femoral
artery catheterization in all 35 patients. Anteroposterior and
lateral venographic phases from the selective carotid injections
were supplied. The presence or absence of dural sinus throm-
bosis was determined on the basis of DSA findings by the
consensus of two experienced neuroradiologists who did not
participate in the interpretation of the blinded MR study.

Receiver Operating Characteristic (ROC) Analysis—ROC
curves were obtained to assess the ability to diagnose sinus
thrombosis. The results of the DSA findings were considered
to be the standard of reference. The other two experienced
observers, who were blinded to the details of the clinical his-
tories and DSA findings but familiar with the normal findings
of sinuses on T1-weighted images, T2-weighted images, con-
trast-enhanced T1-weighted images, 2D-TOF MR venograms,
and 3D contrast-enhanced MP-RAGE images, independently
classified the eight sinuses (one superior sagittal sinus, one
straight sinus, two transverse sinuses, two sigmoid sinuses, and
two jugular bulbs) of all 35 patients into five categories ac-
cording to the presence or absence of dural sinus thrombosis:
1 = definitely or almost definitely absent, 2 = probably absent,
3 = uncertain, 4 = probably present, 5 = definitely or almost
definitely present.

T1-weighted images, T2-weighted images, contrast-en-
hanced T1-weighted images, 2D-TOF MR venograms, and 3D
contrast-enhanced MP-RAGE images were compared for the
detection of dural thrombosis by means of ROC curves (14)
as determined from the confidence scores of each observer’'s
readings from the five sets of images. Data from the two ob-
servers were not pooled; hence, five ROC curves were calcu-
lated for each observer. To minimize a possible learning effect
by the observers, the order in which the images were reviewed
varied from one reading to the next. In interpreting the 2D-
TOF MR venograms and 3D contrast-enhanced MP-RAGE se-
quences, the source images, contiguous MPR images, and MIP
images were all included. Diagnosis of dural sinus thrombosis
on 2D-TOF MR venograms was based on lack of flow signal
in a sinus. The possibility of an aplastic or hypoplastic sinus
was excluded by combined reading of the source images with
the MIP images.

For each sequence evaluated, a binomial ROC curve was
fitted to each observer’s confidence rating data by maximum
likelihood estimation. The diagnostic accuracy of each imaging
technique was determined by calculating the area (A,) under
each reader-specific binomial ROC curve when it was plotted
in the previously designated sguare. Differences between ROC
curves of individual readers were tested for significance using
the CORROC agorithm (for statistical comparison of ROC
curves estimated from correlated data sets). Differences be-
tween the sequences in terms of the mean areas (A,) under the
ROC curves were analyzed stetistically using Student’s two-
tailed t test for paired data.

To determine interobserver variability in assessing the qual-
itative analysis and lesion detection with each imaging se-
quence, k statistics were used to measure the degree of agree-
ment between observers as to the presence (definitely present,
probably present) or absence (definitely absent, probably ab-
sent, or undetermined) of lesions. k values greater than O were
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considered to indicate positive correlation. Values up to 0.4
were considered to indicate positive but poor correlation; val-
ues of 0.41 to 0.75, good correlation; and values greater than
0.75, excellent correlation.

Sensitivity, Specificity, Positive Predictive Value (PPV), and
Negative Predictive Value (NPV)

The number of lesions correctly located as probably present
(a score of 4) or definitely present (a score of 5) by each re-
viewer was regarded as the number of correctly diagnosed le-
sions. Average sensitivity, specificity, PPV, and NPV for the
two observers for each sequence were obtained for all 35
patients.

Retrospective Qualitative Sudy.—Among the 20 patients
without thrombosis or brain mass lesions adjacent to the dural
sinuses, normal anatomic structures, including several deep
veins and dural sinuses, were identified and counted. MR images
of the patients with dural sinus thrombosis (n = 12) and lesions
adjacent to dural sinuses (n = 3) were reviewed retrospectively.
The 2D-TOF MR venograms, 3D contrast-enhanced MP-RAGE
images, and DSA images were interpreted together with knowl-
edge of the patient’'s history, then scored with regard to the
conspicuity, size, and extension of the thrombosis. If there was
no thrombosis, the images were scored on the basis of the re-
lationship between the sinus and lesions and the accuracy of
sinus patency. The scoring was done by the same two observers,
who rated the images consensually on a four-point scale, with
1 = poor, 2 = fair, 3 = good, and 4 = excellent. Differences
were examined by means of Fisher's analysis of variance
(ANOVA) and paired t test. A difference was considered sig-
nificant at a P value of less than .05.

Results

Phantom Study

The SNRs of flow were not affected by the angle
between the vessel and the scan slab on contrast-
enhanced MP-RAGE images (Fig 1); however, they
were closely associated with the concentration of
contrast material (Fig 2). The SNRs increased as
the contrast concentration increased for all angles
between the vessel and the slab (Fig 2). The SNRs
showed little change with increases in velocity
when the concentration of contrast material was 1.0
mmol/L or greater; however, SNRs did increase
with increases in velocity when the concentration
was 0.5 mmol/L or less (Fig 3).

Clinical Study

Dura sinus thrombosis was diagnosed at 26 si-
nus sites in 12 patients by intraarterial DSA. Lo-
cations of thrombosis were as follows. superior
sagittal sinus (n = 7), straight sinus (n = 3), left
transverse sinus (n = 7), right transverse sinus (n
= 2), left sigmoid sinus (n = 3), right sigmoid
sinus (n = 2), left jugular bulb (n = 1), and right
jugular bulb (n = 1).

ROC Analysis and « Value—The ROC curves
for the two observers are shown in Figure 4. The
calculated areas under the ROC curves and the
mean area by the two observers with each sequence
for the 26 thromboses are shown in Table 1. Both
observers achieved statistically significant superior
performance with the 3D contrast-enhanced MP-
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Fic 1. A-D, The relationship between SNR of flow and the angle between the plastic tube phantom and scan slab plane using four
different flow velocities: 3.4 cm/s (A), 6.8 cm/s (B), 10.2 cm/s (C), and 13.6 cm/s (D). The five curves within one graph represent five
different concentrations of contrast flow. SNRs are not greatly affected by scan angle.

RAGE technique over that achieved with the other
four sequences. The 2D-TOF MR venographic se-
quence aso yielded significantly better perfor-
mance than did the T1-weighted, T2-weighted, and
contrast-enhanced T1-weighted sequences, with no
significant difference among the latter three.

In k analysis, agreement was regarded as excel-
lent with the contrast-enhanced MP-RAGE se-
quences, as good with the 2D-TOF sequences, and
as positive but poor with the T1-weighted, T2-
weighted, and contrast-enhanced T1-weighted se-
quences. k values were 0.76, 0.41, 0.02, 0.14, and
0.01 (corresponding P values were .0, .0, .43, .01,
and .99) for 3D contrast-enhanced MP-RAGE se-
quences, 2D-TOF MR venograms, T1-weighted
images, T2-weighted images, and contrast-en-
hanced T1-weighted images, respectively.

Since k values showed positive correlation be-
tween two observers for all sequences, the average
sensitivity, specificity, PPV, and NPV for the two
observers for each sequence were calculated for the
35 patients (Table 2). The 3D contrast-enhanced
MP-RAGE images yielded the highest sensitivity,
specificity, PPV, and NPV, followed by the 2D-
TOF MR venograms. Sensitivity and PPV for the
2D-TOF MR venograms, T1-weighted, T2-weight-
ed, and contrast-enhanced T1-weighted images
were much lower than for the 3D contrast-en-
hanced MP-RAGE sequences.

Normal Anatomic Structures—The normal dural
sinuses and cerebral veins identified on 2D-TOF
MR venograms and 3D contrast-enhanced MP-
RAGE images in 20 patients are summarized in
Table 3. Patients with abnormalities of the dural
sinuses were excluded (n = 15). The 3D contrast-
enhanced MP-RAGE images were equivalent to
DSA images and much better than 2D-TOF MR
venograms in delineating normal structures (Fig 5).
The 3D contrast-enhanced MP-RAGE sequences
also depicted the normal internal structures within
sinuses, such as fibrous septa and pacchionian gran-
ulations (Figs 5 and 6), with as much clarity as seen
on the DSA images, and indeed the contrast be-
tween the sinus itself and these fine structures was
better on 3D contrast-enhanced MP-RAGE images
than on the DSA images.

Retrospective Qualitative Study.—Twenty-six
dural sinus thromboses were evaluated for conspi-
cuity, size, and extension of thrombosis; and four
dural sinuses compressed by adjacent lesions were
evaluated for the relationship between the sinuses
and lesions as well as for sinus patency. Visuali-
zation scores for 3D contrast-enhanced MP-RAGE,
2D-TOF MR venography, and DSA were 3.61,
1.91, and 2.78, respectively. By ANOVA, signifi-
cant differences were obtained between 3D con-
trast-enhanced MP-RAGE and DSA (P = .004),
between 3D contrast-enhanced MP-RAGE and 2D-
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Fic 2. A-D, The relationship between SNR of flow and concentration of contrast material using four different scan angles between the
plastic tube and the slab: 0° (A), 30° (B), 60° (C), and 90° (D). The four curves within one graph represent four different flow velocities.
SNR increases as the contrast material concentration increases, but less dramatically after 1 mmol/L concentration.

TOF MR venography (P < .001), and between
DSA and 2D-TOF MR venography (P = .002). By
paired t test, significant differences also existed be-
tween 3D contrast-enhanced MP-RAGE and DSA
(P = .009), between 3D contrast-enhanced MP-
RAGE and 2D-TOF MR venography (P < .001),
and between DSA and 2D-TOF MR venography
(P = .004).

Twenty thromboses in nine patients (three of
which occurred within 1 week after craniotomy)
were examined within 3 to 15 days of onset of
symptoms. With the 3D contrast-enhanced MP-
RAGE sequence, 15 of 20 acute thromboses were
hypointense (Figs 7, 8C) and five ranged from hy-
pointense to intermediately intense (Figs 8D and 9).
All thromboses had excellent contrast relative to
the enhanced sinuses. In one patient treated by
catheter thrombolysis, source images of 3D con-
trast-enhanced M P-RAGE showed the partially dis-
solved, irregular residual thromboses very clearly
(Fig 9).

In three patients, six sinuses contained chronic,
organized thromboses that occupied the entire af-
fected sinuses, depicted as hyperintense or with
mixed hyperintense signal and minimal contrast be-
tween organized thrombosis and the remaining si-
nuses. Two of them were associated with dural
AVFs.

Only two patients had parenchymal abnormali-
ties, both hemorrhagic venous infarctions in the left
parietal lobes, associated with sinus thrombosis.
The dilated veins associated with the AVFAVM
and the hemorrhagic venous infarctions were clear-
ly shown on 3D contrast-enhanced MP-RAGE im-
ages, but not on the 2D-TOF MR venograms.

In two patients with meningioma, both the 3D
contrast-enhanced MP-RAGE images and the 2D-
TOF MR venograms showed occlusion or stenosis
of the affected sinus, which was confirmed by
DSA. In one patient with epidural abscess caused
by right mastoiditis, the flow signal was absent on
2D-TOF MR venograms, suggesting occlusion or
thrombosis in the involved sinus, whereas both
DSA and 3D contrast-enhanced MP-RAGE images
proved the narrowed right transverse and sigmoid
sinuses were not occluded. One giant dilatation of
the confluence of sinuses (torcular Herophili) and
one high jugular bulb were also depicted better on
3D contrast-enhanced MP-RAGE and DSA images
than on 2D-TOF MR venograms.

Discussion
Three-dimensional MP-RAGE is a small-flip-an-

gle, gradient-recalled-echo sequence with a 3D
Fourier transform acquisition technique that has
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Fic 3. A-D, The relationship between SNR and flow velocity for four different angles: 30° (A), 45° (B), 60° (C), and 90° (D). The five
curves within one graph represent five different concentrations of flow of contrast material. SNRs are not greatly affected by fluid velocity
if the concentration of flow is greater than 1.0 mmol/L, but SNR does increase significantly with the increase of velocity when flow
concentration is low (= 0.5 mmol/L).
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Fic 4. A and B, ROC curves for the two observers (A and B, respectively) when attempting to detect sinus thrombosis on images
obtained with 3D contrast-enhanced MR-RAGE (MP-RAGE: 13.5/7/1, Tl = 300, flip angle = 15°), 2D-TOF MR venography (2D-TOF:
25/9/1, flip angle = 30°), T1-weighted imaging (T1WI: 600—-700/14-24/1), T2-weighted imaging (T2WI. 3700/96/1), and contrast-en-
hanced T1-weighted imaging (Gd-T1WI. 600-700/14-24/1). The 3D contrast-enhanced MP-RAGE sequence yielded statistically better
detection of sinus thrombosis by both observers as compared with 2D-TOF MR imaging (P < .01), T1-weighted imaging, T2-weighted
imaging, and contrast-enhanced T1-weighted imaging (P < .01).
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TABLE 1: Individual and mean area under the ROC curve (A,) for 3D contrast-enhanced MP-RAGE, 2D-TOF, T1-weighted, T2-weighted,

and contrast-enhanced T1-weighted imaging for all sinuses

A, Index
Observer 1 Observer 2 Mean A, Index
3D contrast-enhanced 0.99 = 0* 0.99 = 0* 0.99 = 0*
MP-RAGE (P < .01) (P < .01 (P < .01)
2D-TOF MR venography 0.89 = 0.03t 0.88 = 0.03t 0.89 = 0.03t
(P < .05) (P < .05) (P < .05)
T1-weighted imaging 0.73 = 0.06 0.68 = 0.08 0.71 = 0.07
T2-weighted imaging 0.64 + 0.07 0.69 + 0.06 0.67 = 0.07
Contrast-enhanced T1-weighted imaging 0.67 = 0.08 0.68 = 0.08 0.67 = 0.08

Note—Values are mean = SD. MP-RAGE indicates magnetization-prepared rapid gradient echo; TOF, time-of-flight.
* Significant difference with 2D-TOF, T1-weighted, T2-weighted, and contrast-enhanced T1-weighted imaging.
T Significant difference with T1-weighted, T2-weighted, and contrast-enhanced T1-weighted imaging.

TABLE 2: Average sensitivity, specificity, PPV, and NPV for two observers for 26 sites of thrombosisin 35 patients

Sensitivity (%) Specificity (%) PPV (%) NPV (%)
3D contrast-enhanced
MP-RAGE 83.3 99.6 97.5 96.8
2D-TOF MR venography 51.0 925 56.8 91.0
T1-weighted imaging 333 84.3 31.2 87.0
T2-weighted imaging 7.7 924 14.8 84.2
Contrast-enhanced T1-weighted imaging 14.7 80.0 134 82.8

Note—PPV indicates positive predictive value; NPV, negative predictive value, MP-RAGE, magnetization-prepared rapid gradient echo; TOR

time-of-flight.

TABLE 3. Identification of normal dural sinuses and cerebral veins with 3D contrast-enhanced MP-RAGE, 2D-TOF MR venography, and

DSA in 20 patients

2D-TOF MP-RAGE

MIP MIP + Source MIP MIP + Source DSA
Superior sagittal sinus 18/20 18/20 20/20 20/20 20/20
Transverse sinus* 28/40 32/40 38/40 39/40 39/40
Straight sinus 15/20 17/20 18/20 20/20 20/20
Vein of Galen 14/20 20/20 20/20 20/20 20/20
Internal cerebral veins* 32/40 37/40 40/40 40/40 40/40
Basal vein of Rosenthal* 20/40 30/40 34/40 40/40 36/40
Thalamostriate veins* 27/40 37/40 39/40 40/40 40/40
Inferior sagittal sinus 10/20 15/20 14/20 20/20 20/20

Note—MP-RAGE indicates magnetization-prepared rapid gradient echo; TOF, time-of-flight; DSA, digital subtraction angiography.

* Paired vessels.

been implemented with a 180° inversion recovery
preparation pulse. This sequence results in heavily
T1-weighted contrast, a relatively high SNR, post-
processing capabilities, thin contiguous images,
rapid acquisition time, and the presence of flow-
related enhancement (15-19). The 3D contrast-en-
hanced MP-RAGE sequence not only relies on
TOF effects to depict flow but also on the T1-re-
ducing effect of gadolinium (9). Our phantom
study suggested that when the blood concentration
of contrast medium reached a certain level (about
1.0 mmol/L), the signal intensity was no longer de-
pendent on the flow rate. In addition, flow signa
on 3D contrast-enhanced MP-RAGE images was
not affected by the angle between the vessels and
the scan dlab plane. The hypointense to interme-

diately intense thrombosis was depicted clearly be-
cause of excellent contrast among the thrombosis,
the intensely enhanced sinus, and the adjacent brain
parenchyma.

With 2D-TOF MR venography, however, sinus
thrombosis was suspected indirectly by the absence
of normal flow in a sinus, since the thrombosis was
usualy isointense with the brain parenchyma. It
was very difficult to distinguish the hypoplastic si-
nus from thrombosis with 2D-TOF MR venogra-
phy alone. Hypoplastic or aplastic transverse sinus
is a common variation, and 15% to 30% of the
patients in our study had unilateral hypoplasia or
aplasia of the transverse sinus. Therefore, the ab-
sence of signal within a sinus, most commonly the
left transverse sinus, may not always indicate
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Fic 5. A-E, Hypoplastic left transverse sinus (arrows) in a patient with a posterior fossa meningioma. Although it is difficult to distinguish
hypoplasia from occlusion or thrombosis on the source and MIP images (A and B) of 2D-TOF MR venography (25/9/1, flip angle =
30°), the hypoplastic sinus is clearly depicted on the source and MIP images (C and D) of 3D contrast-enhanced MP-RAGE (13.5/7/1,
Tl = 300, flip angle = 15°), which are nearly identical to the DSA venogram (E). The pacchionian granulations (arrowheads) are also
well delineated on 3D contrast-enhanced MP-RAGE images.

thrombosis. The signal loss due to in-plane blood
flow, which may simulate a thrombotic occlusion,
is another limitation of 2D-TOF MR venography
(5-7, 20).

The intracranial dural sinuses and veins may
pose some challenge to single-plane 2D-TOF MR
venography owing to the different directions of
flowing veins. Attention must be given to the prop-
er technique, including the proper selection of sat-
uration pulses at the base of the brain, otherwise
saturation of cerebral veins or dural sinuses that are
flowing in different directions may occur. Further-
more, the use of an inferior presaturation pulse with
2D-TOF MR venography may result in signal loss
of the sinuses in patients with dural AVF, presum-
ably because the blood within the sinus may be-
come saturated as a result of arteriovenous shunt
through the fistula (21), assuming saturated blood
from the arterial side enters the vein. The anterior
part of the cephalad-flowing superior sagittal sinus
may also experience the signal loss if saturation
pulses are placed adjacent to each dice (2).

It is sometimes difficult to make a diagnosis of
thrombosis in the sigmoid sinus and jugular bulb
with DSA, conventional MR imaging, or 2D-TOF

MR venography, although such a diagnosis is im-
portant, especially in otologic disease (22). Com-
plicated flow signal and artifacts induced by vessel
pulsation on SE images often prevent clear visu-
alization of the sigmoid sinus and jugular bulb. The
reduced vascular dephasing, decreased susceptibil-
ity artifacts, and suppression of fat signal on the
3D contrast-enhanced MP-RAGE sequence con-
tribute to its better delineation of the sigmoid sinus
and jugular bulb (18). In addition, 3D contrast-en-
hanced MP-RAGE provides a 13.5-cm-thick slab
that covers the brain from sagittal sinus to jugular
bulb, while 2D-TOF MR venography is limited, on
our unit, to 12.5-cm coverage cephalocaudally,
which may not include the superior sagittal sinus
and jugular bulb simultaneoudly. In this study, two
thromboses in the jugular bulb and one thrombosis
in the sigmoid sinus were depicted only on 3D con-
trast-enhanced MP-RAGE images (Fig 9).
Volume data sets of 3D contrast-enhanced MP-
RAGE sequences enable sagittal and coronal ref-
ormations, which we found useful for better visu-
aization of the superior sagittal, straight, and
sigmoid sinuses. Another advantage of 3D contrast-
enhanced MP-RAGE over 2D-TOF MR venogra-
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Fic 6. A-D, Large pacchionian granula-
tion at the top of the straight sinus (arrow-
heads). Pacchionian granulation is hypoin-
tense on reconstructed sagittal and source
axial images (A and B) of 3D contrast-en-
hanced MP-RAGE (13.5/7/1, Tl = 300, flip
angle = 15°) and hyperintense on T2-
weighted image (C) (3700/96/1). DSA im-
age (D) shows filling defect in correspond-
ing region (and could be misdiagnosed as
a sinus thrombus).

Fic 7. A-D, Diffuse sinus thrombosis (ar-
rows, arrowheads) in a 37-year-old woman
with a history of abruption of placenta and
diabetes insipidus. The diagnosis of throm-
bosis may be possible from the sagittal
MIP image of 2D-TOF MR venography
(25/9/1, flip angle = 30°) (A) and by the
indirect finding of lack of visualization of
the affected sinuses. With 3D contrast-en-
hanced MP-RAGE (13.5/7/1, Tl = 300, flip
angle = 15°), however, the reconstructed
sagittal and source axial images (B and C)
show the extent and size of the low signal
thrombosis (arrows) as well as the patency
of the affected sinuses, which is confirmed
on DSA image (D).
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Fic 8. A-E, Postoperative sinus thrombosis (arrows) in a 62-year-old man. The coronal source and MIP images of 2D-TOF MR
venography (25/9/1, flip angle = 30°) (A and B) show no flow signals in the left transverse and sigmoid sinuses, which may be difficult
to differentiate from hypoplasia of the sinuses (see Fig 5). The reconstructed coronal and source axial images (C and D) from a 3D
contrast-enhanced MP-RAGE sequence (13.5/7/1, Tl = 300, flip angle = 15°) clearly show the thrombosis in the left transverse and

sigmoid sinuses, which is confirmed on the DSA image (E).

Fic 9. Residual thrombosis after thrombolysis in a 65-year-old
woman. Axial source image of 3D contrast-enhanced MP-RAGE
sequence (13.5/7/1, Tl = 300, flip angle = 15°) shows the par-
tially dissolved, irregular residual thrombosis within the jugular
bulb (arrowheads). Abnormalities in the jugular bulb are some-
times missed with 2D-TOF MR venography because of its incon-
sistent depiction of thrombosis and limited coverage.

phy and DSA is its ability to simultaneously depict
the sinus, brain parenchyma, and lesions, such as
tumor or abscess. In patients with AVMs or dural
AVFs, the relationship among the feeding and
draining vessels, involved sinus with thickened
dura, and corresponding parenchymal changes
could be seen simultaneously on the 3D contrast-
enhanced MP-RAGE images (16-18). The dem-
onstration of small vessels on 3D contrast-en-
hanced MP-RAGE sequences also contributes to
the diagnosis of AVM or dural AVFE By combining
these advantages, 3D contrast-enhanced MP-RAGE
offered much higher detectability of diseases of the
large deep veins and dural sinuses than any of the
other techniques. Although we used DSA as the
reference standard in this study, the visualization
scores for DSA for the extent and conspicuity of
thrombosis were significantly lower than those for
3D contrast-enhanced MP-RAGE owing to its low-
er contrast between filling defects and contrast
agent in the sinus. Residual or partly resolved
thrombus after treatment was also seen better on
3D contrast-enhanced MP-RAGE images, whereas
only sinus patency could be judged on 2D-TOF
MR venograms or DSA images.

Although 3D contrast-enhanced MP-RAGE uses
principles similar to those of contrast CT venog-
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raphy (8), the lack of ionizing radiation and iodin-
ated contrast material are advantages of MR im-
aging over CT venography. CT is aso limited in
its ability to depict thromboses of the sigmoid sinus
and jugular bulb (22). Postprocessing with CT
techniques is time-consuming, because it requires
subtraction to eliminate the surrounding calvaria
and subcutaneous tissue (7). We believe that 3D
contrast-enhanced MP-RAGE is much more suit-
able than CT venography for screening and follow-
up examinations.

T1-weighted, T2-weighted, and contrast-en-
hanced T1-weighted SE images showed lower rates
of detection of sinus thrombosis. The signal inten-
sity of thrombosis as well as of normal sinus was
variable on these sequences, owing to the different
breakdown stages of thrombosis, variable velocity
of blood in normal sinuses, flow-related enhance-
ment, and dephasing effects (2, 4). We found many
overlaps of signal intensity between the normal si-
nus and sinus thrombosis. Contrast-enhanced T1-
weighted images were less useful than other con-
ventional MR images, because these artifacts were
accentuated after administration of contrast mate-
rial. The presaturation pulse used in contrast-en-
hanced T1-weighted imaging could not eliminate
the flow artifacts.

The SNR of the vein and dural sinus on 3D con-
trast-enhanced MP-RAGE images proved to be
closely associated with the concentration of con-
trast medium in the phantom study. High concen-
tration of contrast material led to high SNR. There-
fore, data acquisition during optimal contrast
concentration could improve depiction of the ve-
nous and dural sinus system and the detection of
dura sinus thrombosis. Although not included in
this study, we found that 1.5 times the routine dose
of contrast material (0.15 mmol/kg) and a long-
lasting injection (3 minutes, at a rate of 5 mL/min,
from the beginning of the scan) resulted in better
depiction of the venous/sinus system than did rou-
tine single doses.

Comparatively longer scan time (6 to 7 minutes)
and the need for contrast medium may be short-
comings of 3D contrast-enhanced MP-RAGE se-
quences. There are also severa pitfalls that occur
with this technique in the diagnosis of sinus throm-
bosis. First, structures within the dural sinus, such
as intrasinus fibrotic bands or septa and pacchion-
ian granulation, may be misdiagnosed as throm-
bosis (Figs 5 and 6). The fibrotic bands or septa
are usualy linear structures with intermediate in-
tensity. Pacchionian granulations show high inten-
sity on T2-weighted images and low intensity on
T1-weighted images (23). Second, because chronic
thrombosis may enhance on 3D contrast-enhanced
MP-RAGE images as a result of vascularization or
organization (24), it may be difficult to differentiate
chronic thrombosis from recanalization of the
thrombosis. All six chronic thromboses in our
group enhanced homogeneously or somewhat het-
erogeneously. Four of them were difficult to distin-
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guish from norma enhancement of sinuses and
were misdiagnosed, whereas two received a score
of 4 (probably present) on the ROC analysis be-
cause of their irregular margins. DSA or 2D-TOF
MR venography may be superior to 3D contrast-
enhanced MP-RAGE for diagnosing the patency of
the sinuses in such circumstances. Interestingly, the
thrombosis in one patient still showed low intensity
on 3D contrast-enhanced MP-RAGE images 2
years after the initial onset. At present, the time
required for thrombosis to become organized and
therefore to enhance on MR images is
controversial.

Conclusion

Three-dimensiona contrast-enhanced MP-RAGE
is better than 2D-TOF MR venography and conven-
tional SE imaging in the depiction of normal venous
anatomy and cerebral venous disease, since it is not
affected by the angle between vessel and scan slab
or flow velocity. Higher blood concentration of con-
trast medium will contribute to better SNR. Direct
visualization of dural sinus thrombosis makesit pos-
sible to diagnose the disease at an early stage with
great confidence. Simultaneous demonstration of di-
lated collatera veins and complications of dura
thrombosis helps predict prognosis. Because of its
comparable, even superior, detectability relative to
DSA, 3D contrast-enhanced MP-RAGE can be used
as an effective, noninvasive technique for the diag-
nosis and short-term follow-up of patients with sinus
thrombosis. Three-dimensional contrast-enhanced
MP-RAGE may not be suitable in patients with or-
ganized and therefore vascularized chronic sinus
thrombosis, because the enhanced thrombosis de-
creases the contrast with the normal sinus. DSA and
2D-TOF MR venography may be a more appropri-
ate choice than 3D contrast-enhanced MP-RAGE in
such circumstances.
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