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Abstract

Purpose The optic nerve (ON) is an extension of the central nervous system via the optic canal to the orbital cavity. It is
accompanied by meninges whose arachnoid layer is in continuity with that of the chiasmatic cistern. This arachnoid layer
is extended along the ON, delimiting a subarachnoid space (SAS) around the ON. Not all forms of chronic intracranial
hypertension (ICH) present papilledema. The latter is sometimes asymmetric, unilateral, or absent. The radiological signs
of optic nerve sheath (ONS) dilation, in magnetic resonance imaging, are inconsistent or difficult to interpret. The objective
of this study was to analyze the anatomy, the constitution, and the variability of the SAS around the ON in its intraorbital
segment to improve the understanding of the pathophysiologic mechanism of asymmetric or unilateral or absent papilledema
in certain ICH.

Methods The study was carried out on nine cadaveric specimens. In four embalmed specimens, macroscopic analysis of
the SAS of the ONS were performed, with description about density of the arachnoid trabecular meshwork in three distinct
areas (bulbar segment, mid-orbital segment and the precanal segment). In three other embalmed specimens, after staining
of SAS by methylene blue (MB), we performed macroscopic analysis of MB progression in the SAS of the ONS. Then, in
two non-embalmed specimens, light and electron microscopy (EM) analysis were also done.

Results On the macroscopic level, after staining of SAS, we found in all cases that MB progressed on 16 mm average through-
out the SAS of the ONS without reaching the papilla. In four embalmed specimens, in the SAS of the ONS, the density of
the arachnoid trabecular meshwork showed inter-individual variability (100%) and intra-individual variability with bilateral
variability (50%) and/or variability within the same ONS (88%). On the microscopic level, the arachnoid trabeculae of the
ONS are composed of dense connective tissue. The EM perfectly depicted its composition which is mainly of collagen fib-
ers of parallel orientation.

Conclusion The variability of the SAS around the ONS probably impacts the symmetrical or asymmetrical nature of
papilledema in ICH.
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Introduction

The optic nerve (ON), cranial nerve II, is not actually a cra-
nial nerve but an extension of the central nervous system via
< A. Durouchoux the optic canal to the orbital cavity. The optic nerve sheath

arthur.durouchoux @icloud.com (ONS) is the longest of the transbasal sheaths and has three
segments: intracranial, intracanalicular and intraorbital. The
meninges form the ONS, whose arachnoid layer is in conti-
nuity with that of the chiasmatic cistern [3, 20]. The arach-
noid layer is extended along the ON, thus delimiting a suba-
rachnoid space (SAS) around the ON. This SAS contains
a complex system of arachnoid trabeculae and septa [11].
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Not all forms of chronic intracranial hypertension (ICH)
present papilledema. In idiopathic intracranial hypertension
(ITH), there is an average of 4% of patients with unilateral or
asymmetric or absent papilledema [1, 2]. This phenomenon
is rare and of unknown pathophysiology. The radiological
signs of ONS dilatation, in magnetic resonance imaging, are
sometimes inconsistent or difficult to interpret [5, 18, 22].

The objective of this work was to study the anatomy, the
constitution, and the variability of the SAS around the ON
in its intraorbital segment to improve the understanding of
the pathophysiologic mechanism of asymmetric or unilateral
or absent papilledema in certain ICH.

Materials and method

Our anatomical study was carried out on nine cadaveric
specimens (Anatomy Department of Bordeaux, Medical
University of Bordeaux).

Two specimens were embalmed in 10% formalin solution
before dissection. Four ON were removed, then sectioned
longitudinally using a surgical microscope (ZEISS OPMI
6-CFC Microscope, F170, 10x/22B binoculars). These
samples were used for macroscopic analysis (Nikon camera
D3200 18-55 mm/f 3.5-5.6) and an electron microscopy
analysis (Bordeaux Imaging Center—Electronic Imaging,
University of Bordeaux).

Two subjects were prepared with staining of the arter-
ies and veins, in red and blue respectively, with a mixture
of latex and dye (Cis-1.4 Polyisoprene Pebeo centrifuged
natural latex; Colorex Pebeo acrylic ink). They were then
embalmed in a 10% formalin solution before dissection. Four
ON were removed, then sectioned longitudinally using a sur-
gical microscope (ZEISS OPMI 6-CFC Microscope, F170,
10x / 22B binoculars). These samples were used for a mac-
roscopic analysis only (Nikon camera D3200 18-55 mm/f
3.5-5.6).

From two non-embalmed specimens, it was possible to
remove four ON which we preserved in a solution of glutar-
aldehyde (2.5% glutaraldehyde mixed with 0.1 M cacodylate
buffer, pH at 7.2). Each ON was cut in its retrobulbar orbital
part about 4 mm from the eyeball, then analyzed in semi-fine
millimeter section under a light microscope (LM) to select
areas of interest for analysis by EM. The samples intended
for EM were cut with a vibratome (Leica VTS1200S) with
a thickness of 500 pm, the sections were then treated by
washing then staining with 1% osmium tetroxide (OsO4)
then included in epoxy resin before being cut with an ultra-
microtome in ultra-fine sections of 70 nm.

The areas of interest selected in LM were then analyzed
by EM by the “Bordeaux Imaging Center—Electronic Imag-
ing” laboratory of the University of Bordeaux (Electron
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microscope, Hitachi H7650, Tokyo, Japan; equipped with
an Orius 11Mpx camera Gatan, Paris, France).

Three other subjects were prepared with a subarachnoid
injection, at the cervical spinal level, by physiological saline
stained with methylene blue (MB). Then, the parietal bone
was opened via trephine to embalm the brain in a 10% for-
malin solution. After 1 week, we performed the dissections
for a macroscopic analysis of the progression of the MB
within the SAS.

The dissections were carried out according to the same
protocol. We started with a circular and bilateral skin inci-
sion from the nasion to the inion. This was followed by a
circular craniotomy along the incision path, via the fron-
tal tuberosities, the lower part of the parietal bone and the
external occipital protuberance. The incision of the dura
was circular and bilateral, crossing the superior sagittal
sinus and the falx cerebri. Part of the brain parenchyma was
then resected to visualize the anterior and mid skull base,
including the roof of the orbit, the anterior clinoid process,
the ON, and the optic chiasm. The dura was detached and
incised until the entrance of the optic canal. We realized an
osteotomy of the roof, lateral wall, and medial wall of the
orbit to expose the periorbita, an anterior clinoidectomy and
an osteotomy of the optic canal. Then, the periorbita was
opened, for ablation of the retro bulbar intraorbital fat and
oculomotor muscles. We performed a monobloc resection
of the eyeball with the ON and its sheath. A transverse and
posterior section of the eyeball was done while preserving
the posterior pole of the sclera with the optic papilla.

We performed different analyses:

e A macroscopic analysis of the progression of MB in the
SAS of the ONS, by measuring the distance between the
optic disc and the limit of progression of MB.

¢ A macroscopic study of the density of the arachnoid tra-
becular network of the SAS into the ONS, by descrip-
tion of three stages of density (low, medium, high), by a
single observer, in three distinct parts of the ONS (bulbar
segment, mid-orbital segment and the precanal segment).

e Light and electron microscopic study of the architecture
of the SAS.

Results
Macroscopic study

Samples taken from 9 cadaveric specimens allowed the anal-
ysis of 18 ON. Macroscopically, we were able to identify
in all specimens the arachnoid within the ONS with a SAS
containing CSF. The dura was continuous with the intraor-
bital content. The inner layer of the dura extends into the
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ONS and the outer layer of the dura extends into a fibrous
membrane stuck to the bone, the periorbita.

After staining the vessels, we found in all ON the oph-
thalmic artery which penetrated underneath the ON before
becoming the central artery of the retina which ran from the
ON at its center to the optic papilla. There was also a rich
pial vascularization around the ON (Fig. 1).

The longitudinal section depicted, in all ON, a perioptic
SAS which was rich in arachnoid trabeculae and septa. The
arachnoid trabeculae were very well visualized, they formed
a wire mesh network with meshes of variable size. This wire
mesh network, very dense in places, looked like partitions.
The widest segment of the ONS was located at the retrob-
ulbar level, in this zone the arachnoid network, trabecular,
seemed to densify near the optic papilla (Fig. 1).

In four specimens (four with formalin, two with-
out staining and two with staining of the vessels), the
density of the arachnoid trabecular meshwork showed

Fig. 1 Longitudinal sections of
dissected optic nerves. Vascu-
larization, sheath and suba-
rachnoid space. P pia mater,
CRA central retinal artery, SAS
subarachnoid space, S optic
nerve sheath

inter-individual variability (100%) and intra-individual
variability with bilateral variability (50%) and/or vari-
ability within the same ON (88%). Density of the arach-
noid trabecular meshwork was also studied on 3 distinct
areas of the ONS to detail the variability within the ONS
(Table 1). Among these 8 ON, 5 had a higher density of
arachnoid trabeculae at the retro-ocular level (62.5%), 1
had a constant density throughout the ONS (12.5%) and 2
had a lower density at the mid-ocular level (25%).

Staining of the SAS with MB allowed the analysis of
CSF progression from the intracranial SAS to the ONS
(Fig. 2). We noticed, in two specimens, that the progres-
sion of the MB was from the intracranial SAS towards the
ONS crossing the optic canal. CSF progressed partially
in the SAS in all ONS. Thus, the MB progressed, in all
cases, only about 1-2 cm in front of the optic canal with-
out reaching the optic papilla.
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Table 1 SAS variability in 8

ONS, on three distinct parts of Segment (n) Low density, n (%) E/I(e(;:i)um density, High density, n (%)
the intra-orbital segment
Bulbar segment (8) 0 (0%) 3(37.5%) 5(62.5%)
Mid-orbital segment (8) 4 (50%) 4 (50%) 0 (0%)
Pre-canalicular segment (8) 4 (50%) 2(25%) 2 (25%)

Fig.2 Intracranial subarachnoid spaces colored in blue. ON optic
nerve II, C optic chiasm, D dura, O orbit

Fig.3 Subarachnoid space of
the optic nerve sheath colored
in blue. ON optic nerve II, B
blue dye, D optic disc, S optic
nerve sheath
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The 6 ON removed after staining the SAS were used
to analyze the distance between the optic papilla and the
progression of staining within the ONS. This distance was
on average 16 mm (minimum 14 mm, maximum 18 mm)
(Fig. 3).

Light and electron microscopic study

LM and EM analysis were performed on eight ON (four with
formalin, four without formalin). Millimeter "semi-thin" sec-
tions were analyzed by LM (Fig. 4) to select areas of interest
for analysis by EM.

The EM made it possible to analyze the SAS of the ONS
and describe its spatial micro-organization. This consisted
of arachnoid trabeculae and some septa. Figure 5 shows the
trabeculae in longitudinal or cross section depending on the
direction of the cut.
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Fig.4 Subarachnoid space of
the optic nerve sheath, semi-
thin sections (OM). ON optic
nerve II, S optic nerve sheath,
SAS subarachnoid space, T'
arachnoid trabecula

Fig.5 Arachnoid trabeculae in longitudinal and cross sections. A
arachnoid trabecula in longitudinal section, CF collagen fibers, of
parallel organization, F fibrocyte, B arachnoid trabecula in cross sec-
tion

The arachnoid trabeculae consisted mainly of collagen
fibers, organized in very dense fiber, separated by rare fibro-
cytes. The trabeculae were of varying diameters, ranging
from 5 to 70 pm. Under EM, the collagen fibers were rec-
ognizable by the longitudinal alignment of tropocollagen

Fig.6 Collagen fibers in EM. Arrow: characteristic periodicity of
65-70 nm of the tropocollagen chains constituting the fibrillar col-
lagen, “D period” giving an appearance of striation in transmission
electron microscopy

chains with a characteristic periodicity of around 70 nm
(Fig. 6).

The ON arachnoid consisted of dense connective tissue
organized in either parallel or reticular fiber of collagen. The
collagen fibers were arranged in very thick fiber of parallel
orientations within the arachnoid trabeculae and were mostly
reticular or even disorganized within the outer layer of the
arachnoid.

Discussion

ICH is manifested by headache, visual eclipse, tinnitus,
diplopia, loss of visual acuity, and papilledema. Progres-
sion to reversible blindness is possible [4]. In ITH, there is
an average of 4% of patients with unilateral or asymmetric
papilledema [1, 2]. This phenomenon is rare and of unknown
pathophysiology.
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Our analysis of stained SAS showed a partial CSF pro-
gression in the SAS of the ONS. Macroscopic and micro-
scopic analysis showed a composition rich in arachnoid
trabeculae and in septa. EM analysis confirmed the dense
collagen composition of the arachnoid trabeculae, organized
in thick fibers, suggesting stress by mechanical tensions.

Our pathophysiologic hypothesis is the existence of some
micro-partitions in the SAS of the ONS in his intraorbital
segment. This SAS appears to be subdivided and sometimes
appears partitioned by the reticular network of trabeculae
and septum-shaped structures. These partitions could slow
down the CSF flow [16] or even trap the CSF in the SAS
[19] and may alter the ophthalmological clinical presenta-
tion of certain ICH.

In EM analysis, we observed the presence of dense con-
nective tissues rich in collagen fibers in the ONS. The arach-
noid trabeculae of the SAS of the ONS were composed of
parallel collagen fibrils grouped together in very thick fibers.
The composition of which seemed comparable to that of the
connective tissues of other systems, especially the muscu-
loskeletal system in comparison to ligaments and tendons.
The parallel organization of collagen fibers, in thick fibers,
seemed specifically adapted to the transmission of mechani-
cal forces and/or constraints [15, 17]. Physiologically, there
are a CSF flow in the SAS of the ONS and the SAS is subject
to physiological variations in intracranial pressure. The ONS
being distanced and dilated according to the subarachnoid
pressure [16]. This could explain the micro-architecture of
the trabeculae.

In the literature, similar LM and/or EM analysis were
carried out in rabbit, sheep, monkey, and human (Table 2)
[6-14, 16, 19, 21]. Staining of the SAS in blue has previ-
ously been performed in monkeys by Hayreh et al. in 1965

Table 2 Revue of the literature about ON, its sheath, ICH and papilledema

[7]. To our knowledge, our study provided the first analysis
with staining of the SAS of the ONS in human.

Our results in LM and EM agree with those of Killer et al.
in 2003 [12]. Their analysis revealed a complex system of
trabeculae and arachnoid septa that divided the SAS of the
ONS which may have a role in CSF hydrodynamics. In 2006,
in another study, they suggest the presence of local trapping
of the CSF [13]. Tsutsumi et al. in 2021 described, by a MRI
and anatomical study, a hyperintense areas in the intraorbi-
tal ON detected on T2-weighted sequences corresponding
to perivascular spaces of the ON and central retinal artery.
These may be collapsed and difficult to identify macroscopi-
cally on cadaver specimens [21].

Unilateral or asymmetric papilledema has also been ana-
lyzed during an anatomical study in monkeys by Hayreh
et al. in 1968 [6]. The mechanisms evoked were then a uni-
lateral compression of the ON or an asymmetric adhesion of
the chiasmatic cistern. These results agreed a few years later
with those of Liu et al. in 1993 [16], during an anatomical
study in humans reproducing an ICH. Their iterative meas-
urements of intracranial and subarachnoid pressures around
the ON, revealed an asymmetry in the peri optic pressure
measurements.

In a study of the IIH with unilateral or asymmetric
papilledema, Huna-Baron et al. in 2001 [8] found no mac-
roscopic difference in the ON on CT or MRI. However,
the hypothesis of a microscopic difference in the SAS of
the ONS could also be evoked. This hypothesis was also
proposed by Killer et al. in 2007 [14] based on a scan and
cisternographic study in three patients presenting an IIH
with asymmetric papilledema. This same author described
in 2003 [12], in a human anatomical study, an EM analysis
of the architecture of the SAS around the ON.

Year Author Subjects (n) Macroscopy, micros- Other methods
copy (LM/EM)
1965 Hayreh [7] Monkeys Macroscopy Staining by MB of the ONS
1967 Jayatilaka [10] Human cadavers (10) LM
1968 Hayreh [6] Monkeys and rabbits Macroscopy Fundoscopy, CSF pressure
1993 Liu [16] Human cadavers (6) Macroscopy Subarachnoid pressure measurement
1999 Killer [11] Human cadavers (7) LM and EM
2001 Huna-Baron [§] Patients (15) Visual acuity, visual field, lumbar puncture and pressure, MRI
2003 Killer [12] Human cadavers (9) EM
2006 Killer [13] Patients (6) Lumbar puncture and pressure/Fundoscopy/MRI
2007 Killer [14] Patients (5) CT-cisternography with Valsalva manoeuvre, CSF analysis
2010 Jaggi [9] Sheeps (7) LM and EM
2018 Pircher [19] Patients (16) CT-cisternography
2021 Tsutsumi [21] Patients (89), human Macroscopy MRI

cadavers (10)
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The present study has limitations. The main, is that it is
carried out in a postmortem condition which does not reflect
the physiological conditions of CSF flow within the SAS.
In addition, subarachnoid staining by MB injection was per-
formed by a single observer without objective measurement
of intracranial pressure at the time of injection. This may
have been done with too little pressure, making the flow to
the ONS less efficient, or too high, forcing the flow of the
CSF.

The postmortem study also impacted the quality of the
tissues analyzed. However, the collagen fibers were well-
preserved despite postmortem analyzes and numerous labo-
ratory manipulations.

Our analysis, in EM, was performed only approximately
at 4 mm from the posterior pole of the eyeball and we did not
compare these results to other locations of the ONS. It might
be interesting to compare the structure of the SAS with that
of the end of SAS near to the papilla and further back, near
to the optic canal, to search for parts more compartmental-
ized than others.

Macroscopically, in SAS of the ONS, we found inter-
individual and intra-individual variability (bilateral and/or
within the same ONS), however, the analysis was carried out
on a small number of specimens and the density measure-
ment of the arachnoid trabecular meshwork was subjective,
carried out by a single observer. To perform a more reliable
analysis, it would have been interesting to use a density scale
by measuring the average mesh size on a given surface and
to make a cross-assessment with another observer.

In clinical practice, we have limited explanations of
asymmetric papilledema or its absence in certain ICH.
Indeed, all the arachnoid structures described in our study
are so delicate that they cannot be visualized by CT, MRI,
or ultrasound. We suppose that there are micro-partitions in
the SAS of the ONS which sometimes alter the ophthalmo-
logical presentation of the ICH. Papilledema in IIH is one
of the cardinal signs looked for [4]. However, in view of the
literature and our results, an asymmetric papilledema or its
absence should not formally rule out the diagnosis of ITH.

Conclusion

Our anatomical study investigated the SAS of the ONS by
a macroscopic, light and electron microscopic study. We
described the structure, the staining, and the variability of
the SAS around the ON in its intraorbital segment. Macro-
scopic analysis showed inter-individual and intra-individual
variability and the staining showed a partial progression
of MB in the SAS. Macroscopic and microscopic results
revealed a composition rich in arachnoid trabeculae and
septa which seem to form some partitions. EM analysis
confirmed the dense collagen composition of the arachnoid

trabeculae, organized in thick fibers. This study could con-
tribute to improve the understanding of the pathophysi-
ologic mechanism of asymmetric or unilateral or absent
papilledema in certain ICH.
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