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Cerebrospinal fluid dynamics between the basal
cisterns and the subarachnoid space of the optic
nerve In patients with papilloedema

Hanspeter Esriel Killer,' Gregor Peter Jaggi,' Neil R Miller,®> Andreas R Huber,*
Hans Landolt,> Angel Mironov,® Peter Meyer,%” Luca Remonda®

ABSTRACT

Aims To determine cerebrospinal fluid (CSF) dynamics
between intracranial CSF spaces and CSF in the
subarachnoid space (SAS) of optic nerves (ONs) in 10
patients with papilloedema.

Methods Prospective assessment of 10 patients with
papilloedema and two control subjects using CT
cisternography and analysis of CSF for the presence of
lipocalin-like prostaglandin D synthase (betatrace
protein).

Results CT cisternography showed a progressively
reduced influx of contrast-loaded CSF from intracranial
CSF spaces into the SAS. The lowest concentration of
contrast-loaded CSF was found in the region of the ON
immediately behind the globe, where the ON sheath was
widened (possibly by unfolding) in all patients compared
with normal subjects. The concentration of lipocalin-like
prostaglandin D synthase differed between the spinal
CSF and the CSF in the SAS, with a markedly higher
concentration in the SAS.

Conclusion The results of this study suggest that CSF
turnover in the SAS of the ON is reduced in patients with
papilloedema from various causes and that the
composition of CSF differs between spinal CSF and that
surrounding the ON.

INTRODUCTION

Patients with increased intracranial pressure (ICP)
often develop papilloedema. This potentially
vision-threatening  ophthalmological  condition
results from transmission of the increased ICP to
the subarachnoid space (SAS) of the optic nerve
(ON). The associated increase in cerebrospinal fluid
(CSE) volume in the perioptic space results in
unfolding of the ON sheath, and it is believed that
this, in turn, compresses the nerve, causing stasis of
axonal transport, thus producing swelling of the
ON axons.' ™ Pressure measurements in the SAS
surrounding the ON have not been performed in
this setting, but it has been assumed that the
pressure in the SAS is the same as that measured
during lumbar puncture and that there is free
bidirectional flow of CSF between the intracranial
SAS and the ON SAS. If this were the case, one
would expect that reduction of pressure on the ON
by, for example, a CSF diversion procedure such as
a lumboperitoneal or ventriculoperitonal shunt or
an ON sheath fenestration (ONSF), would result in
resolution of papilloedema.®™® In fact, it is not
uncommon for papilloedema to persist despite an
apparently functioning shunt or a successful

ONSE? 1% In such cases, permanent visual loss may
result.!!

Recent evidence suggests that the flow of CSF
between intracranial SAS and ON SAS is neither
continuous nor bidirectional.'* In patients with
increased ICP and papilloedema, this may lead to
CSF segregation and the development of a biologi-
cally unfavourable environment from a reduced
CSF recycling time within the perioptic space. This
phenomenon may account for the failure of CSF
diversion procedures and ON decompression
surgery in some patients.'®

To further test this concept, we performed CT
cisternography in 10 patients with increased ICP
and compared the findings with those from two
subjects with normal ICP who were enrolled in an
ongoing prospective study unrelated to papil-
loedema. In addition, we determined the concen-
tration gradient of lipocalin-like prostaglandin D
synthase (L-PGDS) between ON SAS—obtained
during ONSF—and lumbar CSF in seven of our
patients with increased ICP. This gradient has been
reported to be a biomarker of CSF segregation in
the perioptic space.™*

MATERIALS AND METHODS
Ten patients (mean*SD age 52.6+11.7 years; three
men (59%3.5), seven women (49.9%+13.1)) with
papilloedema  from  various causes (eight
with idiopathic intracranial hypertension (IIH), one
with an astrocytoma, and one following bacterial
meningitis) underwent complete neurological and
neuro-ophthalmological examinations (including
visual field testing) as well as MRI and lumbar
puncture to establish the diagnosis and to docu-
ment increased ICP. Nine of the 10 patients had
bilateral papilloedema, and one had unilateral
papilloedema on the left. All patients had been
treated with acetazolamide. Because of lack of
treatment efficacy or intolerance to the medication,
these 10 patients, (nine of whom were still taking
acetazolamide) subsequently underwent fluoros-
copy-guided lumbar puncture in the lateral decu-
bitus position, at which time opening pressure was
measured, as was pressure during a Valsalva
manoeuvre. CSF was collected and analysed for
cells, albumin, IgG antibodies and L-PGDS,
a protein present in the CSF that, in increased
concentrations, has been shown to be toxic to
astrocytes in vitro.'?

For CT cisternography, all patients underwent an
intrathecal injection of 10ml contrast medium
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(lopamidol, molecular mass 778 Da; Iopamiro 300; Bracco,
Milano, Italy) while in the lateral decubitus position at 20° of
Trendelenberg. To accelerate the movement of the contrast
medium intracranially, patients were moved into the prone
position for 10 min. Cisternography was performed in the same
room as the lumbar puncture; the interval between injection of
the contrast material and cisternography was about 15 min. All
patients were scanned in the prone position on a 64-detector
scanner (Aquillion 64; Toshiba, Tokyo, Japan) providing
0.5mmX32 section collimation. Scanning parameters were
25 cm field of view, 512X512 matrix, and a soft tissue and a bone
reconstruction algorithm. The field of view included the
foramen magnum and the nose. Multiplanar reconstruction
images were obtained in the axial, coronal and sagittal planes
with a 1 mm slice thickness.

CT images were analysed on a workstation using the AW
(Advantage Workstation) 4.1 software (General Electric,
Milwaukee, Wisconsin, USA). Contrast density was measured in
Hounsfield Units (HU). Measurements were performed intra-
cranially in the basal cisterns (pituitary and prepontine cisterns)
as well as in the SAS along the orbital portion of the ON. To find
the site with the highest contrast density, the curser was moved
over the area of interest until the highest HU number was
determined. The highest measurement in HU from the same
location was then used in all patients to standardise the proce-
dure. Axial sections were used, and the diameter of the portion
of the ON sheath adjacent to the globe was measured always at
its widest site to standardise the measurement of the diameter
of the ON sheath (figure 1).

Seven patients (mean*SD age 68.65.7years; five men
(67.0+5.3) and two women (68 and 77years)) without ON
disease underwent CT scanning (for maxillary and ethmoid
sinus disease as requested by their otolaryngologist) with
measurements performed as described above and served as

controls for ON sheath diameter (ONSD). In addition, we
performed CT cisternography in two healthy patients without
papilloedema who had normal ICP and who were already
enrolled in another study.

Seven of the 10 patients subsequently underwent ONSF
because of progressive loss of visual acuity or visual field or
inability to tolerate acetazolamide. CSF was sampled and
L-PGDS concentration measured as described previously.'? ' 16

For statistical analysis, the independent two-tailed t test was
used (SPSS V14.0).

RESULTS

CT cisternography

In the four eyes from the two control subjects without papil-
loedema who had normal ICP by lumbar puncture, the densities
of contrast medium by CT cisternography in the SAS
surrounding the ON ranged from 212 to 1005 HU (mean value
700x427.2 SD), and the densities in the basal cisterns ranged
from 347 to 851 HU (mean value 599+356.4). In the 10 patients
with increased ICP, densities of contrast medium in the 19 eyes
with papilloedema were much less, ranging from 8 to 198 HU
(69£52.9). In the nine patients with bilateral symmetric papil-
loedema, the densities of contrast medium in the SAS
surrounding the right and left ONs were similar, with right ON
SAS densities ranging from 8 to 161 HU (60+52.9) and left ON
SAS densities ranging from 21 to 198 HU (82+54.6). The
density of contrast medium in the SAS of the ON without
papilloedema of the one patient with unilateral papilloedema
was also low, measuring 20 HU. In all 10 patients, the densities
of contrast medium in the intracranial SAS (ie, basal cisterns)
were much higher than those in the ON SAS and similar to
those in the two normal subjects, ranging from 428 to 716 HU
(637=78.8) (figure 2) (table 1). Using an independent two-tailed
t test, the difference between the densities in the SAS of ONs

Figure 1
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Coronal (A) and axial (B) CT cisternography in a patient with papilloedema shows markedly reduced density of contrast medium in the
subarachnoid space surrounding the optic nerve (ON) compared with a patient without papilloedema shown to have normal intracranial pressure by
lumbar puncture (C and D). (E) T2-weighted MRI scan of a patient with papilloedema demonstrates enlargement of the ON sheaths without rendering
information about cerebrospinal fluid composition or flow dynamics. ON sheath diameter measurements are indicated by the thin white bars in (C) and (D).
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Figure 2 Density of contrast-loaded Contrast loaded CSF density [Hounsfield Units]
cerebrospinal fluid (CLCSF) in the

subarachnoid space (SAS) of the 1000 1 |

retrobulbar portion of optic nerves (ONs) 900 -

with papilloedema (ON-SAS with PE; 800 -

n=19 ONs) and without papilloedema

(ON-SAS without PE; patients n=1; 7001

controls n=2), as well as in the 600 1 i

intracranial SAS (IC-SAS) in patients 500 Bnoad
(n=10) and controls (n=2). Note that

there is a low density of CLCSF in the 4001

SAS of the ONs in the group of patients 300 1
with bilateral as well as unilateral 200 A
papilloedema, whereas the CLCSF

o ; 100 -
density in the SAS of the ONs in the HipessH
control group is similar to the density in 0 T T T T 1
the IC-SAS. Box plot indicating median Patients ON-SAS Patients ON-SAS  Controls ON-SAS Patients IC-SAS Controls IC-SAS
with PE without PE without PE

value*quartile, maximum and minimum
values (Hounsfield units).

(ON-SAS) with papilloedema compared with those without was ONSD measurements

significant (p<0.01), assuming equal variances. The densities =~ The widest ONSD measured by CT scanning of 19 ONs with
intracranially (IC-SAS) did not differ significantly between cases ~ swollen optic disks from the 10 patients with papilloedema
of ONs with and without papilloedema (p=0.11 assuming equal (nine bilateral, one unilateral) ranged from 6.4 to 10.9 mm (mean
variances; p=0.44 equal variances not assumed). value 82*1.1 SD). In the nine patients with bilateral

Table 1 Measurements for contrast-loaded cerebrospinal fluid (CSF) in the intracranial subarachnoid space (SAS) and in the SAS of the optic nerve
(ON) using cisternography and optic nerve sheath diameter in CT, L-PGDS concentration in the CSF of the SAS of the ON obtained during optic nerve
sheath fenestration and during lumbar puncture (LP) as well as measurement of intracranial pressure (ICP) during LP

Patient No Age (years) Dg PE Cisternography (HU) CcT L-PGDS (mg/l) IcP

M F side IC SAS ON SAS ONSD (mm) ON SAS LP LP
Right Left Right Left Right Left (cmH,0)

1 62 IIH Both 489 101 29 8.40 7.10 69.7 39.3 18.1 25

2 56 IIH Both 557 52 112 9.49 9.62 70.8 32.2 33

3 48 IIH Both 566 23 21 8.21 7.13 132.0 18.0 31

4 58 IIH Both 541 25 33 7.80 1.70 None None 47.0 36

5 57 BaM Both 557 1" Al 8.45 10.92 None None None 25

6 29 IIH Both 428 1M 98 1.62 1.24 76.3 47.8 17.0 30

7 63 IIH Both 529 8 96 8.30 7.70 170.0 131 61.6 48

8 35 CeA Both 716 161 198 8.17 7.92 None None None 28

9 57 IIH Both 448 47 82 7.20 6.40 85.8 72.3 244 50

10 61 IIH Left 539 20 26 6.00 9.70 0.2 323 25

Mean 59.0 49.9 537.00 59.89 76.60 8.18 8.14 94.52 50.79 31.33 33.10

+SD +35 *+13.1 +78.79 +52.93 +54.47 +0.64 +1.44 +42.67 +47.28 +15.90 *9.15

Controls cisternography

1Ci 81 None 347 212 None 38.5 17

2Ci 45 None 851 1005 884 5.0 16.0 18

Mean+SD 63.0 599.00 700.33 5.0 21.25 17.50
+25.5 +356.38 +421.21 +15.91 +0.71

Controls CT (ONSD)

1CT 69 None 7.09 6.93
2CT 77 None 6.99 6.16
3CT 68 None 6.59 5.98
4CT 64 None 6.52 6.67
5CT 74 None 6.92 6.68
6CT 60 None 6.45 6.43
1CT 68 None 6.31 6.67
Mean 67.0 72.5 6.70 6.50
+SD +53 +6.4 +0.30 +0.33

Measurements of right ONs in italics for patient 10 are not included in the mean=SD calculations of right ONs, as this patient had papilloedema only on the left side.
BaM, history of bacterial meningitis; CeA, cerebellar astrocytoma;Ci, cisternography; CSF, cerebrospinal fluid; Dg, patient diagnoses; HU, Hounsfield units; IC, intracranial; ICP, intracranial
pressure; |IH, idiopathic intracranial hypertension; L-PGDS, lipocalin-like prostaglandin D synthase; ONSD, optic nerve sheath diameter; PE, papilloedema.
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Figure 3 Optic nerve sheath diameter 45 .
in optic nerves (ONs) with fully

developed papilloedema (ON with PE;

n=19 ONs) shows that the sheaths are 111
markedly unfolded compared with those

of ONs without papilloedema (ON 10 A
without PE; n=1 ON) or normal controls
(Controls; n=14 ONs), as measured by

CT. Box plot indicating median 91

value*=quartile, maximum and

minimum values (mm). 8 4
7 -
6

Optic Nerve Sheath Diameter [mm]

ON with PE

papilloedema, right ONSDs ranged from 7.2 to 9.5mm
(8.2x0.6) and left ONSDs ranged from 6.4 to 10.9mm
(8.0x1.4). In the one patient with unilateral papilloedema, the
ONSD on the side of the papilloedema measured 9.7 mm,
whereas the ONSD on the side without papilloedema measured
6.0mm. In seven control subjects (14 ONs) without papil-
loedema, other ON disease or intracranial disease, ONSDs
ranged from 6.0 to 7.1 mm (6.6%0.3), with measurements of 6.3
to 7.1 mm (6.7=0.3) on the right and 6.0 to 6.9 (6.5+0.3) on the
left (figure 3) (table 1). The difference in ONSD between ONs
with and without papilloedema (including normal controls) is
highly significant (p<0.01), while the difference in ONSD
between the ON without papilloedema and the normal controls
is not significant (p=0.095).

Measurement of L-PGDS concentration

L-PGDS concentration in the CSF taken from the SAS of ONs at
the time of ONSF (n=7) ranged from 0.2 to 170.0 mg/l (mean
value 70.7+48.7 SD). L-PGDS concentration in the CSF taken
from SAS of right ONs ranged from 1.9 to 170.0mg/l
(79.1x53.7), whereas L-PGDS taken from SAS of left ONs
ranged from 0.2 to 132.0mg/l (50.8+47.3). L-PGDS in the
lumbar CSF (obtained at the time of lumbar puncture for
cisternography, before ONSF) ranged from 17 to 61.6mg/l
(30.6+15.0) (figure 4). In two cases (patients 5 and 8), L-PGDS
was not determined in the lumbar CSF (table 1). The difference
between the L-PGDS concentration in the SAS of ONs (ON-
SAS) with papilloedema compared with the ON without
papilloedema (n=1) was not significant (p=0.23). The L-PGDS
concentration in lumbar CSF did not differ significantly between

ON without PE Controls

ONs with papilloedema and ONs without papilloedema
(p=0.46).

ICP measurements

Initial opening pressure and opening pressure at the time of
cisternography in all 10 patients measured 25 cmH,O or higher.
In the nine patients with bilateral papilloedema, opening pres-
sures ranged from 25 to 50 cmH,0O (34=9). In the patient with
unilateral papilloedema, opening pressure was 25 cmH,0O (table
1). Measurements of IgG and albumin concentrations in the CSF
obtained by lumbar puncture revealed normal values in all
patients and both controls.

DISCUSSION

CT cisternography in 10 patients with papilloedema—eight of
whom had IIH—demonstrated reduced contrast-loaded CSF
(CLCSEF) in the SAS of the ON compared with the basal cisterns.
The lowest concentration of CLCSF was found in the bulbar
region of the ON. In addition, a large concentration gradient of
L-PGDS was measured between spinal CSF and CSF sampled
from the SAS in seven patients in whom ONSF was performed.
Both findings can be explained by CSF sequestration and ON
SAS compartmentation.

Papilloedema is thought to be due to increased ICP that is
transmitted to the SAS of the ON, where it causes stasis of
axonal transport due to mechanical pressure! > 7 18, however,
not all patients with raised ICP develop papilloedema.'*?* In
addition, in patients with increased ICP who develop papil-
loedema, the optic disk swelling may be markedly asymmetrical

Figure 4 Concentration of lipocalin- 180 - L-PGDS Concentration [mg/]
like prostaglandin D synthase (L-PGDS)
in cerebrospinal fluid taken from the 160 1
lumbar subarachnoid space (LP) and
from the subarachnoid space 1407
surrounding the optic nerves with 120 4
papilloedema (ON with PE) and in
control subjects (ON without PE). Box 100 1
plot indicating median value *quartile,
maximum and minimum values (mg/l). 801

60 4

40 4

20 4

0

LP ON with PE ON without PE
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or even purely unilateral ® 2% Some of the factors thought to
determine whether or not a patient with increased ICP develops
papilloedema include the speed at which the ICP increases,
variations in the anatomy of the CSF pathways (trabeculae and
septae) mainly through the optic canal and through the SAS of
the ON (figure 5), as well as the volume of the perioptic space,
and whether or not the cranial sutures have fused.” ** % 3! For
example, increased unfolding of the ON sheath would, in the
setting of increased ICP, allow more volume in the SAS of the
ON without a marked rise in local pressure. On the other hand,
obstruction of the SAS close to, or within, the optic canal in that
setting might prevent papilloedema by blocking the CSF influx
into the SAS of the ON.

Although MRI is the most common method used to image
the ON and SAS in patients with papilloedema, the findings,
such as widening of the ON sheath, most profoundly in the
bulbar region of the ON and flattening of the posterior sclera, are
static and do not render information about CSF flow dynam-
ics—that is, whether or not the CSF is moving and if it is in
continuity with the CSF in the basal cisterns.**~** Contrast-
loaded CT cisternography, on the other hand, provides
a dynamic view of CSF and also allows determination of
whether the CSF in the basal cisterns has the same composition
as the CSF in the SAS of the ON (figure 1). Using this technique,
we found that the density of CLCSF is decreased in the SAS of
ONs with papilloedema compared with its density in intracra-
nial CSF spaces, in the SAS surrounding the ONs in patients
without papilloedema, and, to a lesser extent, in the SAS of the
ON in a patient with unilateral papilloedema on the contralat-
eral side. In addition, our study indicates that the ONSD is larger
on the side with papilloedema in a patient with unilateral
papilloedema. These findings suggest that CSF flow is dimin-
ished through the SAS of the ON compared with flow through
other CSF pathways. In agreement with a previous study, we
also found a marked concentration gradient of L-PGDS between
spinal CSF and CSF sampled during ONSE with the concen-
tration of L-PGDS being much higher in ON SAS than in
intracranial SAS."> As CSF sampling from the SAS of the ON is
an invasive surgical procedure, we do not have a control group.
However, even though we do not have enough measurements of
L-PGDS concentrations from the SAS surrounding ONs in
patients without papilloedema or even normal subjects to report
reliable normal values, our findings support ON compartmen-
tation with CSF segregation as a factor in the development of
papilloedema and its role in the lack of response of some patients

Figure 5 Sagittal scanning electron
microscopy of the canalicular portion of
a normal optic nerve. Note the narrow
subarachnoid space (SAS) in the optic
canal (arrowhead) (A) and the complex
structure of trabeculae and septae
bridging the SAS (B).
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with papilloedema to surgical procedures designed to reduce
pressure on the ON. In addition, given the high concentration of
L-PGDS in the bulbar region of the SAS of the ON, it is possible
that L-PGDS changes the viscosity of the CSF and thus increases
the tendency for CSF segregation.

In most clinical settings, the ICP is measured by lumbar
puncture, and the value obtained is thought to be representative
of the pressure in all CSF spaces. The correlation between the
pressure in the lumbar SAS and the ventricles was first chal-
lenged by Smyth and Henderson,” who simultaneously
measured the pressure in the lumbar SAS and the lateral
ventricles in 39 patients. In 25 of the patients (64%), the pres-
sure was identical, but in 14, there was a difference of
2—10cmH,0. A more recent study compared the pressure
during lumbar puncture with the cerebral parenchymal pressure
in 10 patients with idiopathic normal-pressure hydrocephalus
and found no significant difference between these two
measurements.”® The authors concluded that the assumption
that the pressure in the lumbar SAS and the ventricles is the
same is correct, provided that the patients have communicating
CSF systems.® There are, however, several conditions, such as
meningitis, arachnoiditis and mass lesions, that may markedly
impair the communication of CSF in different parts of the
central nervous system by altering the anatomy of the SAS and
therefore also CSF dynamics.” It is therefore important not only
to know about the concentration of certain CSF components in
that location, but also the local CSF pressure. Such measure-
ments have been performed in cadavers and in patients before
enucleation, but not in the setting of increased ICP* % It is our
hope that non-invasive methods of performing such measure-
ments are impending.

From contrast-loaded CT cisternography in 10 patients with
increased ICP and papilloedema, there is evidence for a lack of
a continuous CSF flow and a reduced CSF turnover between
intracranial CSF and CSF in the perioptic space in this group of
patients. In addition, we found a marked concentration gradient
of L-PGDS between spinal CSF and CSF surrounding the ON,
suggesting CSF segregation.

We cannot offer a clear-cut explanation for the insufficient
effect of acetazolamide in some of our patients; however, CSF
segregation compartmentation and lack of compliance may play
a role. Persistence of papilloedema may also be related to accu-
mulation of debris in the axons, resulting in impairment of
axoplasmic transport or mitochondrial dysfunction. We believe
that these hypotheses should be investigated in an animal model,

0.5 mm
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as the results may lead to better treatment options for patients
with persistent papilloedema and progressive visual loss despite
apparently functioning lumboperitoneal, ventriculoperitonal or
ventriculoatrial shunts or apparently successful ONSE” 10

Some weaknesses of this study need to be addressed. Firstly,
because CT cisternography is an invasive procedure with
potential complications (eg, dye sensitivity), we have only two
healthy ‘control subjects’ in whom the procedure was
performed; however, we do know that these patients had
normal ICP. Secondly, L-PGDS has never been measured in
normal people, and thus we can only compare the relative
concentrations in the SAS of the ON with those in the lumbar
SAS. Thirdly, the patients reported on herein represent
a subgroup with papilloedema who either did not tolerate
acetazolamide or did not respond adequately to the medication.
Most of the patients had IIH, and thus we cannot state with
certainty that our findings can be extrapolated to all patients
with papilloedema, although the fact that there was no major
difference in our findings between the patients with IIH and the
patients with increased ICP from other causes suggests that
such an extrapolation is appropriate.

Finally, we would emphasise that we do not advocate cister-
nography as a primary procedure in the evaluation of patients
with papilloedema, but we believe that this is a useful technique
in the attempt to understand the mechanisms that lead to
papilloedema and ON damage in such patients and to tailor
appropriate treatment to them so as to prevent or reverse visual
loss.
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