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Phase-contrast magnetic resonance imaging measure-
ments of systolic cerebrospinal fluid peak velocity
(CSFVPeak) in the aqueduct of Sylvius have been
shown to be sensitive enough to detect even minor
changes in cerebral compliance. Clinically relevant
changes in cerebral compliance can be caused by
changes in cerebral blood volume (CBV). Changes in
arterial carbon dioxide partial pressure, which correlate
well with end-tidal carbon dioxide concentration
(ETco2), cause changes in CBV. In this study, we inves-
tigated the effect of hypercapnia-induced changes in

CBV on systolic CSFVPeak in anesthetized patients (n
� 8). Hypercapnia (ETco2 � 60 mm Hg) increased
systolic CSFVPeak in the aqueduct of Sylvius as com-
pared with normocapnia (ETco2 � 40 mm Hg) (hy-
percapnia: �5.67 � 0.74 cm/s versus normocapnia:
�3.54 � 0.98 cm/s). In addition to the already known
decrease in systolic CSFVPeak, changes in cerebral
compliance can also prompt an increase in systolic
CSFVPeak.

(Anesth Analg 2002;95:1049 –51)

I t was previously reported that systolic cerebrospi-
nal fluid (CSF) peak velocity (CSFVPeak) decreased
when CSF pressure (Pcsf) was experimentally in-

creased by continuous positive airway pressure
(CPAP) breathing at 12 cm H2O (1,2). It was concluded
that monitoring of systolic CSFVPeak in the aqueduct
of Sylvius is a sensitive means of detecting even minor
changes in cerebral capacity (e.g., compliance) (1).
Clinically relevant changes in cerebral compliance can
also be caused by changes in cerebral blood volume
(CBV). Inhaled anesthetics produce cerebral vasodila-
tion and increase CBV (3).

Before evaluating the effect of these anesthetics on
cerebral compliance by measuring systolic CSFVPeak,
however, the effect of nonanesthetic-induced changes
in CBV on systolic CSFVPeak needs to be studied. This
study therefore focused on the effect of hypercapnia-
induced changes in CBV on systolic CSFVPeak in
anesthetized patients.

Methods
After approval by the local University Ethics Commit-
tee and written informed consent, eight anesthetized
patients (ASA physical status I) scheduled for lumbar
hemilaminectomy underwent two phase-contrast
magnetic resonance imaging (MRI) measurements of
systolic CSFVPeak in the aqueduct of Sylvius prior to
onset of surgery.

Intravenous boli of propofol (3 mg/kg), fentanyl (5
�g/kg), and rocuronium (0.6 mg/kg) were used to
induce anesthesia. After orotracheal intubation, IV
propofol infusion (5 mg · kg�1 · h�1) was commenced
to maintain anesthesia. MRI measurements of systolic
CSFVPeak during normocapnia (e.g., end-tidal carbon
dioxide concentration [ETco2] � 40 mm Hg; oxygen/
air � 0.3; positive end-expiratory pressure [PEEP] � 5
cm H2O) and hypercapnia (e.g., ETco2 � 60 mm Hg;
oxygen/air � 0.3; PEEP � 5 cm H2O) were each
preceded by a minimum 10-min stabilization period.
The sequence of normocapnia and hypercapnia was
randomized.

Hemodynamic (heart rate, noninvasive mean arterial
blood pressure) and respiratory (ETco2, pulse oximetry
hemoglobin saturation, and fraction of inspired oxygen)
variables were continuously monitored (S/5 MRI Mon-
itor™; Datex-Ohmeda, Helsinki, Finland).
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Measurements of systolic CSFVPeak in the aque-
duct of Sylvius were performed on a 1.5 tesla whole-
body scanner (Magnetom VISION®; Siemens, Erlan-
gen, Germany) by using a standard circular polarized
head coil. A two-dimensional gradient echo sequence
(2D-FISP) (repetition time [TR], 100 ms; echo time
[TE], 12 ms; �, 10°; acquisition matrix, 256 � 512; field
of view, 160 mm) with flow velocity encoding in the
slice-select direction was used. For this high-
resolution axial technique, which is sensitive to
through-plane flow, the maximum detectable flow ve-
locity was 20 cm/s. Electrocardiography triggering
was used for prospective gating of the acquisition. The
disadvantage of prospective gating, however, is that
acquisition is stopped within approximately 200 ms of
the next R wave for accurate detection of the next
trigger. Thus, the diastolic phase was not evaluated
(4). Cardiac gating produced a series of phase-contrast
images in various cardiac phases. From these phase-
contrast images, a blinded investigator measured the
systolic CSFVPeak in the aqueduct of Sylvius by using
region of interest measurements. By convention, sys-
tolic CSFVPeak values are given as negative values.

Data are presented as mean � sd. Student’s t-test for
paired samples was used for data analysis. P � 0.05
was considered statistically significant. The statistical
computer package SPSS® Version 8.0.0 for Windows
95 (SPSS, Inc., Chicago, IL), run on a Compaq®

Deskpro EP Series 6350/6.4, was used for statistical
analysis.

Results
All patients (n � 8; age, 41 � 7 yr; weight, 74 � 11 kg;
height, 177 � 8 cm) completed the study without
complication. Hypercapnia (ETco2 � 60 mm Hg) in-
creased systolic CSFVPeak in the aqueduct of Sylvius
as compared with normocapnia (ETco2 � 40 mm Hg)
(hypercapnia: �5.67 � 0.74 cm/s versus normocapnia:
�3.54 � 0.98 cm/s) (Table 1).

Physiologic values are presented in Table 2. Except
for the ETco2 differences between normocapnia and
hypercapnia, there were no statistically significant
differences.

Discussion
Hypercapnia increased systolic CSFVPeak in anesthe-
tized patients. In a previous volunteer study, systolic
CSFVPeak decreased (1) when Pcsf was experimen-
tally increased by CPAP breathing at 12 cm H2O (2). It
was concluded that during CPAP breathing, pressure
transmission from the thorax to craniospinal space
increased Pcsf, thereby increasing outflow resistance
for systolic craniocaudal CSF displacement. Conse-
quently, CPAP breathing decreased systolic CSFV-
Peak in the aqueduct of Sylvius (1).

Changes in arterial carbon dioxide partial pressure,
which correlate well with ETco2 (5–7), cause changes
in CBV (8). Voluntary hypoventilation, however, is not
sufficient to permanently increase ETco2 to �45 mm
Hg. We therefore tested the sensitivity of systolic
CSFVPeak measurements to relevant increases in
ETco2 in anesthetized patients.

In this study, hypercapnia increased systolic CSFV-
Peak as compared with normocapnia. Bearing in mind
the systolic CSFVPeak decrease during CPAP breath-
ing, one possibility would be to assume that the in-
crease in systolic CSFVPeak observed in the present
study was caused by a decreased outflow resistance
for systolic craniocaudal CSF displacement. A more
likely explanation for the increase observed in systolic
CSFVPeak, however, is as follows: a relevant increase
in CBV, e.g., during hypercapnia, increases to a certain
extent the pressure on the cerebral ventricles. Assum-
ing the validity of the known monoexponential rela-
tionship between CBV and intracranial pressure (ICP)
(9), then a new static equilibrium is simultaneously
achieved in the rising part of the ICP-versus-CBV
curve. At a sustained cardiac output, the beat-by-beat
systolic increase in CBV is maintained. In the ascend-
ing part of the ICP-versus-CBV curve, this beat-by-
beat change in CBV causes a greater change in pres-
sure. Consequently, the pressure gradient in the

Table 1. Individual Systolic CSFVPeak Values During
Normocapnia and Hypercapnia

Patient No.
(n � 8)

Normocapnia
(ETco2 � 40 mm Hg),

CSFV (cm/s)

Hypercapnia
(ETco2 � 60 mm Hg),

CSFV (cm/s)

1 �3.12 �5.82
2 �3.36 �5.47
3 �2.65 �6.14
4 �3.14 �5.35
5 �5.02 �5.99
6 �5.10 �6.39
7 �2.61 �4.03
8 �3.33 �6.09

Mean �3.54 �5.67*
sd 0.98 0.74

CSFV � systolic cerebrospinal fluid peak velocity in the aqueduct of
Sylvius; ETco2 � end-tidal carbon dioxide concentration.

* Significant (P � 0.05).

Table 2. Hemodynamic and Respiratory Variables (n � 8
patients)

Variable
HR

(bpm)
MAP

(mm Hg)
Spo2
(%)

ETco2
(mm Hg)

Normocapnia 62 � 9 67 � 7 97 � 1 40
Hypercapnia 66 � 7 70 � 7 97 � 1 60*

HR � heart rate; MAP � mean arterial blood pressure; Spo2 � pulse
oximetry hemoglobin saturation; ETco2 � end-tidal carbon dioxide concen-
tration.

* Significant (P � 0.05).
Values are given as mean � sd.
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aqueduct of Sylvius increases, which, in turn, causes
the observed increase in systolic CSFVPeak. It seems
likely that cardiac output was unchanged in this
study, because hypercapnia had no influence on heart
rate or mean arterial blood pressure. To further sub-
stantiate this hypothesis, static (e.g., independent of
cardiac cycle) and dynamic (e.g., dependent on car-
diac cycle) measurements of ventricular CSF volume
(10) and pressure would be needed which were not
feasible in this study. For the sake of completeness,
compression of the aqueduct of Sylvius with a conse-
quent increase in the systolic CSFVPeak must also be
considered. The regions of interest used to measure
systolic CSFVPeak covered the whole cross-sectional
area of the aqueduct. Because there was no change in
the cross-sectional area of the aqueduct, this hypoth-
esis can be excluded.

Nevertheless, methodical inaccuracies may influ-
ence measurements of systolic CSFVPeak in the aque-
duct of Sylvius because of the small size of this struc-
ture (normally 2–3 mm) (11). When investigating
steady and unsteady flow, inaccuracies between 5%
(12) and 7.5% (13) have been described, but in our
study control systolic CSFVPeak values (�3.54 � 0.98
cm/s) were in good accordance with previously re-
ported data (�2.0 to �5.2 cm/s) (4,14). Furthermore,
evaluation of diastolic CSF flow velocity profiles was
not possible because of the prospective instead of
continuous retrospective cardiac gating involved in
our study.

In all the studied patients, lumbar disk herniation
affected the lumbar CSF space to a varying degree.
The most likely effect would be an increased outflow
resistance for systolic craniocaudal CSF displacement,
which—as for CPAP breathing—would have to cause
a decrease in systolic CSFVPeak. In this study, how-
ever, systolic CSFVPeak was increased, which sug-
gests a negligible effect of that pathology on our
results.

In conclusion, hypercapnia increased systolic CSFV-
Peak in the aqueduct of Sylvius in anesthetized pa-
tients. This finding forces us to expand the conclusions
made in our previous study (1) in two respects. First,
an increase in CBV (e.g., during hypercapnia, as in this
study) influences systolic CSFVPeak, probably by
means of a mechanism other than an increase in Pcsf
(e.g., during CPAP breathing, as in our previous
study). Second, depending on the particular mecha-
nism, a change in cerebral compliance can cause an
increase in systolic CSFVPeak—as in this study—as

well as a decrease in systolic CSFVPeak, as in our
previous study. However, further work is needed to
fully establish noninvasive assessment of cerebral
compliance by measuring systolic CSFVPeak in the
aqueduct of Sylvius.

The authors are indebted to those patients at Innsbruck University
Hospital whose participation made this study possible.
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