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OBJECTIVE: Using magnetic resonance imaging (MRI), sequential information regarding
the dynamic movement of the cerebrospinal fluid (CSF) from the subarachnoid space and the
ventricles to the drainage pathway in response to the CSF pressure was obtained in guinea
pigs. In this study, a new mechanical hydrocephalus model in a guinea pig was developed to
investigate the CSF kinetics in an acute hydrocephalic brain.

MATERIALS AND METHODS: A total of 18 adult male guinea pigs were studied. In the
ventricular injection group, The CSF in the lateral and third ventricles was isolated by insert-
ing a polyethylene tube with a cotton ball into the aqueduct of Sylvius. By infusing artificial
CSF through this tubing acute ventriculomegaly was created. In the subarachnoid injection
group, a polyethylene tube was placed at the cisterna magna. Using MRI with gadoteridol
as a tracer, the movement of CSF from the subarachnoid space and dilated ventricles was
monitored at various pressures. The CSF drainage pathway from the subarachnoid space in
the hydrocephalic condition was examined and compared with the CSF drainage pathway in
normal condition.

RESULTS: Gadoteridol cleared from the lateral and third ventricles and reached the na-
sal mucosa via brain parenchyma; the movement was proportional to the CSF pressure.
Gadoteridol from the subarachnoid space also reached the nasal mucosa and periorbital
region in a similar manner. However, it was not observed to reach either over the convexity
of the brain or adjacent to the superior sagittal sinus.
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INTRODUCTION

Under normal physiological conditions,
most of the cerebrospinal fluid (CSF) is
secreted by the choroid plexus and flows
through the ventricular system to emerge
from the fourth ventricle. The CSF then tra-
verses the subarachnoid spaces via unidirec-
tional open channels due to the difference in
hydrostatic pressure. It has been widely be-
lieved that the arachnoid granules (or arach-

noid villi) are the main drainage site of the
CSF. This pathway is known as the classical
pathway of CSF drainage [1, 2]. On the other
hand, several investigations have revealed
that a considerable fraction of the CSF and
brain interstitial fluid drains into the non-ar-
achnoidal-granulation pathway [3-12] Until
recently, this pathway was referred to as an
alternative, substantial, or lesser pathway of
CSF drainage, implying that this pathway is
insignificant. However, some investigators
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showed that more than 14% to 47% clearance
of the tracers administered into the CSF were
cleared via this pathway [3, 6, 10, 13]. In the
alternative pathway, the CSF or brain inter-
stitial fluids drains into the nasal mucosa or
periorbital region through an open channel
around the nerve sheath and subsequently
into the deep cervical lymphatic system [3,
4, 6-8, 11, 14, 15]. However, these studies
were limited to either morphological or ra-
dioisotope studies that provided evidence of
these drainage pathways as individual data
points after injection of tracers into the CSF.
These methods used tracers as CSF markers
in individuals at a single time point. In this
study, MRI was used to obtain sequential
information regarding the CSF drainage
pathway. It has been identified that CSF
kinetics is altered in the presence of a hydro-
cephalus [1, 12, 16-18]. No suitable animal
model has been available for investigation
of the pathophysiological changes in the CSF
drainage in a hydrocephalic brain. Kaolin-
induced hydrocephalus is the most widely
used hydrocephalus model for experiments
in small animals [19]. Kaolin injected into
the subarachnoid space results in inflamma-
tory changes in the arachnoid membrane
and brain; subsequently, adhesions are
formed to block the CSF pathway. Later, hy-
drocephalus develops due to an increase in
the resistance to CSF outflow [19]. However,
in this model, the CSF outflow pressure and
the site of blockage is unpredictable, mak-
ing it unfeasible to study CSF drainage in a
hydrocephalic brain. Therefore, the author
developed a new hydrocephalus model to
monitor the CSF outflow from the lateral
ventricle in a hydrocephalic brain. In this
new model, hydrocephalus was developed
in response to the CSF pressure without
inducing inflammation. In addition, this
model allows control over the CSF pressure
in the lateral ventricle in order to monitor
alterations in the amount of CSF drainage
and pathway. This study in guinea pigs was
conducted in order to obtain sequential in-
formation regarding the dynamic movement
of CSF from the subarachnoid space and the
ventricular system into the drainage pathway
in response to CSF pressure.

MATERIALS AND METHODS

In this study, a total of 18 adult male
guinea pigs, weighing 600-800 g, were used.

All animal studies were done according to
the NIH guidelines and approved by the
institutional animal care committee. The
animals were initially anesthetized with a
s.c. injection of 5 mg/kg xylazine combined
with 40 mg/kg ketamine (supplemented as
necessary). Fifteen milliliters of half tonic
saline was injected subcutaneously for main-
tenance of body fluid volume. The head was
shaved and secured in a stereotaxic frame.
A heating pad maintained the guinea pig’s
body temperature at 38.0 = 0.5°C during the
surgical procedure. The CSF drainage path-
way from the subarachnoid space was inves-
tigated in the subarachnoid injection group.
The model of the ventricle injection group,
which mimics the acute obstructive hydro-
cephalus in a clinical setting, was designed to
investigate the movement of the CSF solely
from within the ventricle isolated from the
CSF in the subarachnoid space. The move-
ment of the CSF in response to CSF pressure
was also examined in each group.

Subarachnoid injection group (SAS group)

This group comprised nine guinea pigs.
A 1.5-cm sagittal midline incision was made
across the calvarium, extending from the
bregma to the third cervical spine, and the
craniocervical junction was sufficiently
exposed to insert a polyethylene tube (PE-10)
into the subarachnoid space. After inserting
the tube, it was secured by suturing the sur-
rounding dura mater using 8-0 monofila-
ment thread in order to prevent CSF leakage
around the tubing system. The skin was
sutured using 4-0 nylon thread.

Ventricle injection group (V group)

This group comprised nine guinea pigs.
The skin was incised in a manner similar
to that in the “SAS group.” The suboccipital
bone was carefully removed. The dura cover-
ing the cerebellum was then incised in the
midline to expose the foramen of Magendie.
The outlet of the aqueduct of Sylvius was ex-
posed by superior traction of the cerebellum.
A PE-10 tube with a cotton ball secured 5
mm proximal to the tip was passed through
the aqueduct of Sylvius until the cotton ball
was well positioned within the opening of
the fourth ventricle. The combination of the
tube and cotton ball prevented the circula-
tion of CSF from the third ventricle into the
forth ventricle (Fig. 1). The skin was then
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Fig. 1 Left: An illustration of the surgical procedure for the V group. Right: A picture of the insertion

catheter for V group.

sutured with 4-0 nylon thread. The isolated
CSF drainage route from the lateral ventricle
could be examined in this group because
the CSF drainage pathway was completely
blocked at the aqueduct of Sylvius, and the
marker could be directly administered into
the ventricle system. This group mimicked
the acute obstructive hydrocephalus in a
clinical setting and was used to investigate
alterations of the CSF drainage route in com-
parison with the normal physiological CSF
drainage route (SAS group).

Infusion of artificial CSF with gadoteridol
and indigo carmine into the CSF

Upon completion of the surgical proce-
dure, the animals were placed in a sphinx
position inside a specially constructed coil
under the MRI scanner. The tubing system
that was inserted into either the ventricle or
the subarachnoid space was connected to
an infusion pump with a long polyethylene
tubing (PE-50) system so that the Harvard
pump could be placed outside the mag-
netic field. Fifty microliters of artificial CSF
(Elliot’s B solution adjusted to a pH of 7.3
by equilibration with CO,) containing 2 mM
gadoteridol (Gd-HP-DO3A) and 0.1% indigo
carmine (M.W. 466) was infused through the
tubing system at a rate of 20 pl/min over
5 min into either the subarachnoid space
(SAS group) or the intraventricular space (V
group). Thereafter, CSF pressure was main-
tained continuously at various levels (low
pressure: 3 cm H,O, medium pressure: 15
cm H,O, and high pressure: 40 cm H,O) by
changing the height of the outlet of the infu-
sion system. Three animals were examined
in each pressure group both in the V and
SAS group. After obtaining a series of MR
images over 4 h, cardiac perfusion fixation

was performed at the end of the experiment.
The left cardiac ventricle was perfused
with 300 ml of isotonic saline containing 3
IU of heparin followed by 900 ml of 10%
neutral buffered formalin; the solution was
drained out via the right atrium. After the
fixation procedure, the skull was removed
and localization of the indigo carmine dye in
the brain and at the skull base was visually
inspected. The animal was maintained under
general anesthesia throughout the procedure.

Gadoteridol Concentration Studies
Gadolinium chelate is the most commonly
used contrast agent for clinical MRI studies;
however, it has been used to a limited extent
in the CSF. Since gadolinium compound does
not cross the blood brain barrier or the cell
membrane, it can be used as an extracellular
marker [16, 20]. It has been shown that the
ventricular ependymal cell lining is slightly
negatively charged. In order to avoid any
influence of the tissue charge on the tracer
movement, we chose to use gadoteridol, as it
has no negative or positive charge (nonionic).
Due to the T-2 dominant influence, the
signal intensity of high concentration gado-
teridol gets converted into hypointensity on
T-1 images [21, 22]. Therefore, a gadoteridol
concentration study was performed to obtain
an appropriate concentration range that
would show a semi-quantitative relationship
between the concentration of the marker
and signal intensity seen on the MR image.
However, a controversy exists regarding the
method of estimation of actual gadoteridol
concentration in the tissue by measuring the
intensity of the MR image [21]. Sixteen solu-
tions with graduated dilution from 16 mM to
1.9 X110 mM were scanned using the same
parameters that were used for the animal
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experiment. An optimal range of gadoteridol
was found to be between 2 mM/1 to 0.07
mM/1 using the Tl-sequence along with the
coil. Given this range of gadoteridol con-
centration, signal intensity was observed to
convert into hyperintensity on the image im-
mediately after gadoteridol was administered
into the CSF.

MR imaging

Magnetic resonance imaging was
performed at 1.5 Tesla on a GE Signa.
The animal was placed within a specially
constructed Helmholtz-type coil with an
external diameter of 10 cm. Multiple T1-
weighted images were obtained with gradient
echo (3D-SPGR-20) (TE/TR (eff)) =50/7
ms), FOV 8 X6 c¢m?, 1.5 mm thickness/0.0
space). The axial and coronal images of the
guinea pig were continuously acquired be-
fore and after the injection. The experiments
continued for 4 h after start of infusion, and
axial and coronal images of the guinea pig

Pre. 60min.

120min.

were taken every 30 min. The signal inten-
sity in the nasal mucosa, periorbital region,
olfactory lobe, and parasagittal region in the
images were measured using image analysis
software (GE scanner software and NMR
win). In order to normalize these data points
between each image, a reference point was
chosen at the temporalis muscle. The change
in signal intensity in the different regions of
the CSF drainage pathway against time was
plotted. Intensity changes in the region of the
individual time points after injection were
compared with the values in the same region
of pre-infusion image.

RESULTS

Imaging study

The gadoteridol enhancement appeared
in the images immediately after it was
administered into the CSF in both the SAS
and V groups under the Tl-sequence. In the
V group, coronal views of serial imaging
in the guinea pig revealed that gadoteridol

180min.

240min.

Fig. 2 MR coronal view images. A: nasal mucosa (SAS group). B: periorbital lesion (SAS group).
C: nasal mucosa (V group). D: olfactory lobes (V group).
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enhancement started initially in the olfactory
lobes of the brain in the 60-min image fol-
lowed by the nasal mucosa and periorbital
region in the subsequent images. Gadoteridol
enhancement in these regions was further
increased by the end of the experiment. A
similar occurrence was observed in the nasal
mucosa and periorbital regions in the SAS
group. In the early time period, gadoteridol
enhancement observed in the olfactory lobes
was less in the SAS group than that in the
V group. Little enhancement was observed
adjacent to the superior sagittal sinus with
almost no evidence of gadoteridol detected
over the cerebral convexity over a period
of 4 h (Fig. 2). These results indicated that
there was no dynamic flow of the CSF in this
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region in both groups. A difference between
individual animals was observed with regard
to the route of CSF drainage. Some animals
showed more gadoteridol enhancement in
the periorbital region, whereas the others
showed more enhancements in the nasal mu-
cosa. It was noted that the drainage pathway
to the nasal mucosa and periorbital pathway
varied among the individual animals. A rela-
tively large variation was noted within each
group; however, not a single animal showed
gadoteridol enhancement over the cerebral
convexity.

Relation to ICP
The graphs (Fig. 3) show the relationship
between signal intensity changes in the dif-
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ICP 3 cmH20
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Fig. 3 The graphs show the relationship between signal intensity changes in the different regions
of the CSF drainage pathways and in CSF pressure against time in the SAS and V groups.
Values were normalized to the signal intensity at the temporalis muscle.

A: nasal mucosa, B: periorbital region, C: olfactory lobe, D: parasagittal region.
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Fig. 4 Visual inspection of dye (indigo carmine) staining of the brain, nasal mucosa, and peri-
orbital regions was at the end of experiment (SAS group).
A: nasal mucosa, B: periorbital region, C: olfactory lobes, D: cerebral convexity.

ferent regions of the CSF drainage pathways
and in CSF pressure against time in the SAS
and V groups. In the high-pressure subgroup
of V groups, signal intensity had started to
increase in the olfactory lobes and nasal mu-
cosa within 60 min and 90 min, respectively,
after the injection. In the medium-pressure
subgroup of V group, increase in signal
intensity was observed after 90 min in the
olfactory lobes. In the low-pressure subgroup
of V group, the signal intensity showed neg-
ligible increase up to 4 h after start of infu-
sion. In contrast, no early increase in signal
intensity was observed in the olfactory lobes
in the SAS group prior to the observation in
the periorbital region and the nasal mucosa.
Thereafter, the signal intensity increased
in the olfactory lobe probably due to the
exchange of CSF and ISF. Gadoteridol clears
faster from central nervous system with
greater CSF pressure, implying that the CSF
movement is simply a pressure-dependent
process. Little intensity change was observed
to occur around the superior sagittal sinus
region. In addition, gadoteridol was not

detected over the cerebral convexity of the
brain in any group over a period of 4 h.

Visual inspection of indigo carmine

Dye (indigo carmine) staining of the
brain, nasal mucosa, and periorbital regions
was visually inspected at the end of experi-
ment (Fig. 4). The dye was confined to the
ventricle system in the V group and to the
base of brain in the SAS group. Dye staining
was consistently found to some extent in the
periorbital region and nasal mucosa even
in the low-pressure experimental subgroups.
The optic nerve sheath and the episclera
were well stained in the periorbital region.
Dye staining was found to be more in the
periorbital region in some animals, whereas
in others it was more in the nasal mucosa. It
is again noted that the CSF drainage pathway
to the nasal mucosa and periorbital pathway
varied for each animal. Dye was found to a
lesser extent in the olfactory lobes in the SAS
group as compared with that in the V group.
No dye was observed over the surface of
the brain hemisphere in both groups. These



MRI tracer study of the cerebrospinal fluid drainage pathway in normal and hydrocephalic guinea pig brain — 27

findings correlated well with the MR images
obtained over 4 h.

DISCUSSION

Gadoteridol along with artificial CSF was
either infused into the subarachnoid space or
directly into the ventricle. The MRI study was
conducted in order to obtain sequential in-
formation of tracer movement into the nasal
mucosa, periorbital region, olfactory lobes,
and parasagittal region in response to the
CSF pressure alteration. Under T1-sequence,
gadoteridol is a very sensitive extracellular
tracer. However, a high concentration of
gadoteridol appears hypointensity on T1-
images due to the significant effect of T2-
relaxation time [16, 22]. Gadoteridol appears
hyperintensity at an intermediate concentra-
tion (2 mM-0.07 mM with T1-sequence). In
order to examine the CSF dynamics under
MRI in a semi-quantitative manner, it is im-
portant to use an appropriate concentration
range of gadoteridol in the CSF. Therefore,
the actual concentration of gadoteridol in tis-
sues could not be determined from the inten-
sity on the images [16]. The result of this
study indicated the presence of CSF drainage
pathways to the nasal mucosa and periorbital
regions. Drainage of CSF into the nasal mu-
cosa was first described by Schwalbe [15],
and this finding has been confirmed on
many occasions since then [2, 8, 23]. The
CSF pathway to the nasal mucosa is via ex-
tension of the subarachnoid space, which
surrounds each olfactory filament as it pass-
es through the lamina cribrosa [8]. The pia-
arachinoid layers progressively thin and
blend into the perineural sheath as the olfac-
tory filament passes through the cribriform
plate. This perineural sheath becomes a sin-
gle cell layer in the nasal mucosa. The peri-
neural spaces between the filament and
sheath are reported to be in continuity with
the subarachnoid space. The nasal mucosa
has numerous lymphatic channels that sub-
sequently drain into the deep cervical lymph
nodes. Based on several radioisotope clear-
ance studies on brain, a considerable frac-
tion of the CSF, ranging from 25% to 67%,
appears to drain into the lymphatic system, a
considerable amount of which takes place
via the deep cervical route even under nor-
mal physiological CSF pressure in different
species of animals, including primates. The
periorbital region is another major non-ar-

achnoidal pathway for the CSF clearance [23,
24]. At the termination of the optic nerve
subarachnoid space, an area containing nu-
merous small tortuous channels is present
with no evidence of the existence of a mor-
phological barrier for movement of macro-
molecules between the optic nerve subarach-
noid space and the periorbital tissue [23]. An
MRI makes it possible to visualize real time
gadoteridol movement as a bulk flow of CSF
that drains into the nasal mucosa and the
periorbital region in vivo. A rapid change in
signal intensity was observed in the nasal
mucosa after the gadoteridol was introduced
in both the SAS and V groups. The high-
pressure subgroup in the SAS group exhibit-
ed greater gadoteridol clearance from the
subarachnoid space into the nasal mucosa
and periorbital region. An increased change
in the intensity was observed in the nasal
mucosa and periorbital region following in-
jection of gadoteridol; this was in direct pro-
portion to the CSF pressure in the SAS
group. A similar result was observed in the
V group as well. More gadoteridol was ob-
served in regions with higher CSF pressure
in the V group. In 1914, Weed [25] reported
as a microscopic finding that Prussian blue
that was injected into the subarachnoid
space at the cisterna magna accumulated in
the arachnoid granules around the superior
sagittal sinus. This site has since been consid-
ered a major CSF drainage site and is
known as the classical CSF drainage pathway
[1, 25]. However, this process required sever-
al hours of infusion prior to the appearance
of blue granules over the cerebral hemi-
sphere, and, upon visual inspection, no dye
was found over convexity of the brain (in
the whole series, only one or two small parti-
cles were found within the cytoplasm of an
endothelial cell in the lining of the superior
sagittal sinus). Thus, Weed inferred that the
CSF flow in the subarachnoid space over the
dorsal surface of the hemisphere is “very
sluggish.” The lack of CSF flow in the sub-
arachnoid space over the convexity of the
brain has been repeatedly confirmed in sub-
sequent studies. It was never seriously consid-
ered mainly due to the technical difficulty
encountered during the observation of CSF
flow at this site in live animals. Postmortem
analysis was required to determine the CSF
drainage pathway in pathological and radio-
isotope studies [3, 6, 8, 9, 13, 25, 26]. The
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physiological CSF dynamics in individual
animals, therefore, could not be traced.
Unlike techniques used in previous studies,
MRI enabled the real time observation of
CSF kinetics over the convexity of brain in
individual live animals. Although a large
portion of the signal intensity change was
observed in the nasal mucosa and periorbital
region, almost no signal intensity change
was observed in the subarachnoid space of
the brain convexity, adjacent to the superior
sagittal sinus, where the arachnoid villi are
located. This finding does not contradict the
finding of very-sluggish CSF flow on brain
convexity observed by Weed [25]; however,
in the guinea pig, it is less likely that a large
portion of the CSF flows toward the region
of the arachnoid villi. Hydrocephalus is char-
acterized by the abnormal accumulation of
CSF in the central nervous system. With the
exception of CSF overproduction [27], hy-
drocephalus in all cases develops due to in-
creased CSF outflow resistance; therefore,
CSF dynamics are altered in hydrocephalus
[1, 18, 28]. In arrested hydrocephalus, the
rate of absorption must be equal to the rate
of formation. In progressive hydrocephalus,
only a minute fraction of the total amount
of secreted CSF is retained. Thus, even in hy-
drocephalus, the overwhelming majority of
CSF formed still egresses somewhere. It has
been repeatedly shown, experimentally and
clinically, that in hydrocephalus the CSF mi-
grates through the ventricle ependymal wall
into the brain parenchyma [16, 29-31].
However, the site of drainage or absorption
of the migrated CSF in the hydrocephalic
brain remains unresolved. Therefore, it is
important to develop an animal model that
can investigate the CSF pathway solely from
the ventricle, which is separated from the
CSF in the subarachnoid space. Based on our
observation of the V group, which mimics
acute obstructive hydrocephalus in a clinical
setting, CSF from the ventricle first migrates
into the interstitial space of the brain paren-
chyma (olfactory lobes) and then subse-
quently drains into the nasal mucosa. CSF
drainage to the periorbital region is not the
case in V group that was the noticeable in
SAS group. It proposes that the perivascular
space that is involved in the interstitial fluid
drainage may be a reliable candidate in the
brain parenchyma to channel the migrated
CSF into the subarachnoid space and then

divert it to the nasal mucosa [6, 32, 33].
Guinea pig has well developed olfactory ven-
tricles that were prolonged from lateral ven-
tricles. Migrated CSF in the olfactory lobe
drained through brain parenchyma into sub-
arachnoid space adjacent to the olfactory
lobes. The reason of why much CSF did not
egress through periorbital region in even
high pressure V group is not certain.
Nevertheless, one may possible to speculate
that the subarachnoid space around the peri-
orbital region collapsed by the enlarged ven-
tricles so that the accumulated CSF in olfac-
tory subarachnoid space may not reach the
periorbital region in this group. CSF drain-
age was increased when CSF pressure rose so
that postural changes alter the volume of
CSF drainage. However, alteration of the
CSF drainage sites by postural changes was
uncertain. In this study, animal was placed
in prone position that is physiological posi-
tion for rodent. Investigation of CSF drain-
age sites alteration by postural changes is in-
teresting and possible to investigate with MRI
CSF tracer study. Although this result does
not exclude the possibility of CSF absorption
by the brain parenchyma through the brain
capillaries, a large fraction of the CSF mi-
grating from the ventricle to the brain pa-
renchyma was drained into the nasal mucosa
and periorbital region even in the hydroce-
phalic guinea pig brain.

CONCLUSION

Most of the CSF drainage from the
subarachnoid space and the ventricle was
observed to be via the nose and periorbital
pathway at a rate directly proportional to the
CSF pressure. The absence of a parasagittal
signal reduces the likelihood of any signifi-
cant CSF absorption into the superior sagittal
sinus via the “classic” pathway. The CSF flow
can be monitored under MRI using gadoteri-
dol in a semi-quantitative manner.
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