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Imaging with Enhanced Blood Signal Suppression

G. Wang, “@X. Yang, ““J. Duan, ““N. Zhang,

ABSTRACT

M.M. Maya,

Y. Xie, ““X. Bi, @X. Ji, 'D. Li, ¥ Q. Yang, and ““Z. Fan

so-=@

BACKGROUND AND PURPOSE: The residual blood flow artifact is a critical confounder for MR black-blood thrombus imaging of
cerebral venous sinus thrombosis. This study aimed to conduct a validation of a new MR black-blood thrombus imaging technique
with enhanced blood signal suppression.

MATERIALS AND METHODS: Twenty-six participants (13 volunteers and 13 patients) underwent conventional imaging methods fol-
lowed by 2 randomized black-blood thrombus imaging scans, with a preoptimized delay alternating with nutation for tailored excita-
tion (DANTE) preparation switched on and off, respectively. The signal intensity of residual blood, thrombus, brain parenchyma,
normal lumen, and noise on black-blood thrombus images were measured. The thrombus volume, SNR of residual blood, and con-
trast-to-noise ratio for residual blood versus normal lumen, thrombus versus residual blood, and brain parenchyma versus normal
lumen were compared between the 2 black-blood thrombus imaging techniques. Segmental diagnosis of venous sinus thrombosis was
evaluated for each black-blood thrombus imaging technique using a combination of conventional imaging techniques as a reference.

RESULTS: In the volunteer group, the SNR of residual blood (113 * 2.9 versus 54.0 * 23.4, P <.001) and residual blood-to-normal
lumen contrast-to-noise ratio (7.5 = 3.4 versus 49.2 * 233, P <.001) were significantly reduced using the DANTE preparation. In
the patient group, the SNR of residual blood (16.4 = 8.0 versus 75.0 = 351, P=.002) and residual blood-to-normal lumen con-
trast-to-noise ratio (124 * 7.8 versus 68.8 * 354, P=.002) were also significantly lower on DANTE-prepared black-blood throm-
bus imaging. The new black-blood thrombus imaging technique provided higher thrombus-to-residual blood contrast-to-noise
ratio, significantly lower thrombus volume, and substantially improved diagnostic specificity and agreement with conventional
imaging methods.

CONCLUSIONS: DANTE-prepared black-blood thrombus imaging is a reliable MR imaging technique for diagnosing cerebral venous
sinus thrombosis.

ABBREVIATIONS: BTl = black-blood thrombus imaging; CE = contrast-enhanced; CNR = contrast-to-noise ratio; CVT = cerebral venous sinus thrombosis;
DANTE = delay alternating with nutation for tailored excitation; TSE = turbo spin-echo; SPACE = sampling perfection with application-optimized contrasts by

using different flip angle evolution

C erebral venous sinus thrombosis (CVT) is a potentially life-
threatening cerebrovascular disorder that most often affects
young individuals." MR imaging is currently the best noninvasive
imaging technique for the diagnosis of CVT.” A series of MR
images, such as T1- and T2-weighted turbo spin-echo (TSE),
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result in an equivocal diagnosis.” Moreover, inconsistent spatial
coverage and resolution among these 2D and 3D scans along
with their potential misregistration would preclude precise char-
acterization of CVT in, for example, its location, extent, and the
degree of recanalization. Detailed knowledge of these aspects is,
however, relevant to treatment decision-making and therapeutic
response monitoring.“’5

Recently, an MR black-blood thrombus imaging (BTI)
method based on a T1-weighted 3D variable-flip angle TSE
sequence was proposed for early detection of CVT.° The
sequence has an inherent black-blood effect and superior SNR
performance.” The black-blood image contrast in BTI allows
thrombi to be visually isolated within the dark lumen of the ve-
nous sinuses. Configured as a T1-weighted acquisition, BTT is
particularly useful for the detection of subacute CVT, which is
rich in short-T1 methemoglobins and thus appears hyperintense
with respect to surrounding brain parenchyma and sinus lumen.

Despite the high sensitivity and specificity reported for the
detection of subacute CVT,® BTI is potentially limited in accu-
rately characterizing acute (particularly hyperacute) or chronic
CVT due to the presence of residual blood flow artifacts. Residual
signal intensity was observed in the venous sinuses, which has
been attributed to slow flow velocity and inadequate blood signal
attenuation of the sequence.’® While such artifacts have a negligi-
ble influence on the detection of subacute CVT, they may pose a
diagnostic challenge in the detection of thrombi in chronic and
acute CVT because thrombi and venous blood have similar signal
intensities on T1-weighted images.®

The goal of this work was to present an MR BTI technique
with enhanced blood signal attenuation and perform a clinical
study to validate its improved performance in imaging of CVT
and to demonstrate the feasibility of CVT characterization.

MATERIALS AND METHODS
Study Population

Twenty-six participants, including 13 healthy volunteers
(9 women; 35-65 years of age; mean age, 53 years) and 13 patients
(7 women; 19-54 years of age; mean age, 35 years), were recruited
to undergo MR BTI studies. The inclusion criteria were no his-
tory of cerebrovascular diseases for healthy controls and CVT
diagnosed on the basis of clinical symptoms and conventional
imaging techniques (CT, TSE, SWI, contrast-enhanced [CE]-
MRV, and TOF-MRV) for patients. Exclusion criteria included
contraindications for MR imaging and intolerance to additonal
MR images. Xuanwu Hospital institutional review committee ap-

proval and patients’ informed consent were obtained.

Imaging System

Imaging was performed on a 3T whole-body system (Magnetom
Verio; Siemens, Erlangen, Germany). A standard head-neck 12-
channel coil was used for receiving signals from a volume ranging
from the superior sagittal sinus to the internal jugular veins.

MR Imaging Sequence

The sequence used for MR BTT was designed on the basis of sam-
pling perfection with application-optimized contrasts by using
different flip angle evolution (SPACE sequence; Siemens).” A
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previously proposed black-blood preparation method, delay
alternating with nutation for tailored excitation (DANTE),9 was
used to improve the suppression of venous flow signals while
introducing minimal T2 weighting.'”"" The DANTE module
consists of a train of short, hard radiofrequency pulses inter-
spersed with dephasing gradients that are applied simultaneously
in all 3 orthogonal directions. The module is followed by chemi-
cally selective fat saturation and a T1-weighted SPACE readout.
Whole-head spatial coverage is achieved using nonselective hard
radiofrequency pulses for excitation, which averts the need for
multiple signal averages to suppress free-induction-decay arti-
facts.” A saggitally oriented imaging volume is prescribed, which
requires fewer partitions than other imaging orientations, to fur-
ther reduce the imaging time. Three 40-mm-wide spatial presatu-
ration bands are applied immediately before excitation to
suppress the signals from the nose and ears if they are located
outside the prescribed imaging volume. The parameters of the
DANTE preparation were optimized for adequate flow signal
suppression in a separate volunteer study (detailed in the On-line
Appendix).

Imaging Protocol

All participants underwent conventional MR imaging sequences
followed by 2 randomized BTI scans, with DANTE preparation
switched on (DANTE+) and off (DANTE—), respectively. The
major imaging parameters used in the SPACE readout were the
following: TR/TE = 600/14 ms; FOV = 300 x 206 x 162 mm>;
matrix size = 384 x 264 x 208; spatial resolution = 0.78 mm iso-
tropic; 6/8 partial Fourier in the partition-encoding direction;
echo-train length = 36; parallel imaging (generalized autocalibrat-
ing partially parallel acquisition) acceleration factor = 2 in the
phase-encoding direction; elliptic k-space sampling; scan time =
5 minutes 40 seconds.

Image Analysis

Image review and signal intensity measurements were performed
on a workstation (syngo MultiModality Workplace; Siemens),
where multiplanar reformation, maximum intensity projection,
and minimum intensity projection functionalities were available
to image reviewers. The venous system was divided into the fol-
lowing 16 segments: superior sagittal sinus, inferior sagittal sinus,
straight sinus, confluence of sinuses, right transverse sinus, left
transverse sinus, right sigmoid sinus, left sigmoid sinus, vein of
Galen, internal cerebral vein, basal vein of Rosenthal, vein of
Labbé, right cortical vein, left cortical vein, right internal jugular
vein, and left internal jugular vein.

For the healthy volunteer group, both BTT DANTE+ and
DANTE— image sets of each subject were reviewed side by side
by a radiologist (G.W.) with 8years of experience in MR image
interpretation to identify residual blood signals in individual seg-
ments. When residual blood was observed in a segment, mean
signal intensity was measured. The mean signal intensity of the
adjacent brain parenchyma and normal lumen and noise (o, SD
of signal intensity in the adjacent air space) were also measured.
The contrast-to-noise ratio (CNR) (A-to-B CNR = [SI,-SIg] /o),
where ST indicates signal intensity, was calculated for residual
blood versus normal lumen (indicating the blood-suppressing



performance of DANTE) and for brain parenchyma versus nor-
mal lumen (indicating the overall sacrifice in the black-blood
contrast caused by DANTE), respectively.

For the patient group, 2 radiologists with 13 years (Q.Y.)
and 8years (G.W.) of experience in MR image interpretation,
respectively, performed consensus reading. Combined conven-
tional sequences from the 13 subjects were blindly reviewed
for segment-level diagnosis of CVT. One month later, diagnos-
tic review was also performed on the randomized 26 BTT image
sets (2 sets per subject). Visible signals within the dark sinus
lumens were deemed “apparent thrombi,” unless they were of
granule shape (highly indicative of arachnoid granulations) or
appeared as floating patches (highly indicative of residual
blood rather than thrombi). Furthermore, the total volume of
apparent thrombi was quantified in the superior sagittal sinus
by manually contouring the thrombi section by section using
commercial software (Vessel Analysis, Beijing Sirui Star
Technology Co., Ltd.).

The 2 BTT image sets from each patient were then reviewed
side by side to scrutinize the actual incidence of residual blood
and true thrombus by the same 2 radiologists. The finalized
true thrombi were individually categorized into hyperintense,
isointense, or hybrid types on the basis of their appearance
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FIG 1. SNR of residual blood (RB), CNR between brain parenchyma
(BP) and normal lumen (NL), and CNR between RB and NL in the
healthy volunteer group. SNR of RB and RB-to-NL CNR were signifi-
cantly reduced on BTI DANTE+ images compared with those on BTI
DANTE- images. Double asterisks denote P < .001.

Table 1: Clinical characteristics of patients with CVT

with respect to adjacent normal brain parenchyma. Signal in-
tensity measurement was performed, respectively, for the
regions of residual blood and residual blood nearest isointense
and hyperintense thrombus, normal lumen, and brain paren-
chyma on both image sets. The CNRs of residual blood or
thrombus to other tissues were calculated.

Statistical Analysis

Statistical analysis was performed using SPSS (Version 16.0; IBM,
Armonk, New York). A 2-tailed Wilcoxon signed rank test was
used to determine the difference in the thrombus volume, SNR,
and CNR between the 2 BTI techniques. A Cohen k test was
used to determine the agreement in the diagnosis of CVT at the
per-segment level between BTT and conventional imaging techni-
ques. Conventional imaging techniques were used as the refer-
ence standard for assessing the sensitivity, specificity, and
negative and positive predictive values of BTI techniques.
Statistical significance was defined as P < .05.

RESULTS

All 26 participants successfully underwent both BTT scans. In the
volunteer group, the SNR of residual blood (11.3 = 2.9 versus
54.0 * 23.4, P<.001) and residual blood-to-normal lumen CNR
(75 = 3.4 versus 49.2 * 23.3, P<.001) were significantly
reduced on BTI DANTE+ images compared with BTT DANTE—
images, whereas there was no significant difference in brain pa-
renchyma-to-normal lumen CNR (85.4 * 11.2 versus 100.2 *
24.7, P=.060 (Fig 1).

The clinical characteristics of patients are listed in Table 1.
Two patients were clinically diagnosed with acute CVT (0-7 days
after symptom onset); 2 patients, with subacute CVT (7-14 days);
and 9 patients, with chronic CVT (=15days). CVT was detected
in 11 subjects and 72 segments on conventional images. Blinded
review of BTI reported apparent thrombi in 11 subjects and 77
segments on BTI DANTE+ but in 13 subjects and 94 segments
on BTI DANTE— (Table 2). The agreement at the per-segment
level between BTI and conventional imaging techniques was
excellent for BTT DANTE+ (k =0.964) but moderate for BTI
DANTE— (k =0.770). The specificities of CVT detection at
the per-segment level were 96.3% and 83.8%, respectively, for
the 2 different BTI techniques (Table 3). Representative cases
are shown in Fig 2. In the 9 patients who were diagnosed with
apparent thrombi in the superior sagittal sinus, the thrombus

Patient Sex Age (yr) Symptom Duration Conventional Imaging Methods
1 F 47 Headache 2 days TSE, SWI, CE-MRV, TOF-MRY, CT
2 M 19 Headache 10 days TSE, TOF-MRV, CT

3 M 54 Focal neurologic deficit 13 days TSE, SWI, CE-MRYV, TOF-MRYV, CT
4 M 30 Headache, focal neurological deficit 20 days TSE, CE-MRV, TOF-MRYV, CT

5 M 44 Seizures 25 days TSE, TOF-MRV

6 F 53 Headache 27 days TSE, SWI, CE-MRV, TOF-MRY, CT
7 M 42 Headache 1mo TSE, CE-MRYV, TOF-MRV

8 F 32 Headache 1mo + 22 days TSE, SWI, CE-MRYV, TOF-MRYV, CT
9 M 19 Headache 2 mo TSE, TOF-MRYV, CT

10 F 28 Headache 4 mo TSE, TOF-MRYV, CT

n F 45 Headache, papilledema 4 mo SWI, TOF-MRYV, CT

12 F 36 Headache 1year TSE, CE-MRV, TOF-MRYV, CT

13 F 19 Headache 2 days TSE, TOF-MRYV, CE-MRV
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Table 2: Locations of thrombi and residual flow artifacts identified on BTI with and without DANTE preparation®

Segments
Pt.No.  SSS ISS VG SS CS RTS LTS RSS LSS ICV  BVR VL RC LC RJV 5)
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Note:—SSS indicates superior sagittal sinus; ISS, inferior sagittal sinus; VG, vein of Galen; SS, straight sinus; CS, confluence of sinus; RTS, right transverse sinus; LTS, left
transverse sinus; RSS, right sigmoid sinus; LSS, left sigmoid sinus; ICV, internal cerebral vein; BVR, basal vein of Rosenthal; VL, vein of Labbé; RC, right cortical vein; LC, left
cortical vein; RJV, right jugular vein; LV, left jugular vein; =, iso-intense thrombus; +, hyperintense thrombus; +/=, hybrid thrombus.

*Shadow indicates that residual flow artifacts are present in the segment on BTI without DANTE preparation but not on BTl with DANTE preparation.

volume was significantly lower (4.814 = 2.278 mL versus
6.341 * 2.302mL, P=.008) when using the DANTE prepara-
tion (Fig 3).

Table 3: Diagnostic performance of BTI with/without DANTE
for the detection of CVT on the per-segment level

Dante+ Dante—
Sensitivity 100% 100%
Specificity 96.3% 83.8%
PPV 93.5% 76.6%
NPV 100% 100%
FP 3.7% 16.2%

Note:—PPV indicates positive predictive value; NPV, negative predictive value; FP,
false-positive.

DANTE+

FIG 2. BTI (with/without DANTE preparation) images and MRV images of 3 patients with CVT.
On BTl DANTE— images, isointense signals appear in the superior sagittal sinus (arrows, A),
vein of Galen (arrow, B), and right transvers sinus (arrow, C). However, they are not shown on
the BTI DANTE+ images (arrows). MRVs for these 3 patients demonstrate no filling defects on

corresponding segments (arrows).
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Residual blood signals in patients with CVT were also dra-
matically suppressed using the DANTE preparation. The SNR
of residual blood (16.4 = 8.0 versus 75.0 * 35.1, P=.002)
and residual blood-to-normal lumen CNR (12.4 * 7.8 versus
688 * 354, P=.002) were significantly reduced on BTI
DANTE+. Furthermore, the thrombus-to-residual blood CNR
was improved, which was significant for isointense thrombi
(hyperintense thrombi: 208.5 * 81.3 versus 1549 * 68.0,
P=.068; isointense thrombi: 59.4 = 21.7 versus 19.0 = 31.5,
P=.001) (Fig 4A). On the other hand, the use of the DANTE
preparation had negligible impact on the contrast between
thrombi and surrounding tissues (Fig 4B).

DISCUSSION

Our work presents a further refine-
ment in blood signal suppression
for MR BTI. This is the first study
to evaluate the effectiveness and
clinical practicability of BTI with
the DANTE preparation in healthy
subjects and those with CVT, to
our knowledge. Our initial results
demonstrate improved perform-
ance of the technique in the detec-
tion of thrombi and the feasibility
of quantifying the thrombus vol-
ume and assessing the degree of
recanalization.

Blood signal suppression is the
most important contributing factor
for the improved accuracy of MR
BTTI in the detection of CVT, regard-
less of its stage. While the SPACE
sequence used in the original BTI
technique has inherent black-blood
contrast, residual blood flow signals
were observed here in both healthy
subjects and patients. This suggests



that its blood-suppressing capacity is insufficient for slow or
even stagnant venous blood flow in the sinuses. Such image
artifacts can mimic thrombus (isointense), resulting in false-
positives or overestimation of CVT. Additional blood signal
suppression is therefore indispensable. Previous work has
reported that the DANTE preparation is sensitive to blood
flow over a broad range of velocities above approximately
1 mm/s.” In our study, this approach demonstrated the effec-
tiveness of eliminating residual flow signals as evidenced by
significantly reduced SNR of residual blood and residual
blood-to-normal lumen CNR compared with that measured
from the original BTI. On the other hand, this approach
did not substantially sacrifice the CNR of thrombi to the
normal sinus lumen and brain parenchyma, indicating its
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FIG 3. Thrombus volumes on BTI DANTE+ and BTI DANTE— images.
In the 8 patients who were diagnosed with apparent thrombi in the
superior sagittal sinus, the measured thrombus volume was
significantly lowered (4.814 = 2278 mL versus 6.341 *= 2.302mlL,
P =.008) when using the DANTE preparation.

minimal effect on static tissues. As a result, the diagnosis
of CVT was remarkably improved, with combined conven-
tional imaging techniques as the reference.

The feasibility of quantifying thrombus volumes is shown in
our study. Thrombus volume was manually measured and dem-
onstrated significant reduction in BTI when the DANTE prepa-
ration was used. Although quantification of thrombus volume is
not yet a common clinical practice, presumably due to the lack
of reliable thrombus-depicting approaches, this quantitative
marker could be useful for following up the effect of clinical
treatment and guiding treatment decisions on dose and dura-
tion. Conventional methods such as MRV and TSE are indirect
approaches by detecting filling defects, which are susceptible to
many factors related to the anatomy and imaging protocol.'*"*
BTI allows direct differentiation of CVT from other tissues,
thus facilitating the quantification procedure. In this study, in a
manual method, we demonstrated significantly reduced throm-
bus volume in DANTE-prepared MR BTL In the future, MR
BTI with DANTE is potentially helpful to quantitatively assess
the recanalization effect of different clinical treatments as well
as to compare the relationship between thrombus quantification
and outcome.

The imaging protocol used in this study also incorporates
additional features that will facilitate the translation of MR
BTT into clinical practice. Specifically, a whole-brain imaging
volume with isotropic high spatial resolution can be acquired
within <6 minutes. This is advantageous over the protocol
presented by Yang et al,® whereby spatial coverage and spatial
resolution were compromised to maintain the reasonably short
scan time. Moreover, a standard head-neck coil is used so that
jugular veins can also be examined along with the cerebral ve-
nous system within the same scan. With these features com-
bined, MR BTI could readily be integrated into the diagnostic
work-up.

There were several limitations in the present study. First,

this was a single-center study with
a relatively small sample size.

Il DANTE+ * P<0.05 Il DANTE+ * P<0.05 A multicenter trial with a large
4007 N DANTE- 4001 [N DANTE- patient cohort is desirable, though
the recruitment is relatively diffi-
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FIG 4. A, SNR of residual blood (RB), CNR between RB and normal lumen (NL), and CNR between
RB and thrombus in the patient group. SNR of RB and RB-to-NL CNR was significantly reduced on
BTl DANTE+ images compared with BTI DANTE— images. RB-to-thrombus CNR was significantly
improved for the isointense thrombus type. B, CNR between thrombus and NL and CNR bet-
ween thrombus and brain parenchyma (BP). When one used the DANTE preparation, the CNR
between thrombus and NL or BP was not significantly sacrificed except for the CNR between iso-
intense thrombus and NL. THRiso indicates isointense thrombus;, THRhyper, hyperintense throm-

bus; asterisk, P < .05.

all patients in our study underwent
CE-MRV. However, flow-related and
susceptibility artifacts as well as the
bolus-timing issues can impair the eval-
uation of the venous structures. The
more invasive arterial DSA is still the
standard of reference but is not rou-
tinely performed in our institution.'®
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CONCLUSIONS

The DANTE preparation significantly enhances the black-
blood contrast in black-blood thrombus imaging, making
the technique more accurate for the diagnosis of cerebral ve-
nous sinus thrombosis.
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