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Purprose. We hypothesize that a collapse of the optic nerve subarachnoid space (ONSAS)
in the upright posture may protect the eyes from large translamina cribrosa pressure
differences (TLCPD) believed to play a role in various optic nerve diseases (e.g., glau-
coma). In this study, we combined magnetic resonance imaging (MRI) and mathematical
modeling to investigate this potential ONSAS collapse and its effects on the TLCPD.

MerHobs. First, we performed MRI on six healthy volunteers in 6° head-down tilt (HDT)
and 13° head-up tilt (HUT) to assess changes in ONSAS volume (measured from the
eye to the optic canal) with changes in posture. The volume change reflects optic nerve
sheath (ONS) distensibility. Second, we used the MRI data and mathematical modeling
to simulate ONSAS pressure and the potential ONSAS collapse in a 90° upright posture.

Resurts. The MRI showed a 33% decrease in ONSAS volume from the HDT to HUT
(P < 0.001). In the upright posture, the simulations predicted an ONSAS collapse
25 mm behind lamina cribrosa, disrupting the pressure communication between the
ONSAS and the intracranial subarachnoid space. The collapse reduced the simulated
postural increase in TLCPD by roughly 1 mm Hg, although this reduction was highly
sensitive to ONS distensibility, varying between 0 and 4.8 mm Hg when varying the
distensibility by & 1 SD.

Concrusions. The ONSAS volume along the optic nerve is posture dependent. The simu-
lations supported the hypothesized ONSAS collapse in the upright posture and showed
that even small changes in ONS stiffness/distensibility may affect the TLCPD.

Keywords: glymphatics, optic nerve subarachnoid space, translaminar pressure, glau-
coma, posture

bnormal pressure differences between the intraocular
and intracranial space, that is, the translamina cribrosa
pressure difference (TLCPD), and its posture dependency,
have been hypothesized to play an important role in optic
nerve diseases, including normal tension glaucoma'~* and
idiopathic intracranial hypertension.>”” In addition, devia-
tions in the TLCPD may also be related to visual distur-
bances found among astronauts exposed to microgravity
and development of the spaceflight-associated neuro-ocular
syndrome.”~1°
In the supine position, the intracranial subarachnoid
space (SAS) is expected to be in direct fluid contact with
the optic nerve SAS (ONSAS), implying that the TLCPD can
be assessed from intraocular pressure (IOP) and intracranial
pressure (ICP). When moving to upright postures, the ICP
decreases much more than the IOP, inferring a much larger
TLCPD when sitting/standing.” Increased TLCPD generates
an elevated mechanical bending force on the lamina cribrosa
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(LC). However, experimental animal studies'!!? have indi-
cated that the ICP and ONSAS pressures are directly corre-
lated only as long as the ICP is above a certain thresh-
old, roughly larger than 0 mm Hg. These results suggest
that below this limit, the ONSAS collapses because of low
ICP, effectively disrupting the communication between the
ONSAS and the cranial SAS. In humans, an ONSAS collapse
may thus protect the eye from large TLCPDs when stand-
ing/sitting up,’ as ICP likely drops below the orbital tissue
pressure surrounding the ONSAS in more upright body
postures.'*13 So far, no study has investigated posture-
related effects on the relationship between ICP and the
pressure in the ONSAS, nor the effects of a posture-related
ONSAS collapse on the TLCPD.

Simultaneous assessment of ICP and ONSAS pressure
in vivo in humans is highly challenging because pressure
measurements in the ONSAS are extremely risky. Therefore
in the current study, we used a combination of magnetic
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resonance imaging (MRI) and mathematical modeling to
calculate these pressures and to investigate the potential
posture-driven collapse of the ONSAS. The study consisted
of two parts. First, we utilized MRI of healthy volunteers
in a 6° head-down tilt (HDT) and a 13° head-up tilt (HUT)
body position to directly assess changes in ONSAS volume
with changes in posture, reflecting optic nerve sheath (ONS)
distensibility. Then we used the data from the MRI as input
to a mathematical model of the cerebrospinal fluid (CSF)
circulation, including the craniospinal SAS and the ONSAS,
for determination of the ONSAS pressure and to simulate the
potential collapse in a full 90° upright body posture.

METHODS
MRI of the ONSAS

Subjects. Six healthy volunteers were included for MRI
investigations (2 women, 4 men, age mean + SD: 49 +
9 years). The subjects had no neurologic or ophthalmologic
diseases and were not taking any medications affecting the
central nervous system. Their IOP was normal (14 + 2 mm
Hg in the supine posture, 10 £ 1 mm Hg in a sitting position).
The study was performed in accordance with the Declara-
tion of Helsinki. All participants signed an informed consent
form, and the study was approved by the regional ethical
review board in Umea (approval no. 2014/223-31).

MRI Sequence and Protocol. The subjects were
scanned using a 3T scanner (GE Discovery MR750; General
Electric Healthcare, Waukesha, WI, USA) using a 32-channel
head coil. The ONSAS was imaged using a T2-weighted fast
recovery fast spin echo sequence with fat suppression,'1
and the MRI sequence was optimized to detect the ONSAS.
The volume of interest was positioned so that the slices were
perpendicular to the optic nerve in the orbital section of
the nerve (resulting in oblique coronal images). The settings
were repetition time/echo time 6000/196 ms; number of
excitations 3; flip angle 111°; echo-train length 24; pixel
bandwidth 195.312 Hz/pixel; field of view 160 x 160 mm;
matrix 512 x 512; slice thickness 2 mm; slice gap 0; number
of slices 25; scanning time 2:30 min:sec. This resulted in a
volume of 160 x 160 x 50 mm® with a resolution of 0.31
x 0.31 x 2 mm. The scans covered a distance from the eye
all the way to the intracranial part of the optic nerve. The
MRIs were performed in two different body positions: a HDT
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position of tilt-angle —5.8°, and a HUT position of tilt-angle
+13.3° (maximum achievable in the scanner). The HUT posi-
tion was achieved by using a wedge to lift the upper body
of the research subjects and by tilting the head coil toward
the roof of the camera. The subjects were positioned 5 to
10 minutes before the scans started. Each eye was scanned
twice, with the scan with the highest signal to noise ratio
being used for the analyses. The scans started with the right
eye and continued with the left eye. The order of the HDT
and HUT scans was randomized (three subjects started in
HDT and three in HUT). The difference in ONSAS pres-
sure between the HDT and HUT positions was estimated by
measuring the change in height of the ONSAS (at the level
of the LC) between the two body positions, with reference
to the heart.

Segmentation of the ONSAS. The ONSAS volume all
the way from the LC to the optic canal was directly acquired
from the MRIs. The ONSAS was manually segmented
using ScanIP from Synopsys’ Simpleware software (Version
M-2017.06; Synopsys Inc., Mountain View, CA, USA). One
investigator segmented the ONSAS for all subjects, whereas
a second investigator repeated half of the measurements
(randomized and blinded to body posture status) to assess
the inter-rater agreement (intraclass correlation coefficient
[ICC] = 0.92, indicating excellent agreement).

From the segmentations, the cross-sectional area of the
ONSAS was acquired for each slice (47PT and A"YT),
see Figure 1A, with 7 indicating the slice/segment number,
reflecting the distance from the LC. Multiplying the areas
by slice thickness yielded the corresponding volumes (V"
and VAUT). Furthermore, the radius of the ONSAS in HDT
(rgfsf ) was also assessed from the MRIs for each slice
(Fig. 1B). Assuming the ONSAS is shaped like an annulus,
the radius of the optic nerve (roy;) followed directly from
AfPT and r§ 0!’ The ONSAS radius in HUT (r5{{) was then
directly acquired from A¥"" and roy;. The ONS distensibility
was given by the local change in radius per unit pressure:

HDT _ HUT
A Tons; — Tons;

; M

;= =
AP Ponsasypr — Ponsasyyr

where D; is the distensibility of the ONS and Poysas,,, —
Poysas,,, is the change in ONSAS pressure between HDT

Ficure 1. MRI image of the ONSAS segmentation. (A) Volume. (B) Diameter (average of four directions). The ONSAS radius 7oys and optic

nerve radius 7oy are also highlighted.
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Taie 1. Distensibility, ONSAS Radii, and Optic Nerve Radii Along  Jation with changes in posture. Their model included two
the Extension of the Optic Nerve (Means of All 12 Nerves) compartments for the cranio-spinal CSF space, one for

Region MRI Slice ’”gzesf ron; rgjgsf L D; the cranial part and one for the spinal part, successfully

describing ICP and CSF volume redistribution during the

Units [l mm mm mm mm mm/mm Hg transition from supine to upright postures. The model

Bulbar 1 267 176 246 2 0.02 included a constant production of CSF in the choroid plexus

2 286 177 260 2 0.027 and a pressure driven absorption to venous blood through

3 261 179 237 2 0.024 arachnoid granulations (AGs), and incorporated the effects

. . 4 234167 210 2 0.024 of the collapsible jugular veins on the CSF dynamics in

Midorbital > 211 156 196 2 0.015 the upright posture.'®'®' In the current study, we further
6 198 148 1.83 2 0.015 ) 16 <

- 192 141 174 > 0.017 developed the model by Gehlen et al.'® into a three-

3 190 139 172 2 0.017 compartment model by adding the ONSAS as a separate

9 191 143 1.77 2 0.014 compartment together with an additional CSF absorption

10 188 148 173 2 0.015 route through the ONS.2°-2? This allowed for CSF volume

11 180 149 169 2 0.011 and pressure to be transferred between the intracranial SAS

12 1.79 154 167 2 0.013 and the ONSAS, thus connecting the ICP to the ONSAS

13 1.78 153 1.63 2 0.016 pressure (Poysas). Importantly, the flow resistance between

the cranial SAS and ONSAS compartments (Roysas) Was
based on our collected MRI data (described in the previous
section), opening for a potentially collapsible ONSAS. For an
overview of the compartment model, see Figure 2. The new
additions to the model are summarized in Table 2. Details
for the craniospinal part of the model can be found in the
article by Gehlen et al.,'® whereas our input parameters to
the model are presented under Supplementary materials
(Supplementary Table S1).

@

Cranial SAS

and HUT. The radii and the distensibility for each slice are
presented in Table 1.

Mathematical Modeling of the CSF Circulation

Compartment Model. The compartment model
suggested in this study is based on the work previously
presented by Gehlen et al.'® who modeled the CSF circu-

<« b »
_.‘_‘
g
Ponsass Vonsas ONSAS ICP, V,
______ -4,
____________ 1 Pl
| CSF compartment boundaries [ | :
____________ | -
|
I
|
I
I
I
I
l Poar V.
1 spinal? Vs Spinal SAS
1

Figure 2. The compartment model. The three compartments consist of the cranial SAS (c), spinal SAS (s), and ONSAS, each with a pressure,
volume, and compliance. Changes in volume from supine equilibrium in each compartment serve as the dependent variables of the underlying
ordinary differential equations (ODEs) of the model. The model includes cranial CSF production and CSF absorption to the venous system
through arachnoid granulations (AG) and absorption across the ONS. Flow rates (indicated by arrows) are determined by the pressure
difference and resistances between compartments. For all absorption sites, only outflow from the CSF compartments was allowed. The
compliances depend on both internal CSF pressures and surrounding venous (and intraorbital) pressures, meaning that venous pressure
plays a major role both in absorption and compliance. The ONSAS resistance (Ronsas) is based on the acquired MRI measurements of the
ONSAS/ONS radius (rons) and is allowed to vary. Postural changes are implemented through hydrostatic effects in the CSF and venous
systems, including the collapse of the internal jugular veins and the potential collapse of the ONSAS. The reference level for compartment
¢ is the auditory meatus,” the venous hydrostatic indifference point!® is used for compartment s, and the level of the LC for the ONSAS
compartment. The pressures were hydrostatically adjusted to the same level when calculating the flow rates to account for the height
differences between the reference points. The main model outputs include ICP at the level of the LC (ICPy¢), the ONSAS pressure (Poysas)
and rons when going from supine to upright.
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TABLE 2.
Model

Summary of the New Additions Introduced in the Current

1) A separate compartment for the ONSAS

2) A variable ONSAS resistance based on ONS distensibility

3) An additional outflow of CSF across the ONS

4) Changes in body posture can be performed in a
continuous fashion

5) Includes effects of viscous resistances along the venous
system (even in supine)

Modeling the ONSAS Radius Using the MRI
Data. We separated the ONSAS into three main regions:
bulbar, orbital, and canicular. For the canicular part of
the ONSAS, the ONS radius was kept comstant, that is,
Tonse = rg(?;; = 1.78 mm, whereas for the bulbar and orbital
parts, rons is pressure dependent and thus the resistance to
CSF flow from the intracranial to the ONSAS compartment
will increase with decreasing radius. As our achieved HUT in
the MRI did not extend to 90°, we assumed D; to be constant
within the pressure range of the full posture change from
supine to upright. From Equation (1), we then calculated
the radii as a function of pressure

Yonsi = ngef +D;- (PONSAS - PONSASHDT) . @

This is an important feature of the model because it
allows us to study the potential collapse of the ONSAS. When
sitting up, Poysas — Ponsas,,,, becomes negative, and at some
point, if it becomes negative enough, 7oys reaches 7oy, which
indicates collapse.

In the current study, we neglected the trabeculae, pillars,
and septae in the ONSAS and calculated the axial flow resis-
tance in the ONSAS based on Poiseuille flow in an annulus:

8u L;

JTV(/‘)N, k 4 (kizfl)z
! e )

) 3

Ronsas; =

TONS;
where k; = L

o B s the CSF viscosity, L; is the length of

each segment in ONSAS. We divided the bulbar and orbital
ONSAS into 13 segments with a thickness of 2 mm, that is,
the same resolution as the MRI data. The resulting ONSAS
length (Zonsas) was 26 mm, extending from the LC to the
optic canal.

The total compliance for the ONSAS was calculated as:

A VONSAS

~s 27TLOVSAS’?‘ONSD ) (4)
AP()NSAS ’

C1ONSAS =

where #oys is the (average) radius along the ONSAS, and
D is the average distensibility as given by the mean of all
segments in Equation (1). Equation (4) followed from the
assumption of an annular ONSAS.

ONS Outflow Resistance. According to the literature,
CSF outflow through the ONS exists.??> Raykin et al.?®
measured the permeability of porcine ONS. They reported a
permeability («) of 7.34e-5 mL/min/cm?/mm Hg. If we know
the area of the ONS we may calculate the outflow resistance

IOVS | April 2021 | Vol. 62 | No.4 | Article 26 | 4

across the ONS:

R _ AP _ 1 _ 1 )
oS Q kA 2kmFovsLonsas

Radius and length were acquired from our MRI data and
using an average radius of the ONSAS (#gys ) of 2.1 mm
(supine value) and a length (Zoysas) of 2.6 cm (Table 1)
the resulting equilibrium resistance was: Roys = 3968 mm
Hg/(mL/min). Because this Royns value represents one eye,
the total outflow resistance for two eyes in parallel becomes
half of this value. In our model, CSF absorption across the
ONS was driven by the pressure difference between the
ONSAS and the intraorbital space (i.e., Poysas — Por), and
flow ceased if Poysas dropped below P,,;,.

Simulation Specifics and Main Outputs/Primary
Variables. The main outputs of the mathematical model
were the pressure in the ONSAS and cranial SAS at the
level of the LC (Poysas and ICPjc, respectively), as well
as the radius of the ONS (#ons). These variables were
calculated during a posture change from supine to a 90°
upright position. The simulations started in supine and after
5 minutes we changed from supine to upright over a period
of 10 seconds. The simulation was then continued for about
1 hour to ensure that we reached equilibrium (controlled
by CSF formation and absorption). The simulated r¢ys in the
upright position revealed where ONSAS collapse occurred, if
at all, and the difference between ICP;; and Poysus revealed
the resulting effects on the pressure communication along
the ONSAS. All variables were calculated continuously over
time. The simulations corresponded to a healthy subject
with a supine equilibrium ICP of 11.2 mm Hg, which in
turn corresponded to ICP;; = Poysas = 7.4 mm Hg. The
model was implemented and solved numerically in Modelica
(Open Source Modelica Consortium, OpenModelica 1.14.0,
www.openmodelica.org).

We performed a sensitivity analysis for the distensibility
by repeating the simulations with D; £ 1 - SD. The SD was
taken as the standard deviation of the measured distensibil-
ity values in Table 1, that is, D; £ 0.005 mm/mm Hg.

Statistics

Results are presented as mean £ SD unless otherwise
specified. The Student’s paired samples t-test was used to
compare the ONSAS volume between body postures (signif-
icance level ¢ = 0.05). ICCs were used for the inter-rater
agreement test regarding the segmentation of the ONSAS
volumes (2-way random effects, absolute agreement, and
single rater/measurement).

RESULTS
MRI Measurements

For all 12 optic nerves, the ONSAS volume was 177 £ 45 pL
and 118 £ 42 pL in HDT and HUT, respectively. This change
reflected a significant decrease of 70 £ 28 pL in the ONSAS
of the right optic nerve (from 192 + 42 pL to 122 £ 47 pL,
P = 0.002), and 48 + 30 pL in the ONSAS of the left optic
nerve (from 162 + 46 pL to 114 £+ 40 pL, P = 0.012).
The corresponding hydrostatic pressure difference between
the two postures was 10.6 £ 1.6 mm Hg. In Figure 3, the
measured ONSAS volume per slice can be seen in both HDT
and HUT, showing that the volume decreased along the
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Ficure 3. Average ONSAS volume per slice in the MRI data for all optic nerves. In all slices the volume decreased when changing from
HDT to HUT.

HDT HUT

3 mm

10 mm

15 mm

Ficure 4. MRI of the ONSAS in a test subject in HDT and HUT 3, 10, and 15 mm behind LC. The ONSAS is annulus-shaped and visible in

all images.
entire ONSAS. The largest volume and the largest change optic nerve in most subjects (for an example, see Fig. 4).
in volume were found in the bulbar region. Looking at the However, in certain cases the ONSAS seemed to disappear

Investigative Ophthalmology & Visual Science

HUT MRIs, the ONSAS was still visible along the entire in the orbital section in HUT, which may indicate an ONSAS
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HUT

3mm

10 mm

15 mm

Ficure 5. MRI of the ONSAS in a second subject in HDT and HUT 3, 10, and 15 mm behind LC. In HUT, the ONSAS is visible in the bulbar

region only.

collapse already at 13° in these subjects (Fig. 5). The aver-
age distensibility along the optic nerve (D) was estimated as
0.018 £ 0.011 mm/mm Hg (0.020 + 0.010 mm/mm Hg for
the right ONSAS and 0.015 & 0.011 mm/mm Hg for the left
ONSAS).

Simulations

Pressure. The Poysys and ICP; are presented as a func-
tion of time in Figure GA. In supine, the ICP;c was 7.4 mm
Hg and equaled Poys4s, indicating an open passage between
the intracranial space and the ONSAS. After 5 minutes we
simulated the change in body position (supine to upright)
over a period of 10 seconds. This introduced a drop in
both pressures. During the first 2 seconds, Poys4s decreased
rapidly, before it slowed down because of collapse of the last
segment (7 = 13) of the ONSAS, disconnecting Poysas from
ICP,;¢c. Thereafter, Poysas slowly reached its steady state value
of -5.4 mm Hg, and the ICP;. reached a steady state of
-6.5 mm Hg.

The sensitivity analysis (Figs. 6B-C) showed that the
increased ONS distensibility (D; + 1 - SD) yielded an early
collapse with a steady state ONSAS pressure of — 1.7 mm
Hg, whereas for the decreased distensibility (D; — 1 - SD)
there was no collapse and ICP;c and Poysqs Were nearly
identical.

Figure 7 shows the ONSAS pressure as a function of ICP;¢
for the three different distensibilities. For the decreased

distensibility there is a linear relationship between the two
for all pressures. For the baseline distensibility there is a
linear relationship for pressures above —5.4 mm Hg, whereas
below -5.4 mm Hg the ONSAS pressure was independent of
ICP;, indicating that the ONSAS pressure reaches a constant
value after ONSAS collapse, as the ONSAS is separated from
the intracranial space. For the increased distensibility the
ONSAS pressure becomes independent of ICP,. already at
-1.7 mm Hg.

Estimated TLCPD. Using the group average IOP,
the TLCPD predicted by our model becomes: TLCPD =
IOP — Popsas = (14.2 — 7.4) mm Hg = 6.8 mm Hg in supine,
and 10.1 — (—=5.4) mm Hg = 15.5 mm Hg in upright. For
a non-collapsible system (i.e., for the decreased distensibil-
ity), the TLCPD in the upright posture is only slightly higher
10.1 — (—6.5) mm Hg = 16.6 mm Hg. The increased distensi-
bility predicted a TLCPD of 11.8 mm Hg in upright postures,
meaning that within the limits of our sensitivity analysis the
collapse reduced the postural increase in the TLCPD by 0 to
4.8 mm Hg.

ONSAS Collapse. As we went from supine to upright,
rons decreased and the ONSAS collapsed 26 mm behind the
LC in the upright position (Figs. 6D-E). In the remaining
ONSAS segments the radius diminished, but the passage
remained open (see Fig. 8 for a schematic image). Increasing
the distensibility yielded a collapse at the same location (at
26 mm), whereas for the decreased distensibility the ONSAS
remained open regardless of body posture (Fig. 6F).
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Ficure 6. Plot of pressure (A-C) and minimum ONSAS radius (D-F) versus time when changing body position from supine to upright
at time = 5 minutes. Each column corresponds to different degrees of ONS distensibility to illustrate the sensitive relationship between
distensibility and predicted ONSAS collapse: (A & D) the distensibility directly acquired from the measurements (D;), (B & E) represents
increased distensibility (D; + 1 - D), and (C & F) represents reduced distensibility (D; — 1 - SD). In the supine position, the ICP at the
level of the eye (ICPy¢) equals the ONSAS pressure (Poynsas). In the upright posture, occlusion of the ONSAS causes a pressure difference in
(A) and (B), whereas in (C) there is no occlusion, and the ICP equals the ONSAS pressure. Note that the pressure difference between the
cranial and optic nerve SAS increases with increased distensibility.

Poxsas [mmHg]

ICPrc [mmHg]

Ficure 7. Plotting the ONSAS pressure as a function of the ICP for three different distensibility values. The curve shows a linear dependence
when the ONSAS is open and that the ONSAS pressure is nearly constant after the collapse. For D; the collapse happens at an ICP of
-5.4 mm Hg, for D; + 1 - SD the collapse happens at —-1.7 mm Hg, and for D; — 1 - SD there is no collapse and there is a linear relationship
between ONSAS pressure and ICP all the way.

Investigative Ophthalmology & Visual Science



Investigative Ophthalmology & Visual Science

Collapse of the ONSAS

== SUPINE
=== UPRIGHT

Lamina cribrosa

Optic nerve

S

IOVS | April 2021 | Vol.62 | No.4 | Article 26 | 8

I

ONSAS collapse

ONSAS

Ficure 8. Computed radii for 0 deg supine (red) and 90 deg upright (blue) postures. The computed collapse occurred in the last segment
(furthest away from the LC). The optic nerve shape is based on the MRI measurements.

ONSAS Axial Flow Rate. Because of the decrease in
rons and the accompanying increase in Roysas, the simulated
flow between the cranial SAS and the ONSAS was altered
during the posture change. In supine equilibrium, a flow
rate of roughly 2.2 pL/min was directed from the cranial
SAS to the ONSAS and was absorbed through the ONS. In
the upright posture, there was no flow through the ONS and
the flow through the ONSAS was reversed, going from the
ONSAS toward the cranial SAS. The magnitude of the flow
rate slowly converged toward zero (it was <0.002 pL/min
after 1 hour in upright). The flow rates were roughly the
same for the increased distensibility (both in magnitude and
direction), whereas for the decreased distensibility the flow
was roughly 0.01 pL/min after 1 hour in upright and the
direction of flow remained the same as in the supine posi-
tion.

DISCUSSION

The present study revealed a posture-dependent change in
ONSAS volume along the optic nerve measured by MRI
in healthy subjects. The simulations predicted an ONSAS
collapse in the upright posture and a disrupted communi-
cation between the ONSAS and cranial SAS. The effects on
the TLCPD were sensitive to the ONS distensibility.

ONSAS Collapse

Previous studies have managed to detect a change in the
ONSAS diameter between horizontal and upright postures
in patients with intracranial hypotension and CSF leak-
ages but not in healthy controls.?*-2° However, these studies
all used ultrasound and were limited to measurements in
the bulbar ONSAS 3 mm behind the LC. Our MRI results
include the entire ONSAS and indicate that a collapse of the
orbital ONSAS may be plausible even in healthy subjects.
The ONSAS collapse was supported both by the MRIs, in

which the ONSAS visually disappeared in certain subjects
already at an HUT of 13° (Fig. 5), and by our mathemati-
cal model, which predicted a collapse in the upright posture
(Fig. 6). Both the collapse directly observed in the MRIs and
the collapse predicted by the model occurred in the orbital
section of the optic nerve (Figs. 5 and 8), despite the largest
diameter changes occurring in the bulbar section (Fig. 3).

A disrupted communication between the cranial SAS
and the ONSAS (assessed in horizontal positions) has been
linked to ocular diseases, including normal tension glau-
coma?’~?° and papilledema,*® indicating ONSAS collapse in
supine as a sign of disturbed ONSAS dynamics. Because our
model predicts a general collapse in the upright posture, our
results suggest that the normal physiology of the ONSAS is
similar to that of the jugular veins, with an open commu-
nication in horizontal postures and a collapse in vertical
postures.>'=33 This opens the possibility that the absence
rather than the occurrence of a collapse could prove detri-
mental to ocular physiology in upright postures. These find-
ings motivate further studies of the ONSAS in supine and
upright postures both in normal physiology and pathophys-
iology.

TLCPD

Simultaneous measurements of IOP and ICP in supine,
sitting, and HDT have shown that the ICP is more sensitive
to body posture than IOP, leading to a posture-dependent
TLCPD.”3* These studies assumed a fully communicat-
ing ONSAS and did not take a potential ONSAS collapse
into account. In the current study, the collapsible ONSAS
disrupted the link between ICP and ONSAS pressure,
preventing the ONSAS pressure from dropping to the same
level as the ICP in the upright posture (Fig. 6), suggesting
that the postural change in the TLCPD is not as large as
previous studies suggested. The results support the collapse
as a possible safety mechanic against large TLCPDs in
the upright posture,” with the effectiveness of the safety
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mechanism being highly sensitive to the ONS distensibil-
ity (Fig. 7). This could have direct bearing on various
TLCPD-related diseases as differences in the distensibility
between individuals or groups of individuals could lead
to substantially different TLCPDs. One example is glau-
coma, specifically normal tension glaucoma, in which a
high TLCPD is believed to be an underlying cause.!™* A
decreased distensibility would result in a lower ICP and
an increased TLCPD in the upright posture and could
thus contribute to the development of the disease. Such a
decrease in distensibility could occur naturally with aging,
as the dura mater stiffens as we grow older,”> eventually
compromising the postural ONSAS collapse and increase
the risk of developing glaucoma. Another ocular disease
related to the TLCPD is the spaceflight-associated neuro-
ocular syndrome that develops in astronauts on extended
spaceflights, in which the clinical findings include globe flat-
tening, choroidal folds, and papilledema, not unlike find-
ings in patients with increased ICP® To explain these clin-
ical findings it has been suggested that microgravity elim-
inates the ICP reduction provided by the upright posture
on earth, leading to a chronic increase in ICP in micrograv-
ity”° and thus a decrease in the TLCPD and an increased
force posterior to the eye. If there is an ONSAS collapse in
the upright posture, the effect of this chronic increase in
ICP on the TLCPD will be less and less with increasing ONS
distensibility.

The extended modeling of the CSF system including the
ONS pathway and the posture dependency also has poten-
tial implications for studying the glymphatic system of the
brain,3 which if impaired is thought to be a part of the devel-
opment of Alzheimer’s disease.’” This system is considered
to be involved in removal of brain metabolites and was also
recently described to transport metabolites from the intraoc-
ular space through the optic nerve head to the ONSAS, and
it was suggested that this glymphatic pathway of the eye
might be impaired in glaucoma.®® Understanding the role
of ONSAS/SAS communication, incorporating body position
and collapse function, may thus contribute with valuable
insights essential for the exploration of glymphatic pathways
and their driving pressure gradients.

We did not directly measure the ONSAS pressure in this
study. However, our results can be compared with experi-
mental results in animals, showing an ONSAS closing pres-
sure ranging from a few millimeters of mercury above to a
few millimeters of mercury below zero when altering the
CSF pressure artificially.!!'!* Furthermore, Morgan et al.!?
showed a relationship between CSF and ONSAS pressure in
dogs that was very similar to our Figure 7, with the ONSAS
pressure plateauing close to -1 mm Hg (although with some
variability), compared with our plateau at —-1.7 mm Hg for
the increased distensibility. In other words, increasing the
distensibility with 1 SD yielded results comparable to exper-
iments. Thus it is likely that a collapse of the ONSAS will
affect the ONSAS pressure, at least to some degree, and
therefore also reduce the effects of posture on the TLCPD.

Limitations

As we did not have access to an upright/sitting MRI scan-
ner, we could not measure the ONSAS in 90° by MRI. In
addition, the MRI sequence was optimized to focus on the
orbital section of the optic nerve, leading to uncertainties for
cases in which the optic nerve was highly tortuous, although
this problem applies to both postures equally.
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The simulated ONSAS flows from our model are depen-
dent on the outflow across the ONS, a quantity never
measured directly. Furthermore, we neglected the finer
structures in the ONSAS.* These structures connect the pia
around the optic nerve to the arachnoid membrane and
could have an impact on the proposed collapse.

CONCLUSIONS

The ONSAS volume along the optic nerve was shown to be
posture dependent. The simulations supported an ONSAS
collapse in the upright posture, motivating further research
to validate its applicability both in normo- and pathophysi-
ology. The TLCPD was sensitive to variations in ONS disten-
sibility, meaning that even small changes in optic nerve stiff-
ness, for example, potential changes occurring with aging,
could yield highly different TLCPDs in the upright posture.
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Amended April 22, 2021: When the article was first
published, in the “Estimated TLCPD” section of the
Results, two numbers were shown as positive that
should have been negative. The equation 10.1 —
5.4 mm Hg = 15.5 mm Hg has now been corrected

to

10.1 — (—5.49) mm Hg = 15.5 mm Hg, and the

equation 10.1 — 6.5 mm Hg = 16.6 mm Hg has been
corrected to 10.1 — (—6.5) mm Hg = 16.6 mm Hg.



