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Abstract

Purpose The aim of this work was to optimize a three-dimensional (3D) phase-contrast venography (PCV) product MR pulse
sequence in order to obtain clinically reliable images with less artifacts for an improved depiction of the cranio-cervical venous
vessels.

Methods Starting from the product sequence, the 3D PCV protocol was optimized in eight steps with respect to the velocity
encoding (V) direction and value, slice thickness, reduction of susceptibility artifacts and arterial contamination, gradient mode
and radio-frequency (RF)-spoiling, Bo-Shimming, asymmetric echo technique and RF-pulse type, and flip angle. The product
and optimized protocol was used to perform 3D PCV in 12 healthy male volunteers with a median age of 50 years using a state-
of-the-art 1.5-T MR system. For evaluation, the cranio-cervical venous system was divided into 15 segments. These segments
were evaluated by three radiologists with experience in neuroradiology. An ordinal scoring system was used to access the overall
diagnostic quality, arterial contamination, and the quality of visualization.

Results Image quality in the optimized 3D PCV was graded as “excellent” by all readers in 65.3% of the cases (p < 0.0001). The
visualization of venous segments was strongly improved: it was considered diagnostic in 81.8% of all cases using the optimized
sequence and in 47.6% for the product 3D PCV (p <0.0001), respectively. The optimized protocol improved the imaging of all
venous segments (p < 0.0001).

Conclusion The optimized 3D PCV pulse sequence showed superior results compared to the product 3D PCV for the visuali-
zation and evaluation of the venous system in all healthy volunteers.

Keywords Magnetic resonance imaging (MRI) - Non-contrast-enhanced venography - 3D phase contrast magnetic resonance
imaging (PCV-MRI) - Pseudotumor cerebri - Cerebral venous thrombosis

Introduction

Electronic supplementary material The online version of this article

(https://doi.org/10.1007/500234-018-2146-6) contains supplementary Diseases of the cranio-cervical venous system are rare but
material, which is available to authorized users. often underdiagnosed. Idiopathic intracranial hypertension
(IIH), also known as pseudotumor cerebri, is a syndrome of
increased cerebrospinal fluid (CSF) pressure. Diagnosis is
based on clinical parameters [1, 2], increased CSF pressure
(>200 mm H,O on lumbar puncture), and exclusion of cere-
bral mass lesions and venous thrombosis [1]. On cerebral im-
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leading clinical symptom [6] and may be associated with signs
of ischemia or hemorrhage. Diagnosis requires imaging con-
firmation of an occluded vein [7]. Vessel recanalization should
be documented after therapy.

Clear visualization and precise delineation of the cranio-
cervical venous vessels are thus paramount for the diagnosis
and follow-up after treatment in patients with ITH and CVT.
Venous digital subtraction angiography (DSA), computed to-
mography (CT) venography, and contrast-enhanced magnetic
resonance angiography (CE-MRA) are standard procedures to
visualize cerebral venous vessels. However, DSA is invasive
and carries a potential procedural risk. Furthermore, DSA and
CT utilize harmful ionizing radiation, which should be
avoided. All techniques mentioned above require an iodine
or gadolinium-based contrast agents with rare but possibly
life-threatening side effects such as renal impairment, thyro-
toxicosis and allergic reactions, nephrogenic systemic fibrosis,
and cerebral gadolinium deposition [8—10] and allergic reac-
tions for the latter. Thus, a non-invasive, contrast-agent-free
imaging method without ionizing radiation would be benefi-
cial for the safety of patient and practitioner alike.

Non-contrast-enhanced magnetic resonance imaging
(MRI) techniques, such as conventional time-of-flight (TOF)
angiography [11] and three dimensional phase contrast venog-
raphy (3D PCV) and susceptibility weighted imaging (SWI)
[12] fulfill these requirements. These methods are thus of high
interest for the evaluation of the cranio-cervical venous system
in the clinical routine. This is especially true for the typical
cohort of patients with suspected IIH or CVT and follow-up
imaging after treatment.

The PCV MR technique is based on the effect that spins
moving through a magnetic field gradient accumulate a differ-
ent phase of magnetization (phase shift) compared to static
spins. For PCV imaging, two interleaved images are acquired
over successive repetition times with and without a bipolar
magnetic field gradient along one spatial direction (x, y, or
7). This bipolar magnetic field gradient only affects moving
spins, which acquire a different phase based on their specific
flow characteristics. The difference between the phase data of
two successively acquired images (with and without flow-
weighting gradients) is thus proportional to phase shifts from
moving spins. The unique aspect of the PCV technique is that
it provides a true velocity map, in which the voxel signal
intensity values are proportional to the actual flow velocity
in a particular flow direction along the x-, y-, or z-axis (veloc-
ity-encoded direction). The flow sensitivity of this technique
can be adjusted using the determination of a maximum ex-
pected velocity encoding (Vo) [13].

2D and 3D TOF venography are the first non-invasive MRI
techniques that were used for intracranial venous evaluation.
Liauw et al. [14] did not recommend the usage of 3D TOF
venography due to severe in-plane signal intensity saturation
and preferred 2D TOF or 3D PCV for an overall reliable and
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visual better image quality and visualization of cortical veins
[15]. Compared to TOF, 3D PCV allows variable velocity
encoding and provides directional flow information [16].

However, we noted that the state-of-the-art product proto-
cols of 3D PCV were suitable only for rough visualization of
the sagittal sinus or transverse sinus (Syngo version E11C,
Siemens Healthcare, Erlangen, Germany).

These protocols were limited with respect to the anatomical
coverage of the entire cranio-cervical veins, the visualized
blood flow directions, as well as the visualization of cranio-
cervical veins for a reliable diagnosis of cranio-cervical ve-
nous disease.

The aim of this work was to improve the imaging of cranio-
cervical venous vessels by optimizing the product 3D PCV
protocol at 1.5-T MRI system.

Material and methods

Imaging hardware/software Imaging was performed on a
state-of-the-art 1.5-T MRI system equipped with second-
order shims (Magnetom Aera, XQ gradients, Siemens
Healthcare, Erlangen, Germany) using a 20-channel head-
neck coil (Siemens Healthcare, Erlangen, Germany). The
MRI system was operated by the latest software (Syngo ver-
sion E11C).

Imaging sequence Dumoulin et al. introduced the 3D PCV
technique as a contrast agent-free method for the visualization
of the vessel structures [17]. The 3D PCV sequence used in
this work is based on the sequence design described by
Hausmann et al. [18] from the manufacturer Siemens
Healthcare.

Protocol optimization To obtain high quality 3D visualization
of'the cranio-cervical venous system, the product protocol was
optimized with respect to the following points:

1. The number of V. directions was changed from two
(anterior posterior and foot to head) to three (plus right
to left) spatial directions.

2. The V, value in the product 3D PCV protocol was set to
20 cm/s. Using this value, the cranio-cervical veins were
poorly resolved, e.g., compared to the sagittal sinus. To
find an optimal V,,,. value, which provides a clear visual-
ization of most cranio-cevical veins, the blood flow ve-
locity was measured in the sagittal and transverse sinus
veins of two healthy male volunteers with different ages
of 35 and 75.6 years. 2D PC flow MR images were ac-
quired with a V. of 5-45 cm/s with an increment of
5 cm/s. The blood flow velocity was evaluated in the
sagittal and transverse sinus veins in the direction of the
flow (anterior to posterior and left to right, Figs. 1b and 2).
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In these measurements, an electrocardiogram (ECG)-trig-
ger was used instead of the peripheral pulse (PPU)-trigger.
PPU is used for routine 2D PC flow MR measurements in
the cerebral regions, but it is less accurate due to its inher-
ent limitations for the detection of the R-wave compared
to the ECG-trigger.

To make sure that the V.. obtained with ECG-trigger is
comparable with that using PPU-trigger, the 2D PC blood
flow measurements were repeated in transverse sinus vein
with one setting of V,,. =40 cm/s, which is the clinical stan-
dard (Fig. 3). The PPU-trigger device was positioned on the
index finger, and slices were planned perpendicular to the
vessels (Fig. 1).

The 2D PC blood flow images using both ECG- and PPU-
trigger were analyzed on the MR work station using a dedi-
cated software provided by the manufacturer (Syngo-Argus,
version A20B, Siemens Healthcare, Germany).

3. Slice thickness was reduced from 5.14 to 2.40 mm to
obtain images with an interpolated spatial resolution of
1.2 mm. Additionally, “edge enhancement” with a
smoothing factor of 3 was activated under “image filter.”
The changes to the “image filter” parameter can be used
to adjust the optimal intensity, edge enhancement, and
smoothing of the MR-image

4. Reduction of susceptibility artifacts and arterial contami-
nation: To suppress the cerebral arterial signal and to re-
duce susceptibility artifacts from the nose-mouth-region,
a spatial saturation slab with a thickness of 75 mm was
placed angulated about 120° to the carotid, nasal, and oral
area of the subject on a sagittal view (Fig. 1a).

5. Gradient mode and radio-frequency (RF) -spoiling: The
system allows operating the gradients in three different

Fig. 1 a Illustrating the
positioning of the saturation slab
(red) on a sagittal view of a
healthy volunteer. The saturation
slab with a thickness of 75 mm
suppresses the cerebral arterial
signal intensity and the generated
noise due to the different
susceptibility region in the nose-
mouth-region. b The blue and
yellow slabs/bars show the
planned slice for both ECG- and
PPU-triggered 2D PC blood flow
MRI measurements in the
transverse and sagittal sinus veins

modes (fast/normal/whisper) with the following
parameters:

*  Gradient maximum amplitude 24/22/22 [mT/m]

e Gradient minimum rise time 5.55/10/20 [ps/(mT/m)]

e Gradient maximum slew rate 180.18/100/50 [mT/m/
ms]

It was evaluated, if the “whisper” setting was suitable for
3D PCV to reduce acoustic noise [19].

RF-spoiling was activated to reduce the residual transverse
magnetization after readout further (prior to the application of
the next excitation).

6. Bg-shimming: The system offers three modes to improve
the homogeneity of the magnetic field (shimming): a fixed
preset (“tune-up”), one iteration of a Double Echo Steady
State (DESS) [20] (“standard”), and two iterations of
DESS [20] (“advance”). In the product 3D PCV, the ho-
mogeneity was set to “tune up.” The “standard” shim
setting [21] was used in the optimized 3D PCV protocol.

7.  Asymmetric echo technique and RF-pulse type: The echo
can be asymmetrically acquired with two strengths,
“weak and strong” with a relative echo position of 36%
and 23%, if this function is activated. Otherwise, the echo
will be sampled symmetric. A symmetric readout refers to
arelative echo position of 50%, whereas a fully asymmet-
ric readout refers to 0%.

Asymmetric echo acquisition was deactivated in the opti-
mized protocol compared to “weak” asymmetric echo in the
product protocol. To avoid a prolongation of the echo-, repe-
tition-, and thus total measurement time, the RF-pulse type
was changed from normal to fast mode. Partial echo acquisi-
tion (asymmetric echo) allows to reduce the echo time
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Fig. 2 Optimization of the V,,,. value using ECG-triggered 2D PC blood
flow MRI measurements in two healthy volunteers (35 and 75.6 years
old). The measured blood flow velocities in the sagittal and transverse
sinus veins (upper and lower row) with four V,,.-values are displayed as a

compared to imaging with full echo acquisition. But the ac-
quisition of only a fraction of the echo (data) leads to the
reduction of the image signal-to-noise (SNR) in an image,
which is a disadvantage for the visualization of the anatomical
structure and distinguishing the signal intensity of the vein
from the background [22].

The system offers to choose RF-pulses as “fast,” “normal,”
and “low specific absorption ratio (SAR)” with a pulse length

99 <.

Time (ms)

function of the time. The averaged curve (red line) in each of these four
panels shows a maximal amplitude of below 15 cm/s. The reverse blood
flow direction in the vein compared to that of an artery is indicated with a
minus sign

of 1.28, 2.56, and 3.84 ms, respectively. The fast mode pro-
vides a shorter TE and TR, and also fewer susceptibility arti-
facts compared to the other two modes.

8. Flip angle: To optimize the flip angle, a series of measure-
ments was performed with the optimized protocol using
eight different flip angles between 5 and 25°. The
resulting SNR was evaluated by dividing the mean signal

Transverse sinus vein, 35 years old volunteer (PPU-triggered)
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Fig. 3 Blood flow velocity in transverse sinus veins of two healthy volunteers (35 and 75.6 years old), acquired with PPU-triggered 2D PC blood flow
MRI. The minus on the velocity scale indicates the reverse blood flow direction in the vein compared to that of an artery
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Fig. 4 Optimization of the flip Background o 70
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(ROIs) in the sagittal sinus vein n E
and in an apparently signal-free ~> 40

&

intensity changes of the ROI 1
and 2 to that of the background as
a function of the flip angle. A flip
angle of 10° was chosen for the
optimized protocol

intensity of a region of interest (ROI) in the sagittal sinus
and in a signal-free background (outside of the subject).
All three ROIs had the same size (24 pixels, area =
0.06 cm?, Fig. 4).

To evaluate the image quality of the standard and optimized
3D PCV protocol, the following image protocol was applied
to all volunteers: fast overview imaging (three orthogonal
slices) T;- and T,-weighted MR images of the head in trans-
versal slice orientation, 2D phase-contrast (PC) flow imaging,
and 3D PCV.

Volunteers

The study population consisted of 12 healthy male volunteers
(median, [min, max] of age, 49.7 [21.4, 75.6] years; weight,
77.0 [57.0, 105.0] kg; body mass index (BMI), 25.2 [20.2,
30.9] kg/m?).

Evaluation

To evaluate the image quality of the cranio-cervical venous
system, in particular, for IIH and CVT, the images acquired
with the product and optimized 3D PCV protocol were eval-
uated for technical and clinical aspects based on three scoring
systems [20, 23].

Three blinded board-certified radiologists (U.J.K., S.P., and
J.J.) with at least 7 years of experience in neuroradiology
analyzed all 12 data sets twice. The images were evaluated
independently and during separate reading sessions. The first
and second analysis was at least 4 weeks apart. The names of
the volunteers and sequences were anonymized.

30 //\—_\7
20

5 10 15 20 25
Flip angle (°)

The image quality of 3D PCV images (Fig. 5) was rated by
using a scoring scale of 1-3 with respect to the venous en-
hancement and presence of artifacts (including parallel acqui-
sition reconstruction artifact, motion artifact, and/or noise):
Grade 1:  Poor image quality, inadequate venous enhancement,
and/or the presence of a significant amount of
artifacts/noise impairing the diagnosis.

Good image quality sufficient for diagnosis, ade-
quate venous enhancement, and/or mild-to-
moderate amounts of artifacts/noise not interfering
with diagnosis.

Excellent image quality for highly confident diag-
nosis, good venous enhancement, and no-to-
minimal amount of artifacts/noise.

Grade 2:

Grade 3:

Potentially contaminating arterial enhancement was evalu-
ated on a scale of 0-3:

Grade 0:  None.

Grade 1: Minimal, allowing interpretation with a high de-
gree of diagnostic confidence.

Grade 2: Moderate, exceeding acceptable degree and limit-
ing diagnostic confidence.

Grade 3: Severe, markedly limiting diagnostic confidence.

The cranio-cervical venous system structures, including cere-
bral venous sinuses and major superficial and deep cerebral veins
were divided into 15 segments (Fig. 6). The continuity, visibility,
and edge sharpness of the cranio-cervical venous segments were
assessed in each healthy volunteer. Visualization of venous struc-
tures was assessed by using a scoring scale of 1-4:

Grade 1: Not visible.
Grade 2: Partially visible, not sufficient for diagnosis.
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Fig. 5 Exemplary maximum
intensity projection (MIP) views
of optimized (left side) and
product (right side) 3D PCV
depicting the visualized cranio-
cervical veins of a healthy
volunteer (51 years old). See
supplementary video

Grade 3: Generally homogenous enhancement and continu-
ity of venous structure, sufficient for diagnosis.
Grade 4: Excellent image quality with highly homoge-

neous and continuous enhancement and con-
spicuous sharpness of vessel border, allowing
highly confident diagnosis.

The image quality of a venous segment was rated as diag-
nostic (grade > 3) if the reader was confidently able to visual-
ize the lumen of the venous structure in its entirety.

Most of the examined venous segments in this study are
bilateral. For the purpose of this study, only the dominant side
was evaluated to avoid errors due to aplasia and asymmetries.

@ Springer

Data analysis

Median and range are reported as summary statistics for all
variables due to the severe skewness of the respective distri-
butions. Intra- and interrater agreement on the scoring of an
image were assessed by quadratic weighted concordance [25].
A Wilcoxon Signed-Rank Test was used to evaluate whether
the optimized 3D PCV sequence outperformed the product
sequence. All p values were reported with a precision of
107, A p value < 0.01 was considered statistically significant.
Statistical analysis of the data was performed with R (R
Statistic package, version 3.5.1, R Foundation for Statistical
Computing, Vienna, Austria). Concordance was calculated
with the raters package (CRAN: raters). Diagrams were
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Fig. 6 Segmentation of the
cranio-cervical venous system.
The veins are marked as follows
in the image: Superior sagittal
sinus (1), Inferior sagittal sinus
(2), Vein of Galen (3), Straight
sinus (4), Torcular Herophili (5),
Transverse sinus (6), Sigmoid
sinus (7), Superior petrosal sinus
(8), Cavernous sinus (9), Cortical
veins (10), Internal cerebral vein
(11), Basal vein of Rosenthal
(12), Superior ophthalmic vein
(13), Thalamostriate vein (14),
Internal jugular vein (15). The
figure is a modified illustration
from reference [24] with
permission

plotted with MATLAB (Version 2017a, The MathWorks,
Natick, MA, USA).

The conventional interpretation of an agreement is as fol-
lows: <0.00 indicate poor agreement, 0.00—0.20 indicate
slight agreement, 0.21-0.40 indicate fair agreement, 0.41—
0.60 indicate moderate agreement, 0.61—0.80 indicate sub-
stantial agreement, and 0.81-1.00 indicate almost perfect
agreement [26].

Results

All MRI-examinations were performed successfully. All
datasets were included in the study.

Technical optimization of 3D PCV

1. The number of V. directions, the changing the number
of V. directions from two to three allowed the encoding
of the venous blood flow in all three spatial directions
instead of only two. This led to the improvement of the
vessel visualization.

2. The V., value: For V.. = 30-45 cm/s, similar blood flow
velocity profiles were measured using the ECG-triggered
2D PC flow MRI in the sagittal and transverse sinus veins
of two healthy volunteers (Fig. 2). The maximum blood
flow velocities in both volunteers did not exceed a value
of 15 cm/s. Aliasing appeared for V.. = 5-25 cm/s (data
not shown).

10 1
10

The measured PPU-triggered 2D PC blood flow velocity-
time curves of two volunteers (35 and 75.6 years old) are
exemplary shown in Fig. 3. The median PPU-frequency of
all 12 volunteers was 61.5 [49.0, 80.0] bpm. The median of
blood flow velocity of all volunteers was — 10.4 [— 14.7, —
5.9] em/s. Note, that the minus sign indicates opposite direc-
tion of the blood flow direction in the vein compared to that of
in an artery.

Thus, for the optimized 3D PCV protocol, a V., =15 co/s
was chosen.

3. The slice thickness was reduced from 5.4 mm to 2.4 mm
(interpolated 1.2 mm) to obtain a sharp in-plane visualiza-
tion of the vessel edges. The use of the image filter inten-
sified the optical sharpness of the vessel edges (Fig. 5).

4. Reduction of susceptibility artifacts and arterial contami-
nation: A used spatial saturation slab with a thickness of
75 mm in the optimized protocol provided an improved
suppression of the susceptibility artifacts and contamina-
tion with signal from the arteries, resulting in an overall
improved visualization of the veins (Fig. 5, nose-mouth-
and neck-region).

5. Gradient mode and RF-spoiling, The “whisper” setting of
the gradients mode did not restrict the 3D PCV sequence,
but reduced the acoustic noise. The RF-spoiling contrib-
uted significantly to improving the visualization of the
vessels (Fig. 5). Both features were added to the opti-
mized protocol.

6. By-shimming: compared to “tune-up” mode, using the
“standard shim” as a shimming mode, the magnetic field
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was homogenized subject-adapted for each individual
volunteer before the running of a sequence is carried out.

7. Asymmetric echo technique and RF-pulse type:
Asymmetric echo acquisition was turned off to ac-
quire whole data (k-space), which was advantageous
for the improving the visualization of the vessels.
By using “fast” RF-pulses, TE was increased from
7.9 to 8.6 ms without visible impact on the image
quality.

8. Flip angle, the maximum value of the relative signal in-
tensity of the sagittal sinus vein to the background was
achieved by a flip angle of 10° (Fig. 4).

The standard and optimized 3D PCV protocol parameters
are summarized in Table 1.

Table 1 MR protocol parameters used in this study

Image quality

A total of 24 data sets (12 data sets and two analysis sessions)
were evaluated per standard/optimized 3D PCV by all three
readers.

For the product 3D PCV, reader 1 graded the overall
image quality as poor and good in 20.8% (5/24) and
79.2% (19/24) of cases, reader 2 in 95.8% (23/24) and
4.2% (1/24) of cases, and reader 3 in 41.7% (10/24)
and 58.3% (14/24) of cases.

For the optimized 3D PCV, reader 1 graded the overall
image quality as “good” in 4.2% (1/24) and as “excellent”
in 95.8% (23/24) of cases, reader 2 graded “good” in 100%
(24/24) of cases, and reader 3 graded “excellent” in 100% (24/
24) of cases. Median image quality in optimized 3D PCV was

3D PCV MRI 2D PC flow MRI
Product Optimized ECG-triggered PPU-triggered
TR/TE (ms) 37.3/7.9 74.4/8.6 117.7/7.6 22.9/7.1
Acquisition matrix (Px) 256 X256 x 192 256 x256 x 192 192 x 192 256 x 256
Acquisition voxel (mm?®) 1.30 x 0.98 x 5.14 1.30x0.98 x 2.40 1.8x1.8x6.0 0.63 x0.63x5.0
Reconstruction voxel (mm?) 0.49 x 0.49 x 3.00 0.49x0.49x1.2 1.8x1.8x6.0 0.63 x0.63x5.0
Number of slices 64 160 1 1
Number of averages 1 1 1 1
Vine (cm/s) Through plane 5
AP 20 15 to 45, with an -
RL - 15 increment of 5 -
FH 20 15 40
BW (Hz/Px) 300 300 440 201
FA (°) 15 10 20 10
Imaging orientation Sagittal Sagittal Perpendicular to Perpendicular to
the vessel the vessel
Phase oversampling (%) 0 0 30 60
Filter Distortion correction Distortion correction (2D); Off Elliptical filter
(2D); elliptical filter prescan normalizer; elliptical
filter; image filter (edge
enhancement/smooth factor: 3/3)
B shim mode Tune-up Standard Tune-up Standard
Asymmetrical echo Weak Off Strong Weak
RF pulse type Normal Fast Fast Normal
Gradient mode Fast Whisper Normal Fast
RF spoiler Off On On
Flow compensation Off Off On On
Integrated parallel imaging GRAPPA (2/24) GRAPPA (2/24) GRAPPA GRAPPA
techniques (iPAT) PAT modus (2/24) (2/32)
(acceleration factor/reference lines)
Saturation slab (mm) - 75 - -
Trigger delay (sec) - - 0 0
Acquisition time (min) 2:51 10:44 0:15 3:44
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Table 2 Intra observer agreement for the evaluation of image quality,
arterial contaminating, and visualization of all venous segments of
product and optimized 3D PCV based on the introduced 3- and 4-point

scale scoring systems in the section “image analysis.” The confidence
interval, lower confidence limit, and upper confidence limit are abbrevi-
ated to CI, LCL, and UCL

Variable Intra observer agreement, the 95% CI (LCL — UCL)
Reader 1 Reader 2 Reader 3
Image quality 0.81 (0.69-0.94) 0.97 (0.91-1.0) 0.88 (0.75-0.97)

Arterial contaminating

Quality of global venous visualization

1.0 (1.0-1.0)
0.78 (0.72-0.83)

1.0 (1.0-1.0)
0.86 (0.83-0.88)

0.98 (0.95-1.0)
0.86 (0.83-0.88)

graded “excellent” by all readers in 65.3% of cases (3 [2, 3]
vs. 1[1, 2], p<0.0001, Table 2).

Contamination with arterial enhancement

For the product 3D PCV, readers 1 and 2 graded the contam-
inating arterial enhancement as “none” in 100% (24/24) of
cases, and reader 3 graded as “moderate” and “severe” in
83.3% (20/24) and 16.7% (4/24) of cases.

For the optimized 3D PCV, readers 1 and 2 graded the
contaminating arterial enhancement as “moderate” in 100%
cases, reader 3 graded “minimal” in 4.2% (1/24) of cases and
“moderate” in 95.8% (23/24) of cases. Overall median arterial
contamination in optimized 3D PCV was rated as “moderate”
by all readers in 98.6% of cases (2 [1, 2] vs. 2 [1, 3], p=
0.0004, Table 2).

Visualization of venous segments

A total of 360 venous segments (180 venous segments for
each product and optimized 3D PCV) were evaluated twice
by all three readers.

For the product 3D PCV, reader 1 scored 8.1% (29/360) of
segments with grade 4, 40.6% (146/360) with grade 3, 17.2%
with grad 2 (62/360), and 34.2% (123/360) with grade 1.
Reader 2 identified 13.1% (47/360) of segments with grade
4, 34.1% (123/360) with grade 3, 21.4% with grade 2 (77/
360), and 31.4% (113/360) with grade 1. Reader 3 rated
13.1% (47/360) of segments with grade 4, 33.9% (122/360)
with grade 3, 18.9% with grade 2 (69/360), and 34.2% (123/
360) with grade 1. The overall median rating grades [min,
max] of all readers were the following: reader 1: 2 [1, 4],
reader 2: 2 [1, 4], and reader 3: 2 [1, 4].

For the optimized 3D PCV, reader 1 scored 53.4% (192/
360) of segments with grade 4, 29.4% (106/360) with grade 3,
8.6% with grade 2 (31/360), and 8.6% (31/360) with grade 1.
Reader 2 identified 36.1% (130/360) of segments with grade
4,43.9% (158/360) with grade 3, 15.6% with grad 2 (56/360),
and 4.4% (16/360) with grade 1. Reader 3 rated 58.1% (209/
360) of segments with grade 4, 24.4% (88/360) with grade 3,
17.2% with grade 2 (62/360), and 0.3% (1/360) with grade 1.

The overall median rating grades [min, max] of all readers
were the following: reader 1: 4 [1, 4], reader 2: 3 [1, 4], and
reader 3: 4 [1, 4].

The visualization quality of venous segments was consid-
ered diagnostic (grade >3) in 47.6 (514/1080) for the product
3D PCV and in 81.8% (883/1080) for the optimized 3D PCV
(211, 4] vs. 3 [1, 4], p<0.0001). All venous segments were
rated significantly better using the optimized 3D PCV
(Table 3).

There was substantial or (near) perfect intra and inter ob-
server agreement for the product and optimized 3D PCV
concerning the image quality, contamination with the arterial
enhancement, and visualization of venous segments (Tables 2,
3, and 4).

Discussion

In the literature, there are many publications on the visualiza-
tion of cerebral venous system using MR techniques [14, 16,
20]. In most cases, the use of a contrast-enhanced venography
technique was justified due to its better image quality com-
pared to non-contrast-enhanced techniques [16]. However,
over the past few years, measurement methods have been
investigated, which use a lower dose of contrast agent without
significant impairment of image quality [20, 23].

In 2013, Kanda et al. [27] reported about brain signal ab-
normalities after serial injection of gadolinium-based contrast

Table 3  Inter observer agreement for the evaluation of image quality,
arterial contaminating, and visualization of all venous segments of
product and optimized 3D PCV based on the introduced 3- and 4-point
scale scoring systems in the section “image analysis.” The confidence
interval, lower confidence limit, and upper confidence limit are abbrevi-
ated to CI, LCL, and UCL

Variable Inter observer
agreement, the 95%
CI(LCL, UCL)

Image quality 0.59 (0.58-0.61)

Arterial contaminating 0.85 (0.78-0.91)

Quality of global venous visualization 0.82 (0.80-0.84)
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Table 4 Evaluation product

versus optimized 3D PCV based Variable Median [min, max] p value (product vs. optimized)
on the introduced 3- and 4-point
scale scoring systems in the sec- Product Optimized
tion “image analysis” using
Wilcoxon-signed-rank test Image quality 11, 2] 3[1,3] <0.0001
Arterial contaminating 21, 3] 21, 2] =0.0004
Global quality of venous visualization 2[1,4] 311,4] <0.0001
Segmental quality of venous visualization
Superior sagittal sinus (1) 411,4] 43, 4] =0.042
Inferior sagittal sinus (2) 2[1,4] 3[1,4] <0.0001
Vein of Galen (3) 3[3,4] 4[3,4] <0.0001
Straight sinus (4) 3[3,4] 4[3,4] <0.0001
Torcular herophili (5) 3[2,4] 43, 4] <0.0001
Transverse sinus (6) 1[1,2] 2L, 3] <0.0001
Sigmoid sinus (7) 1[1,2] 311, 4] <0.0001
Superior petrosal sinus (8) 3[2,4] 43, 4] <0.0001
Cavernous sinus (9) 2[L,3] 3[3,4] <0.0001
Cortical vein (10) 31[2,4] 4[3,4] <0.0001
Internal cerebral vein (11) 21, 3] 43, 4] <0.0001
Basal vein of Rosenthal (12) 21, 3] 31, 4] <0.0001
Superior ophthalmic vein (13) 1[1,1] 2[1,4] <0.0001
Thalamostriate vein (14) 1[1,1] 3L, 4] <0.0001
Internal jugular vein (15) 3[1,4] 412, 4] <0.0001

agents for the first time. Although the long-term clinical effect
of these gadolinium depositions are yet unknown, the interest
for usage of contrast agent-free MR-techniques became even
more important and necessary in clinical routine imaging. In
addition, a successful use of these techniques requires good
image quality, as well as artifact-free visualization of the clin-
ical interesting anatomical structures (e.g., the cerebral venous
system).

To our knowledge, there is only one report (abstract) in the
literature on the systematic optimization of the 3D PCV im-
aging for the visualization of cerebral veins: Mimura et al. [28]
included 7 healthy volunteers (5 men, 2 women, 21-43 years,
mean age, 26.7 years) in their study. Three neuroradiologists
graded the visibility of the dural sinuses and the cortical veins.
They reported that dural sinuses were best visualized at a Vo,
value of 15 cm/s and cortical veins at 10 cm/s. The optimal
thickness of the saturation slab of 100 mm was determined in
their work based on the results of the relative ratio of the
arterial to venous signal in a phantom measurement.

In addition, there are two publications about some aspects
of the optimization of PCV sequence. Markl et al. [29] pre-
sented in a phantom study a generalized model to characterize
gradient field nonuniformity and its effect on velocity
encoding in phase contrast (PC) MRI. They reported that in-
homogeneous gradient fields can introduce deviations from
the nominal gradient strength and orientation, and therefore
spatially dependent first gradient moments. Resulting errors in
the measured phase shifts used for velocity encoding can
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therefore cause significant deviations in velocity quantifica-
tion. The generalized PC velocity reconstruction requires the
acquisition of full three-directional velocity information to
correct the effect of gradient field distortions.

The optimization of 3D PCV sequence with a radial trajec-
tory as an alternative approach to the conventional cartesion
trajectory (i.e., used in this work) was presented by Johnson
et al. [30]. The radially undersampled acquisition allows for
the acquisition of high-resolution angiograms and velocimetry
in dramatically reduced scan times. However, such an acqui-
sition is sensitive to blurring and artifacts from off-resonance
and trajectory errors. Based on the presented results by
Johnson et al., a dual-echo trajectory can be used to correct
these errors based on the information from prescan data
coupled with a multi-frequency reconstruction. This statement
was evaluated using phantom and in vivo human
examinations.

In our study, we optimized a 3D PCV product pulse se-
quence to improve image quality and reduce artifacts, fulfill-
ing diagnostic criteria for the whole cranio-cervical venous
vasculature.

In this single center volunteer study, more healthy volun-
teers with different ages were included compared to the study
of Mimura et al. [28].

From each age decade, two healthy volunteers were exam-
ined to optimize the sequence parameters for a wide age range
of 21 to 76 years, which represent the wide range of patient
age examined in the clinical routine.
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In the following, each optimized parameter is discussed
briefly:

Venc value In accordance with Mimura et al., our results
showed that a V.. value of 15 c/s is optimal for the visual-
ization of the cranio-cervical veins, in particular for those with
much lower blood flow velocities than in the sagittal and
transverse sinus veins.

Reduction of arterial contamination In contrast to Mimura
et al. [28], we did not observe that a thicker spatial saturation
slab (100 mm) provides a better suppression of arterial signal
intensity.

A thicker saturation slab (100 instead of 75 mm) increases
the total measurement time. Therefore, we decided to use a
thinner saturation slab thickness.

Gradient mode The whisper gradient mode is quieter than
the normal mode, which is beneficial for brain imaging
[31]. As presented by Wilén et. al. [19], there are no
differences in image quality due to this change of mode.
With the activation of RF-spoiler, the background signal
intensity was suppressed and the contrast to noise of veins
was clearly improved (Fig. 5).

Flip angle The Emst angle for a gradient echo pulse sequence
with a TR of 74.4 and a 7'l value of 1531 ms for blood of male
objects at 1.5 T [32] is approximately 18°, which is different to
value of 10° that we found experimentally.

Overall, the quality of the 3D PCV images is sensitive to
the set range of flow velocities in the pulse sequence.
Therefore, this value must be chosen carefully dependent on
the expected blood flow velocity range in a specific vessel.
Thus, it is advantageous to determine the appropriate range of
Vene by performing a 2D ECG-triggered PC flow measure-
ment before a 3D PCV measurement.

Limitation of the study

For the simplification of the recruitment process, only male
healthy volunteers were included in this study. No gender-
related differences in the visualization of vessels between
male and female healthy volunteers are expected.

The total acquisition time for the optimized 3D PCV
used in the study is longer than that of the product 3D
PCV (10:44 vs. 02:51 min). However, it must be noted
that the product protocol has a shorter measurement time
due to inappropriate parameter setting for the cranio-
cervical imaging. For this volunteer study, a 3D stack
with 160 slices to cover all cranio-cervical veins for a
big head size (FOV of 332 x 250 mm?) was measured. In
the clinical routine, the number of slices can be reduced

by up to 30% (112 slices), which translates into reduction
in acquisition time about 4 min. However, further efforts
can and should be undertaken to reduce scan time while
maintaining high image quality but that was beyond the
scope of this study.

It should be mentioned that the improved protocol was
compared to the product protocol of one manufacturer
only. The product protocol, however, was specifically de-
signed by the manufacturer for the application investigat-
ed. To avoid the possibility that we optimized a sub-
standard product protocol, or that we applied the protocol
wrongly, the manufacturer was closely involved in the
study.

Conclusions

In conclusion, the optimized protocol presented here allowed
contrast agent-free 3D PCV MRI of the cranial veins with
unprecedented resolution of the vasculature. In future studies,
the optimized 3D PCV should be evaluated in patients with
various cerebral venous diseases and in combination with
standard invasive/minimal-invasive and non-/contrast-en-
hanced methods. The purpose of the future studies is to create
a non-invasive, contrast-agent-free imaging protocol without
or with less ionizing radiation to identify of venous sinus
thrombosis.
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