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Phase-contrast MRI Measurement of Systolic
Cerebrospinal Fluid Peak Velocity (CSFVp,,;.)

in the Aqueduct of Sylvius

A Noninvasive Tool for Measurement of Cerebral Capacity
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Background: Cerebrospinal fluid (CSF) outflow to intra- and
extracranial subarachnoid spaces caused by arterial inflow to the
brain predominantly compensates systolic increases in cerebral
blood volume. Phase-contrast magnetic resonance imaging is a
new tool for noninvasive assessment of CSF displacement by mea-
suring CSF pezak velocity (CSFV,,_.,). The authors tested this new
tool in an experimental human model of increased intracranial
pressure and reduced cerebral capacity by means of continuous
positive airway pressure (CPAP) breathing.

Methods: The authors investigated systolic CSFV,,_,, in the
aqueduct of Sylvius in 11 awake, normocapnic (end-tidal carbon
dioxide [ET ] = 40 mmHg) volunteers without CPAP and at
two different CPAP levels (6 and 12 cm H,0) by means of
electroencephalography-gated phase—contrast magnetic reso-
nance imaging.

Results: Administration of 6 cm H,0 CPAP did not change
systolic CSFV,.., (—4.9 = 2.8 cm/s vs. control: —5.1 = 2.7
cm/s), whereas 12 cm H,O CPAP significantly reduced sys-
tolic CSFV,,.,, (—4.0 = 1.8 cm/s vs. control: —5.1 * 2.7 cm/s;
PE<80105)"

Conclusions: These findings in awake volunteers show that
monitoring CSFV,_,, in the aqueduct of Sylvius is a sensitive
method for detecting even minor impairment of cerebral capac-
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ity caused by experimentally induced increases in intracranial
pressure. (Key words: Cerebral reserve; cerebrospinal fluid cir-3
culation; cerebrospinal fluid outflow 3
of experimentally increased intracranial pressure.)
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SYSTOLIC changes in cerebral blood volume have beeng
shown to cause compensatory cerebrospinal fluid (CSF)§
displacement to intra- and extracranial subarachnoidal®
spaces, so there is no net accumulation of intracranial%
fluid (blood plus CSF) over an average cardiac cycle.'
This intracranial reserve or capacity prevents increases
in intracranial pressure beyond physiologic limits.
Monitoring CSF displacement to intra- and extracranial
subarachnoidal spaces could be a new means for inves-
tigating physiology, pathophysiology, and effect of drug
on intracranial capacity and, subsequently, intracranial
pressure. A noninvasive in vivo assessment of CSF cir-
culation in terms of CSF flow and systolic CSF peak§
velocity (CSFV,,,,) has recently become available with.§
cardiac-gated phase- contrast magnetic resonance imag-g”
ing (MRI; see Appendix 1).*
To test the practicability of this method for monitoringg
impaired intracranial capacity we measured systolicd
CSFVp in the aqueduct of Sylvius by means of phase-2
contrast MRI in a human model of experimentally in-
creased intracranial pressure, which was achieved by
continuous positive airway pressure (CPAP).
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Methods

After obtaining the approval of the local University
Ethics Committee and written informed consent, 11
healthy awake men underwent three consecutive MRI
measurements of CSFV,, ., in the aqueduct of Sylvius.
Wearing a tightly fitting face mask the volunteers
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Fig. 1. The examination plane for the phase—contrast magnetic
resonance imaging perpendicular to the aqueduct of Sylvius is
indicated on the Scout image.

breathed without CPAP and subsequently with 6 and 12
cm H,O CPAP at normocapnia (end-tidal carbon dioxide
concentration [ET.,) = 40 mmHg). Before taking the
readings a minimum of 5 min for stabilization at each
level was allowed. A high-flow CPAP device (CF-800:

Fig. 2. On the source image for the phase—contrast flow mea-
surement, the region of interest for quantitative evaluation
shows the aqueduct in the red circle.
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Fig. 3. Systolic cerebrospinal fluid (CSF) peak velocity tracing
during control (0 cm H,0). The vertical scale is given in centi-
meters/secoond and the horizontal scale is given in millisec-
onds. The negative deflections represent craniocaudal systolic
CSF flow.

Draeger; Luebeck, Germany) was used to apply a CPAP
of 6 and 12 cm H,O at 21% oxygen in a randomized
order. All airway pressure measurements were taken
directly from the face mask. Flow adjustments provided
an inspiratory and expiratory pressure swing of no more
than 1 cm H,O. The volunteers were trained to breathe
at a constant ET., (40 mmHg) supported by voice
command when ncc-cssalr_\'.

ET ., noninvasive blood pressure (systolic arterial
pressure and mean arterial pressure), and pulsoxymetri-
cally measured hemoglobin-oxygen saturation (Sp,)
were monitored during the investigative period (Odam /
Mag-Life/Bruker, Wissembourg, France).

Measurements of systolic CSFV,,.,, in the aqueduct of
Sylvius were performed on a 1.5 Tesla whole-body scan-
ner (Magnetom VISION; Siemens, Erlangen, Germany)
using a standard circular polarized head coil. A two-
dimensional gradient echo sequence (2D-FISP) (repiti-
tion time [TR] = 100 ms, echo time [TE] = 12 ms, a =
10°, acquisition matrix = 256 X 512, field of view
[FOV] = 160 mm) with flow velocity encoding in slice-
select direction was used. For this high-resolution axial
technique, which is sensitive to through-plan flow, the

¥20¢ Iudy 0} uo 3sanb Aq pd'80000-00090666 | -27S0000/2LSE0/IYS L/9/06/4Pd-8o1e/ABO|0ISAY)SBUE/WOD JIEUYDIBA|IS ZESE//:d)Y WOl papeojumoq




1548

KOLBITSCH ET AL.

0.84

6 cm H20

‘\c‘n/s

0.50 _|

\ ms
0.00 \ N7

T T I =T I
D 1 200 300

-0.50 _| \ /

—
Aoo 500
/
/

-1.00 _| \
\

\
] v
-1.78 vV
Peak Velocity: -1.78 cm/s Vascular Area:

-0.44 cm/s

0.05 cm’

Mean Velocity: Mean Flow: -0.02 cnf /s

Fig. 4. Systolic cerebrospinal fluid (CSF) peak velocity tracing at
6 cm H,O continuous positive airway pressure. The vertical
scale is given in centimeters/second and the horizontal scale is
given in milliseconds. The negative deflections represent
craniocaudal systolic CSF flow.

maximum detectable flow velocity was 20 cm/s. Electro-
cardiography triggering was used for prospective gating
of the acquisition. The disadvantage of prospective gat-
ing, however, is that the acquisition is stopped within
approximately 200 ms of the next R wave for accurate
detection of the next trigger. Thus, the diastolic phase
particularly is not evaluated.’ Cardiac gating produced a
series of phase-contrast images at different cardiac
phases. From these phase-contrast images a blinded
investigator measured the systolic CSFV,,.,, in the aque-
duct of Sylvius using region-of-interest measurements
(figs. 1 and 2).

Statistical Analysis

Data are presented as the mean * SD. Analysis of
variance for repeated measurements and the Student ¢
test for paired samples were used for data analysis, with
Bonferroni correction for multiple testing. A P < 0.05
was considered statistically significant.

Results

All volunteers (n = 11, aged 33 = 7 yr) completed the
study without complications. At a CPAP level of 6 ¢cm
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H,O the systolic CSFV,,,, remained unchanged, whereas
at a CPAP of 12 cm H,O the systolic CSFV,,,, decreased
significantly (P < 0.05) (figs. 3-5).

At a CPAP of 12 cm H,O mean arterial blood pressure
increased significantly, whereas systolic arterial pres-
sure, heart rate, Sp, and ET ., concentration remained
unchanged, regardless of thcrupplicd CPAP level (ta-
ble 1).

Discussion
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The results of our study show that, when measuringg
systolic CSFV,,,, in the aqueduct of Sylvius in an cxpcr%
imental human model of increased intracranial pressures
phase- contrast, MRI is a reliable method for detectings
changes in cerebral capacity.

With regard to CSF circulation, the inflow of arteria
blood during cardiac systole increases the intracraniag
volume and is compensated by immediate venous egres€
and CSF displacement to the spinal canal,® whereas thté
cephalocaudal displacement of brain at the f()r:lmcngL
magnum’ contributes only a little to this volume com&
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pensation. Recent MRI studies using phase- contrasty
technique have shown a pulsatile CSF flow in a to-and-frof
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Fig. 5. Systolic cerebrospinal fluid (CSF) peak velocity tracing
during 12 cm H,O continuous positive airway pressure. The
vertical scale is given in centimeters/second and the horizontal
scale is given in milliseconds. The negative deflections repre-
sent craniocaudal systolic CSF flow.
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IMEASUREMENT OF CSFVpe,« FOR ASSESSMENT OF CEREBRAL CAPACITY

Table 1. Systolic Cerebrospinal Fluid Peak Velocity (CSFV,,_,,) during Continuous Positive Airway Pressure (CPAP)

Breathing in Volunteers

CPAP ESEy A MAP SAP HR A Spo,
(emH,0) (cm/s) (mmHag) (mmHg) (beats/min) (mmHg) (%)
0 =53] 2z 27/ 88 + 1 1270 =14 (3151 2= 1/E) A0 7=
6 —49+28 91 =10 129 + 14 64 =10 40 *= 1 96 + 1
12 =4107=t 118" 93 =102 182 =412 65 +9 40 = 1 g7 -+

Values are mean = SD.

CPAP = continuous positive airway pressure; CSFVp .. =
pressure; HR = heart rate; eTp, =

* Significant (P < 0.05).
manner in the aqueduct of Sylvius and the cervical sub-
arachnoid space.®

The systolic increase in cerebral blood volume, dis-
placing CSF caudally across the foramen magnum, oc-
curs slightly earlier than CSF egress from the third to the
fourth ventricle. However, both locations (e.g., cervical
subarachnoid space and aqueduct of Sylvius) show sim-
ilar CSF flow velocity profiles.”® Assuming a negligible
change in the cross sectional area of both locations
during systole, changes in CSF flow must cause corre-
sponding changes in CSFV,,_,.. Therefore, we measured
the CSFV,,, in the aqueduct of Sylvius to assess systolic
CSF displacement, which predominantly determines the
cerebral capacity or intracranial reserve for accommo-
dating increased systolic cerebral blood volume.

We used CPAP breathing for experimentally increasing
extra- and intracranial CSF pressure, because a small but
significant increase in lumbar CSF pressure (P 7 vs. 11
mmHg) has been previously reported in volunteers dur-
ing CPAP breathing.”

The intrathoracic transmission rate of positive airway
pressure depends on lung and chest wall compliance'’
and is reported to be approximately 50% in young vol-
unteers. Three main routes for pressure transmission
from the thoracoabdominal cavity to the CSF compart-
ment have been described, namely the jugular veins,''
numerous non-valved anastomoses between the epi-
dural and vertebral veins and the veins of the thoraco-
abdominal cavity,'? and the intervertebral foramina.'* In
humans and animals, however, the percentage contribu-
tion of each route to changes in P_ has not yet been
precisely determined.

Independent of the route of pressure transmission, any
increase in P increases outflow resistance for systolic
craniocaudal CSF displacement. Consequently, slowing
of craniocaudal CSF flow, which reduces cerebral capac-
ity, should decrease CSFV,,,, in the aqueduct of Sylvius.

Therefore, in the current study, finding CSFV.,,

csf
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systolic cerebrospinal fluid peak velocity; MAP = mean arterial pressure; SAP = systolic arterial
endtidal CO, concentration; Sp02 = pulsoxymetrically measured hemoglobin oxygen saturation.

slightly reduced at a CPAP of 6 cm H,O but significantly
reduced at a CPAP of 12 cm H,O indicates that a signif-
iruas during CPAP of 112 cmi H. 0,
significantly impairs cerebral capacity.

Methodical inaccuracies, however, may influence mea-
surements of systolic CSFV,,_,, in the aqueduct of Sylvius
because of the small size of this structure (normal, 2 or
3 mm).'* When investigating steady and unsteady flow,
inaccuracies between 5'° and 7.5%'¢ have been de-
scribed; but in our study control systolic CSFV,,_,, values
(—=5.1 = 2.7 cm/s) were in good accordance with pre-
viously reported data (—2.0 to —5.2 cm/s).>"”

Arterial and venous (AV) waveform amplitudes in com-
bination account for 56% of the variance of the CSF
waveform amplitude at the C2-C3 disk level in healthy
subjects.® A similar influence on the variance of aque-
ductal CSF waveform amplitudes, which has not been
investigated in previous studies or in the current study,
is, however, assumable and must therefore be regarded

icant increase in P,

as another possible source of methodical inaccuracy.
Furthermore, evaluation of diastolic CSF flow velocity
profiles was not reliably possible because of prospective,
instead of continuous, retrospective cardiac gating in
our study.

In conclusion, in a human model of experimentally
increased intracranial pressure by breathing at CPAP
concentrations of 6 and 12 cm H,O we found a signifi-
cant reduction in CSFV,,,, in the aqueduct of Sylvius at
a CPAP of 12 cm H,0. Decreased CSFVpe.;
slowing of CSF displacement to the spinal canal, which
impairs cerebral capacity for accommodating increased
cerebral blood volume. Measurement of CSFV,,_,, in the
aqueduct of Sylvius by means of phase- contrast MRI is a

indicates a

promising noninvasive method, which may prove useful
in neuroanesthesiologic research.

The authors thank those volunteers at Innsbruck University Hospital
whose participation made this study possible
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Appendix

MR signal sensitivity to motion has first been described by Hahn
etgl®t

When protons move in a magnetic field gradient, they exhibit a change
in precession angle (so-called phase shift) related to their velocity along
the gradient direction. The total phase shift of a proton thereby increases
quadratically with time. In phase-contrast MRI this quadratic phase evo-
lution, in combination with special flow velocity encoding gradients, is
used to discriminate moving from stationary protons. For quantification of
flow velocity, the phase of the MR signal from a baseline measurement is
subtracted from that of a measurement made sensitive to flow velocity by
the use of velocity encoding gradients

Usually, two-dimensional gradient echo sequences are used for quan-
titative flow velocity measurements in which the direction of the
velocity encoding gradients are chosen according to the direction of
the measured flow. In the current study a two-dimensional fast imaging
with steady state precession (2D-FISP) sequence from the commer-
cially available flow quantification package implemented in the Mag-
netom VISION system (Siemens) was used

For quantitative velocity measurements of pulsatile CSF flow cardiac
gating is necessary. In prospective electrocardiographic gating, which
was used in the current study, the acquisition is stopped within
approximately 200 ms of the next R wave to enable the accurate
detection of the next trigger. Thus, the diastolic phase in particular is
not evaluated.
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