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Abstract

Purposes: Accurate measurements of the cerebrospinal fluid that flows through the prepontine cistern (PPC) are challenging due to artefacts
originating from basilar artery blood flow. We aim to accurately quantify cerebrospinal fluid (CSF) flow and stroke volume in the PPC, which is
essential before endoscopic third ventriculostomy.

Materials and methods: We developed a new PC-MRI sequence prepared with Hadamard saturation bands to accurately quantify CSF flow in the
PPC by suppressing the blood signal in the surrounding vessels. In total, 28 adult hydrocephalic patients (age 59 & 20 years) were scanned using
conventional PC-MRI and our developed sequence. CSF was separately extracted from the PPC and the foramen of Magendie, and flow (min and
max) and stroke volume were quantified.

Results: Our modifications result in a complete deletion of signal from flowing blood, resulting in significantly reduced CSF stroke vol-
ume (Conv =446 4+ 113 mm?, Dev=390 & 119 mm?, p =0.006) and flow, both minimum (Conv = —1630 £ 486 mm?/s, Dev = —1430 & 406 mm®/s,
p=0.005) and maximum (Conv =2384 4+ 657 mm?>/s, Dev=1971 4 62 mm®/s, p =0.002) compared with the conventional sequence, whereas no
change in the area of interest was noted (Conv =236 4 65 mm?, Dev=249 75 mm?2, p=0.21).

Conclusions: Accurate and reproducible CSF flow and stroke volume measurements in the PPC can be achieved with sat-band prepared cine
PC-MRIL

© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/3.0/).
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1. Introduction flow [2]. CSF oscillations are altered in disorders, including
hydrocephalus [3], intracranial hypo- or hypertension [4],

Cine phase-contrast MRI (PC-MRI) is a flow-sensitive subarachnoid haemorrhage [5], and posterior fossa cystic mal-
imaging method that has been increasingly used in clinical  formations [6]. CSF flow parameters are positively correlated
practice for quantifying blood [ 1] and cerebrospinal fluid (CSF)  with CSF opening pressure, headache scores [7], response to
shunt insertion in hydrocephalic patients [3], and the success of

endoscopic third ventriculostomy (ETV) in cases of aqueductal

E— stenosis [8]. In most of these disorders, CSF dynamics are mea-
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[4,9]. Cardiac cycle (CC)-induced brain vascular expansion
flushes the CSF through the spinal canal. This CSF, which oscil-
lates during the CC, mainly originates from the intracranial SAS
(90%) and to a lesser degree from the ventricular CSF (10%) [9].
This action subsequently results in an increased oscillating CSF
volume in cases with decreased SAS, as noted in hydrocephalic
patients or patients with subarachnoid haemorrhage [5].
Accurate CSF flow measurement with PC-MRI in general
and through the PPC in particular is technically challenging.
First, the CSF flows encountered are very low and therefore
difficult to calculate. The error of this technique is approxi-
mately +10% when measuring flow rates through the aqueduct
[10]. Background correction is required to remove the effect of
phase offset errors and movement occurring during the CC [11].
Second, inappropriate selection of the maximum velocity encod-
ing gradient (Venc) leads to reduced sensitivity by reducing the
signal-to-noise ratio, whereas selection of lower values results
in aliasing. Third, for the narrow aqueduct and PPC, the effects
of limited spatial resolution cause diameter-dependent system-
atic overestimations in pulsatile volume changes. This problem
can be resolved by increased spatial resolution at the expense
of longer acquisition times and increased signal averaging [12].
Similarly, McCormac et al. noted that contrary to the laminar
flows through the narrow cerebral aqueduct, CSF flow in larger
regions, such as the SAS, is often turbulent. This phenomenon
causes phase dispersion and signal loss in the PC-MRI, result-
ing in underestimation of flow in the SAS [13]. Fourth and most
important, the PPC is infiltrated with the basilar artery, which
generates blood flow artefacts. Surrounding vessels additionally
corrupt the signal and make it difficult to segment the CSF flow
area of the PPC using PC-MRI. Applying a Hanning window
filter reliably reduces such artefacts but also results in a large
net reduction in spatial resolution [14]. The objective of this
investigation was to develop a novel 2D cine PC-MRI sequence
to assess CSF dynamics that (1) is automatically filtered from
blood flow artefacts at the acquisition level, (2) is highly sensi-
tive to slow velocities typical of altered CSF dynamics and (3)
does not compromise spatio-temporal resolution. We hypothe-
sised that the saturation of the blood signal from basilar artery
flow makes it possible to accurately assess CSF dynamics in the
PPC. Such a CSF quantification method might be useful to better
diagnose and understand various types of CSF flow alterations.
To date PC-MRI is the unique technique to assess in vivo
CSF flow and dynamics despite the inheriting errors from eddy-
currents, phase-shift and blood flow artefacts. Other modalities
like cranial Doppler fail to achieve better results in the physi-
ologic state because normal CSF lacks sufficient interfaces to
generate signal and require presence of scattering particles or
cells, thus cannot be used as a control modality. As a proof
of concept, a phantom with properties optimised to resemble
the properties of human SAS, PPC and FOM would be desir-
able. The artificial phantom used for such a validation approach
would disturb the extremely sensitive and technically challeng-
ing acquisition of the PC-MRI signal and would not provide
reproducible and meaningful results. Therefore, to validate our
hypothesis, the foramen of Magendie (FOM) was chosen as our
control structure. The FOM is not infiltrated by blood vessels;

thus, CSF flow and stroke volume measurements are unaffected
by sat-pulses.

2. Materials and methods
2.1. Subjects

Twenty-eight consenting adult patients (age =59 £ 20 years,
15 females) with suspected hydrocephalus (normal pressure,
idiopathic, communicating, occlusive, and secondary) were
prospectively enrolled in this study. The inclusion criteria were
ventricular dilation with either one of the following: gait disturb-
ance, urinary disturbance or cognitive alterations. The patients
were scanned using conventional cine PC-MRI, which is part of
our routine clinical protocol for this pathology, followed by our
developed sequence through the same slice position and with
the same imaging parameters. The main advantage of the addi-
tion of our developed sequence to the hydrocephalus protocol
is that we will perform both sequences on patients with no bias
of eddy-current and/or phase-error shift. The regional ethical
review board approved the study, and all participants provided
written consent.

2.2. Image acquisition

The study was performed using a 3 T scanner (GE Health-
care) with retrospectively and peripherally gated cine PC-MRI
to record 32 cardiac phases. The following imaging parameters
were used: slice thickness =5 mm, FOV =140 mm x 140 mm,
BW =62.5kHz, flip angle =20°, minimum TE and TR, matrix
256 x 160, and 2 views per segment. In addition, the slice posi-
tion was at the level of the PPC and was obliquely oriented
to be perpendicular to the direction of the CSF flow (Fig. 1).
The velocity encoding (Venc) of the conventional sequence was
set to the minimal possible value of 50 mm/s. The commercial
available sequence was first modified to achieve a lower Venc of
20 mm/s to increase the sensitivity of the acquisition of reduced
flow. In addition to removing the signal from blood flowing into
the selected slice and avoiding aliases with the CSF flow sig-
nal, spatial selective pre-saturation pulses were incorporated.
These pulses consisted of Hadamard pulses, or double-sided
bands (20 mm thick), to achieve a perfect parallelism with the
selected slice and reproduce the same sat-band (thickness, gap
and orientation) in the other side. To validate our hypothesis,
we oriented the slice position and the sat-bands to include both
structures. On one hand, the PPC is typically infiltrated by the
basilar artery and consequently suffers from blood flow arte-
facts. On the other hand, the FOM lacks blood flow artefact and
was used as our control structure.

2.3. Image processing

Image processing was performed using homemade software
with a dedicated CSF algorithm segmentation to differentiate tis-
sue with reduced pulsatility compared with CSF as characterised
by large amplitude oscillations and synchronised with the CC
[9]. The software uses a “spectral segmentation” algorithm that
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Fig. 1. Slice position through the prepontine cistern (a) and pre-saturation bands (b). One sat-band is defined in one direction, and the system automatically adjusts
it to be parallel to the prescribed slice and creates an identical and symmetric sat-band with regard to the slice position. This position was set to include the PPC,
which experiences blood flow artefacts that require suppression, and the FOM, which lacks artefacts and serves as a validation model.

automatically extracts a threshold value from the phase of the
signal throughout the 32 cardiac phases [9]. An automatic and
separate delineation of CSF in the PPC and FOM (Fig. 2) was
performed to extract the velocity in each compartment through
each of the 32 cardiac phases. CSF oscillation with the car-
diac cycle consists of 2 parts: the caudo-cranial flow (minimum
negative value) and the cranio-caudal flow (maximum positive
value). Minimum and maximum CSF flows, stroke volume and
ROI area were measured, and the values obtained by the Conv
and Dev sequences were compared. Stroke volume, expressed
in pl/CC, was defined as the average of the cranio-caudal and
caudo-cranial volumes displaced through the region of interest
during the CC. Intra- and inter-observer reliability (2 observers)
were assessed using interclass correlation coefficients (/CC > 0.8
excellent reliability), whereas the difference between Conv and
Dev was assessed using a paired z-test (p <0.05 is considered
significant).

3. Results
3.1. Blood saturation
Using conventional cine PC-MRI, blood flowing through the

basilar artery always generates aliases due to a considerably
higher velocity than the CSF not only within the PPC but also in

surrounding vessels (Fig. 3). In addition, with a Venc =50 mm/s,
the phase images exhibit very low contrast between the FOM
and the surrounding tissues. The first advantage of incorporating
spatial saturation pulses is clearly demonstrated by a complete
suppression of the blood signal not only within the PPC but also
in other small vessels (Fig. 3). Furthermore, by implementing
a lower Venc (20 mm/s), the FOM is clearly highlighted in the
phase images.

3.2. Interclass correlation coefficient

The minimum ICC for the intraclass correlation (28 patients)
was reported in the area of the PPC (Table 1) for both sequences
(0.78 for Conv and 0.92 for Dev). An interclass correlation test
was performed (18 randomly selected patients), and the ICC
in the PPC ranged from 0.80 for the flow minimum with Conv
to 0.96 for the stroke volume with Dev. In the FOM, the ICC
coefficient ranged from 0.78 for the ROI to 0.90 for the stroke
volume (Table 1).

3.3. Conventional versus developed
The background phase offset errors were minimised by draw-

ing an ROI on static tissue and subtracting the signal intensity
for each cardiac phase for the two sequences (Conv and Dev).

Foramen of Magendie

iy

Fig. 2. The result of the semi-automatic segmentation: (a) prepontine cistern delineation, (b) prepontine cistern mask revealing blood flow artefacts (dark pixels from
the basilar artery), (c) delineation of the foramen of Magendie (lacks artefacts given that there are no vessels in or around the structure) and (d) the resulting mask.
The mask areas are used to compare the developed sequence to the conventional sequence. In addition, the flow through these areas is measured for each cardiac

cycle and compared.
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Fig. 3. (a) The basilar trunk (white arrow) observed on a T2W image (b) generates artefacts in the prepontine cistern (PPC) represented by an aliasing of the signal
(black arrow) with a conventional cine PC-MRI. The advantage of the developed sequence is clearly demonstrated (c) with the incorporation of saturation bands to
negate the signal from flowing blood (black arrow). Furthermore, by reducing the Venc to 20 mm/s, the foramen of Magendie appears with good contrast and can be
segmented easily (white arrow).

Table 1

Inter and intra raters correlation coefficient values for the stroke volume, flow (min=minimum and max = maximum) and area of the prepontine cistern (PPC) and
foramen of Magendie (FOM). Inter-rater was carried out on all processed 28 patients, while the intra-rater was performed on randomly selected 18 patients.

ICC Stroke volume Flow (min) Flow (max) Area
Inter Intra Inter Intra Inter Intra Inter Intra

FOM

Conventional 0.85 0.94 0.84 0.98 0.86 0.96 0.85 0.92

Developed 0.90 0.99 0.89 0.99 0.91 0.99 0.78 0.97
PPC

Conventional 0.90 0.92 0.92 0.98 0.80 0.95 0.87 0.78

Developed 0.96 0.99 0.95 0.99 0.96 0.98 0.93 0.92

Temporal analysis per CC versus the PPC flow curve
indicated that the negative peak values were almost identical
(approximately 4% difference) for both sequences, Conv
(—1331+£623mm?3/s) and Dev (—12724360mm>/s). An
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approximate 20% difference in the positive peak values
was noted, with amplitudes of +2028 £ 593 mm?3/s for Conv
compared with 1600 4526 mm?/s for Dev (Fig. 4a). We also
observed that Dev is slightly shifted to the left side (~1

Fig. 4. Average flow curves of the 28 patients demonstrate similar patterns as well as similar negative peak values in (a) the prepontine cistern (PPC) and (b) the
foramen of Magendie (FOM). We also observed a shift towards left-hand side with the developed sequence (Dev) compared with the conventional sequence (Conv).
The shift is approximately 1 phase in the PPC (~23 ms) and 3 phases in the FOM (~70 ms); however, no effects on the diastolic or systolic periods are observed.
The maximum positive peaks differ between the two sequences for both the FOM and PPC. The ratio systole/diastole was 12/20 phases for both sequences in the

PPC. In the FOM, this ratio was approximately 13/19 using the Conv sequence and 16/16 using the Dev sequence.
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phase of the CC, ~23ms), but neither the systolic nor the
diastolic period differed when we compared the 2 sequences
(p=0.349). Similarly, in the FOM, we recorded an approximate
6% difference in the negative maximum flow values between
Conv (—148+191 mm3/s) and Dev (—157 £ 163 mm?/s),
whereas the positive peak flow differed by approximately
25% (1844247 mm>/s and +136 + 166 mm?>/s, respectively)
(Fig. 4b). We also report a shift in Dev towards earlier CCs (~3
phases, ~70 ms) compared with Conv, but neither the diastolic
nor the systolic period significantly differed when comparing
the 2 sequences (p =0.127).

With regard to the Dev sequence, no significant difference
in the area of the PPC was observed (Table 2); however, a
significantly lower stroke volume (p=0.006) and lower flow
(minimum p =0.002 and maximum p =0.005) were observed
compared with the Conv sequence (Fig. 5). In contrast, the area
in the FOM (Table 2) was significantly increased (p <0.001) in
Dev with no effect on stroke volume or flow minimum. How-
ever, a significantly increased maximum flow was noted with
Dev (p=0.004).

A Pearson test between stroke volume and area of interest
as well as flow maximum and area of interest was performed in
the PPC and FOM to assess the correlation with Dev (Fig. 5).
In the FOM, we measured approximately the same correlation
coefficients with Conv and Dev for the flow maximum as well as
the stroke volume. In the PPC, we observed a slightly increased
correlation for the stroke volume and flow maximum with Dev
compared with Cony.

4. Discussion

A Hadamard double saturation-bands cine PC-MRI sequence
was developed and applied to investigate the complex dynamics
of cerebral CSF in the PPC caused by aliasing the signal from
blood flowing in the basilar artery and surrounding vessels. We
investigated this phenomenon at the acquisition level to avoid
offline processing and preserve both temporal and spatial resolu-
tions. The main findings are consistent with our hypothesis based
on the following observations in the PPC: (1) flowing blood
signal saturation and alias removal were achieved; (2) a signifi-
cantly reduced stroke volume and flow, minimum and maximum,
compared with that of the conventional sequence were obtained;
and (3) no difference in the surface of the selected region was
noted.

Qualitative analysis of the phase images clearly demonstrates
that the aliased pixels from blood flowing in the basilar artery
observed with Conv (dark pixels within PPC) were recovered
with Dev (bright pixel) in these patients. In fact, our Dev does not
change the number of pixels only the pixel content. As a conse-
quence, outlier pixels, which represent flowing blood at velocity
of >50 mm/s, exhibit saturated signals and do not contribute to
the overall signal.

In addition, with a lower Venc (20 mm/s), the enhanced phase
signal in the FOM allows enhanced extraction of this structure
and hence reduces the inaccuracy that results from partial vol-
ume and the increased sensitivity to slow flow with such a low
Venc. The reliability and reproducibility of Dev compared with

Conv were demonstrated by enhanced correlation of the flow in
the area of interest in the PPC. With regard to the FOM, although
the ROI area was significantly different (p <0.001), the CSF
flow and stroke volume were unaffected. This finding is consis-
tent with our hypothesis that the added sat-pulses increase the
number of pixels but have no effect on pixel content; thus, the
measurements of flow, velocity and stroke volume are unaffected
because there are no vessels in and around the FOM. One can
conclude that partial volume effects and high Venc (>20 mm/s)
generate substantial errors in the measurements of CSF param-
eters in the FOM when no correction is performed with Conv.
Second, suppression of the aliasing signal within the internal
pixels of this structure with our Dev provides the correct veloc-
ity, which is translated to the phase images by the flow encoding
gradients.

The temporal analysis of the CSF waveform at the level of
the PPC exhibits similar patterns for both sequences. The systole
lasts for 12 phases (~280 ms), whereas the diastole lasts for 20
phases (~468 ms), thereby accounting for 37% and 63%, respec-
tively, of the cardiac cycle. A slight leftward shift of the flow
curve was noted with Dev such that both the diastole and systole
start and end earlier than with Conv. We conclude that the added
sat-pulses do not influence the chronologic occurrence of the
2 periods during the cardiac phases in the PPC but rather influ-
ence the magnitude of these measures. In the FOM, we recorded
a longer systole using Conv, approximately 19 phases (444 ms,
~59%) than diastole, approximately 13 phases (304 ms, ~41%).
Using Dev, the diastole and systole periods are identical with 16
cardiac phases each (~374 ms). However, we noticed an early
start of the diastole (leftward shift ~70 ms) using Dev com-
pared with Conv. Interestingly, the diastole periods end at the
same time for both sequences. This shift might be explained by
a partial volume effect (more pixels are included in the ROI),
reducing the Venc to 20 mm/s (more sensitivity to slow flow), or
the time required by the sat-pulse. It is important to note that the
enlargement of the diastole does not affect the overall volume
measurements (time integral) in the FOM given the smaller flow
magnitude.

To remedy to signal aliasing and partial volume artefacts,
various semi-automated [10,15] and manual [12] segmentation
algorithms were developed to define the cisternal ROI. Numer-
ous algorithms were applied to correct for errors in visually
detected aliased pixels exhibiting either lower or higher velocity
than the prescribed Venc [9]. These processes were designed
to minimise errors depicted in pixels by doubling the Venc
[16] but cannot overcome aliasing for blood pixels flowing at
Venc > 800 mm/s. Thus, using Dev to saturate the blood signal
and avoid aliasing prior to image acquisition is of great interest
for clinical application and might explain the high incidence of
ETV failure. Although the offline techniques are applied as rou-
tines for quantification of volumetric CSF flow, only one of these
techniques delineated and extracted blood flow artefacts within
the CSF signal [12]. However, this manual offline image pro-
cessing approach is subjective, imprecise and time consuming,
especially for narrow structures, such as the cerebral aqueduct
and complex dynamic observed in the PPC. Furthermore, ICC
values were equal to or less than 0.85; this finding is most likely
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Table 2

The results of paired #-test between the conventional sequence and the developed one that demonstrates the differences when measuring the stroke volume, the flow
(min = minimum, max = maximum) and the area of interest in the prepontine cistern (PPC) and foramen of Magendie (FOM). The significance of the threshold value
was set to 0.05 (NS =not significant). The + sign (respectively —) in the parentheses means higher (respectively lower) value in Dev compared with Conv. Average

raw data are given with £standard deviation.

Foramen of Magendie

Prepontine cistern

Conv Dev P Conv Dev P
Stroke volume (mm?) 55 + 65 41 £ 44 NS 446 £ 113 390 + 117 0.006 (—)
Flow max (mm?3/s) 30£ 15 191 £ 192 0.004 (+) 2384 + 657 1971 £+ 62 0.002 (—)
Flow min (mm?/s) —212 + 217 183 + 175 NS —1630 + 486 —1430 + 406 0.005 (—)
Area (mm?) 19 £ 15 26 + 16 <0.001 (+) 236 + 65 249 £ 75 NS

due to the manual segmentation used in that study. Using the
automatic procedure to separately extract the ROI, our novel
PC-MRI sequence exhibits accurate and reproducible CSF flow
and stroke volume measurements in the PPC. These features
could potentially impact the diagnosis and understanding of
various types of CSF flow alterations particularly in patients
with obstructive hydrocephalus for which an unimpaired CSF
flow to the basal cisterns is crucial and requires a separate
investigation. It has been demonstrated that CSF flow imaging
is a fast tool for pre- and postoperative functional evaluation of
third ventriculostomy [17]. This evaluation is more important
in younger patients for whom clinical signs and symptoms of
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hydrocephalus may be difficult to diagnose before it reaches
critical stages [18]. To date, a range of CSF flow image param-
eters, including ventricular size and the CSF stroke volume in
the third ventriculostomy, aqueduct and basal cisterns, have
been assessed to evaluate the success of ETV [19,20]. None of
these parameters are reliably useful in differentiating between
successful and failed ETV groups. Di et al. hypothesised
that weakened CSF pathways beyond basal cisterns around
the brain stem and cervical medullar junction might play an
essential role in achieving ETV success [21], thereby resulting
in CSF flow velocity and volume measurements in the PPC.
Similarly, other authors demonstrated that although CSF flow
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Fig. 5. Linear correlations of stroke volume with the area of interest in the foramen of Magendie (FOM) and prepontine cistern (PPC). These assessments were

performed for both sequences to compare the reliability of the developed sequence.
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in the stoma is useful for defining an intact and function
ventriculostomy, the CSF flow measurement obtained from the
PPC could be deteriorated [8]. These results suggest that CSF
stroke volume and velocity at the interpeduncular cistern might
predict the success of ETV. Despite obstructions at various
levels caused by anatomic structures, such as membranes and
aliasing artefacts from flowing blood, CSF flow signal in the
prepontine area affects PC-MRI measurements. Given that our
developed sequence exhibited significantly lower positive peak
values, stroke volumes and flows compared with Conv, it raises
the question as to whether CSF flow at the PPC level has been
overestimated to date, thereby resulting in false negative results
concerning ETV success. Our reduced correlation between the
Conv and Dev sequences in the PPC might be explained by a
higher sensitivity and greater accuracy when decreasing Venc
to 20mm/s and also a more precise delineation of CSF flow
regions free of blood flow artefact [14].

The advantage of our developed sequence was validated in
patients with suspected hydrocephalus based on the following
reasons: (1) we were able to achieve a straight and immediate
comparison with conventional PC-MRI, which is a component
of the daily clinical protocol for this category of patients; and
(2) this specific pathology (either normal pressure, obstructive,
or communicating) presents an irregular and wider range of
CSF oscillations in both the PPC and the FOM compared with
healthy controls (Fig. 5). This large window of pathological
hydrocephalus-related values is more challenging and provides
a better assessment of the robustness in such a difficult pathol-
ogy and complex CSF dynamics. Our next aim is to apply this
technique to a healthy control population and define the normal
physiological values of CSF in the PPC.

5. Conclusion

Our hypothesis regarding the assessment of CSF flow free
of blood signal artefact using a PC-MRI sequence with blood
saturation pulses was examined in the FOM and the PPC. This
feasibility study revealed no differences in CSF dynamics in
the FOM. However, significantly reduced flow and stoke vol-
ume were observed in the PPC because these measurements are
affected by blood flow artefacts from surroundings vessels. The
new sequence has the potential to result in a better diagnosis of
CSF disorders in the PPC. Future studies involving follow-up of
patients with altered CSF circulation who require surgical inter-
vention, such as a shunt or ETV, will demonstrate the advantage
of PC-MRI with sat-pulses.
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