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Normal-Tension Glaucoma Has Normal
Intracranial Pressure

A Prospective Study of Intracranial Pressure and Intraocular
Pressure in Different Body Positions

Christina Lindén, MD, PhD,1 Sara Qvarlander, PhD,2 Gauti Jóhannesson, MD, PhD,1 Elias Johansson, MD, PhD,3

Fanny Östlund, MD,1 Jan Malm, MD, PhD,3 Anders Eklund, PhD2,4

Purpose: To test the hypothesis that normal-tension glaucoma (NTG) is caused by an increased pressure
difference across the lamina cribrosa (LC) related to a low intracranial pressure (ICP).

Design: Prospective case-control study.
Participants: Thirteen NTG patients (9 women; median 71 [range: 56e83] years) were recruited for investi-

gation with the same protocol as 11 healthy volunteers (8 women; 47 [30e59] years). A larger control group
(n ¼ 51; 30 women; 68 [30e81] years) was used only for ICP comparison in supine position.

Methods: ICP and intraocular pressure (IOP) were simultaneously measured in supine, sitting, and 9� head-
down tilt (HDT) positions. Transelamina cribrosa pressure difference (TLCPD) was calculated using ICP and IOP
together with geometric distances estimated from magnetic resonance imaging to adjust for hydrostatic effects.

Main Outcome Measures: ICP, IOP, and TLCPD in different body positions.
Results: Between NTG patients and healthy volunteers, there were no differences in ICP, IOP, or TLCPD in

supine, sitting, or HDT (P � 0.11), except for IOP in HDT (P ¼ 0.04). There was no correlation between visual field
defect and TLCPD, IOP, or ICP and in any body position (P � 0.39). Mean ICP in supine was 10.3 mmHg
(SD ¼ 2.7) in the NTG group (n ¼ 13) and 11.3 (2.2) mmHg in the larger control group (n ¼ 51) (P ¼ 0.24).

Conclusions: There was no evidence of reduced ICP in NTG patients as compared with healthy controls,
either in supine or in upright position. Consequently, the hypothesis that NTG is caused by an elevated TLCPD
from low ICP was not supported. Ophthalmology 2018;125:361-368 ª 2017 by the American Academy of
Ophthalmology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
Glaucoma is a multifactorial disease that may be defined as a
progressive optic neuropathy with characteristic changes of
the optic nerve head and the retinal nerve fiber layer, and
corresponding visual field defects. The pathogenesis is still
not fully understood. Elevated intraocular pressure (IOP) was
once thought to explain the disease. However, not all people
with elevated IOP develop glaucoma and patients with
normal-tension glaucoma (NTG) do not have elevated IOP.
Thus, other causes have to be sought. An attractive hypothesis
suggests that reduced intracranial pressure (ICP) is involved
in NTG. Although the published research data are limited,1e3

this hypothesis is currently actively discussed.4e10

The optic nerve fiber bundles leave the eye through the
lamina cribrosa (LC), i.e., the perforated part of the sclera at
the posterior pole of the eye. The LC separates the intra-
ocular compartment from the retrobulbar optic nerve, which
is surrounded by the cerebrospinal fluid (CSF) in a thin layer
between the optic nerve and the optic nerve sheath (ONS).
The CSF pressure/ICP is thus transferred to the retrobulbar
region and has an influence on the tissue pressure behind the
LC. Analyzing the LC biomechanics with a simplified
ª 2017 by the American Academy of Ophthalmology
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/). Published by Elsevier Inc.
lumped system comparing ICP and IOP excludes important
local biomechanical aspects such as hoop stresses in the
peripapillary sclera, changes in LC morphology, and tissue
properties causing variability in structural support and
remodeling, all important in understanding how pressure-
related stresses affect the optic nerve head and the path-
ways for axons to leave the eye.11e13 Additionally, the
retrolaminar tissue compartment is formed by the pia mater
around the optic nerve, which is capable of bearing stress,14

and occlusion of the ONS around the optic nerve can cause a
disrupted CSF communication.15 Pressure-related stresses
must, however, originate from pressure differences between
compartments. The difference between IOP and ICP, i.e.,
the transelamina cribrosa pressure difference (TLCPD ¼
difference between IOP and ICP at the level of the LC), has
the potential to be one of the contributors to abnormal
stresses and strains in the optic nerve head.12,16

Elevated IOP is a risk factor for primary open-angle
glaucoma; a high TLCPD would then be generated by a
high IOP. But a high TLCPD could also be caused by a low
ICP, and thus cause damage even when IOP is normal.
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Table 1. Characteristics of Normal-Tension Glaucoma Patients

Value (N [ 13 Patients)

Age (years) 71 (56e83)
Gender (F/M) 9/4
NTG diagnosis (years) 10 (4e16)
Height (m) 1.65 (1.56e1.93)
Weight (kg) 77 (60e100)
Body mass index 24.7 (21.1e35.7)
Blood pressure, systolic 138 (110e162)
Blood pressure, diastolic 85 (62e90)
Central corneal thickness (mm) 534 (493e626)
Best-corrected visual acuity (logMAR) 0.04 (�0.08 to 1.30)
Visual field index (%) 61 (7e90)

NTG ¼ normal-tension glaucoma.
All values except gender are presented as median (range).
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Investigations of this hypothesis in humans are at present
limited to performing ICP measurements and assuming a
CSF communication along the optic nerve to the retrobulbar
region. With a lumped comparison between IOP and ICP it
is not possible to investigate the local mechanical strains in
the LC and optic nerve head. The lumped comparison will,
however, give information on the maximum potential
pressure difference across the LCeretrobulbar region and
thereby test the physiological plausibility of the theory of a
reduced ICP as a component in NTG.

In previous studies of TLCPD, posture has not been
accounted for. Measurement of IOP is traditionally performed
in a sitting position, whereas lumbar puncture is performed in
a lateral decubitus position, which is also the situation in the
above-mentioned studies investigating TLPCD in glaucoma.
We recently showed that the reduction in ICP when moving
from supine to sitting is large compared to the small reduction
in IOP, corresponding to a higher TLCPD in sitting than in
supine position.17 These findings imply that (1) in scientific
evaluation of the TLCPD importance in glaucoma,
assessment of IOP and ICP must be performed with the
patient in the same posture; and (2) TLCPD in upright
position is unknown in glaucoma and has potential to give
new understanding of the pathophysiology. Consequently,
the aim of this study was to determine if patients with
NTG have a reduced ICP and an increased TLCPD
compared with healthy subjects.

Methods

Our objective was to measure both ICP and IOP simultaneously in
a single experimental procedure, which includes both upright and
supine posture, to investigate if ICP and/or TLCPD in patients with
NTG are different, compared with healthy subjects. We also
compared ICP in supine position to reference data from a previ-
ously published cohort of healthy subjects.

Patients

Charts of all patients diagnosed with NTG at the 3 hospitals within
the County Council of Västerbotten were reviewed. Patients who
met the inclusion criteria were invited to participate in this pro-
spective study. All study procedures were undertaken at Umeå
University Hospital between February and May 2016. The study
was registered at ClinicalTrials.gov (ID: NCT02776449). The
study protocol followed the tenets of the Declaration of Helsinki
and was reviewed and approved by the Regional Ethical Review
Board at Umeå University. All patients and healthy volunteers
signed a written informed consent after oral and written explana-
tion of the study.

Patients had unilateral or bilateral NTG, defined as untreated
and treated IOP readings in the patient history of maximum
21 mmHg with an occasional measurement up to 24 mmHg, optic
disc damage, and corresponding visual field defects of glaucoma-
tous origin. Patients with neurologic diseases, medications known
to affect ICP (e.g., carbonic anhydrase inhibitors), previous brain
surgery, or previous lumbar puncture were excluded, as were
patients with previous glaucoma surgery. All included eyes were
on antiglaucoma eye drops, but all IOP-lowering medication was
terminated 28 days before the IOP-ICP study day.

Seventeen patients with NTG entered the study. One patient
was excluded after the magnetic resonance imaging (MRI), owing
to a cyst affecting the spinal cord, and 1 patient withdrew at the
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time of lumbar puncture. Two subjects were excluded owing to
mean IOP values >21 mmHg registered at the IOP-ICP study day.
Thus, the NTG group consisted of 13 patients, 11 of whom had
bilateral disease. Characteristics of the NTG subjects are presented
in Table 1.

Healthy Controls

Eleven healthy volunteers (3 men/8 women) with a median age of
47 (range, 30e59) years were included and investigated with the
same protocol as the NTG patients. Original data were collected to
investigate TLCPD and its body position dependence and is pro-
vided in the report of Eklund et al.17 The control subjects had no
past or present neurologic or ophthalmologic disease. To confirm
their health they had undergone an ophthalmologic and
neurologic examination.

Specifically for ICP comparison in supine position, previously
published reference material of 40 healthy subjects18 was added to
the group of 11 healthy volunteers. In this group of 40 subjects no
IOP measurements were performed and the ICP was only measured
in supine position, but with the same lumbar puncture and data
acquisition method as the one used in the present study. The 2
reference materials were merged to form the supine ICP control
population, resulting in a group of 51 healthy subjects (21 men/
30 women) with a median age of 68 (range, 30e81) years. The
age of the NTG group was not significantly different from the
age of the supine ICP control group (n ¼ 51) (P ¼ 0.26).

Baseline Examinations

To assess baseline ocular status and to verify patient eligibility, all
patients underwent a comprehensive baseline ophthalmologic ex-
amination including medical history, weight, height, slit-lamp ex-
amination of the anterior segment, and biomicroscopy of the
fundus. Visual acuity was assessed with Early Treatment Diabetic
Retinopathy Study (ETDRS) charts and measurement of central
corneal thickness was performed with IOLMaster 700 R (Carl
Zeiss Meditec AG, Jena, Germany). IOP was measured with both
Goldmann applanation tonometry (Haag-Streit, Bern, Switzerland)
and the Applanation resonance tonometer (ART) (BioResonator
Good Eye, Umea, Sweden). Visual field was evaluated with
Humphrey Field Analyzer 3, HT24-2 SITA Fast program (Carl
Zeiss Meditec AG, Jena, Germany). The visual field index (VFI) in
that program expresses the visual field as a percentage of a normal
age-adjusted visual field and was used to assess disease severity. A
neurologic examination was obtained from all participants and an

http://ClinicalTrials.gov
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MRI investigation including standard anatomic sequences was
performed; both had to be normal for inclusion.

Investigational Protocol for the Intraocular
PressureeIntracranial Pressure Study Day

Measurements of ICP and IOP were performed simultaneously in
supine, sitting, and head-down tilt (HDT) positions. To control the
body positions, ranging from supine to sitting, the tilt function of
the backrest of the investigational bed was used (the legs were kept
horizontal in all positions). The body position was altered
according to the following procedure: (1) 15 minutes in supine (0�
tilt angle); (2) 25 minutes when the patient was brought from the
supine toward the sitting position in 5 steps at tilt angles 8�, 16�,
24�, 32�, and 40�, each of 5-minute duration; (3) 7 minutes sitting
(69� tilt angle); (4) back to supine position for 7 minutes; (5) 7
minutes in the HDT position (�9� tilt angle). ICP was continu-
ously recorded at all tilt angles, whereas IOP was measured at
phases 1, 3, 4, and 5 (Fig 1). The second supine position was added
because repeated IOP applanation measurements have been shown
to reduce IOP19,20 and therefore a new supine baseline was
acquired before HDT measurements. A lower IOP is thus to be
expected in second supine position compared with first, whereas
the approximately 30 minutes between first supine IOP and sitting
position should make the sitting IOP unaffected by the first supine
IOP assessment.

A lumbar puncture (18-gauge needle) was performed in sitting
position and the needle connected to a standardized pressure trans-
ducer (Likvor CELDA system, Likvor AB, Umea, Sweden),
whereafter the patient was placed in supine position and the study
protocol started. Using this standardized high-precision method to
measure lumbar CSF pressure, it has previously been shown that
lumbar CSF pressure agrees with the ICP.21 In all postures the zero-
pressure reference level for ICP was placed at the auditory meatus
using a built-in horizontal laser line. Further details on the ICP
measurements set-up and protocol are reported in Eklund et al.17 In
each body position the ICP was allowed to stabilize for at least 3
minutes before continuous recording for 2 minutes. The mean ICP
for that period was used as the ICP estimate for that position.

IOP was measured with a handheld ART with a supporting arm
that was placed on the forehead. The measurement technique of ART
is independent of gravity and could be used in all body positions. The
ART technique has been described in detail elsewhere.22,23 Topical
anesthesia (Lidokain-Fluorescein, lidocaine hydrochloride 4% and
fluorescein sodium 0.25%, Chauvin Pharmaceuticals, Kingston-
upon-Thames, UK) was instilled in each eye. Three IOP measure-
ments were obtained for each eye after the time slot for ICP
averaging. The mean was used for analysis. In the analysis only the
IOP and VFI of the worse eye (i.e., with the lowest VFI) was used.

TranseLamina Cribrosa Pressure Difference
Calculation

As the IOP measurements are taken at the cornea, this location can
be considered the reference point for the IOP. To calculate the
TLCPD, the ICP and IOP values were adjusted for the hydrostatic
pressure differences between their respective reference points and
the LC. These new values were defined as ICPLC and IOPLC,
respectively. By definition, hydrostatic pressure differences can be
calculated from density (r), gravity (g), and vertical height (h) of
internal fluid columns (rgh). In any pressure measurement one
should therefore adjust for the difference in the vertical level be-
tween the reference (measurement) level and the level where we
want to know the pressure. In this case, the vertical distance is to
the LC from the cornea in the case of IOP, and to the LC from the
auditory meatus in the case of ICP. For ICP we used the auditory
meatus as the reference point because the measured lumbar CSF
pressure was already hydrostatically adjusted with respect to the
auditory meatus to estimate the ICP. The vertical distances
contributing to hydrostatic pressure effects were estimated based
on distances determined from anatomic MRI sequences (Fig 2).
Patients were examined by MRI of the brain with a T2-weighted
sequence using a 3 Tesla GE scanner with a 32-channel head
coil (GE Discovery MR750, General Electric Healthcare, Wauke-
sha, WI). For each subject the images were analyzed to determine
the distance between the relevant locations, as measured in the
superior-inferior (ICP) and anterior-posterior (ICP and IOP) di-
rections. The resulting vertical distances in supine, sitting, and
HDT positions were then calculated using these distances and the
angle of the backrest of the bed (0�, 69�, and �9�). The TLCPD
was defined as the difference between IOPLC and ICPLC.

Statistical Analyses

The study had a sample size resulting in a power of 0.8 to detect an
ICP difference between NTG and healthy subjects of 2 mmHg or
higher, assuming within-group standard deviations of 1.75 mmHg.
Statistical analysis was performed using SPSS (PASW Statistics
18, SPSS, Chicago, IL). The Student paired t test was used for
statistical comparisons within the NTG group. For comparisons
with the control groups independent t tests were used (no
assumption of equal variance). Correlation between VFI and
pressure variables was determined with Pearson linear correlation
coefficients; additionally, a mixed-model analysis was performed
so as to be able to assess these relationships based on the IOP
values from both eyes of all subjects with bi-ocular glaucomatous
injury and in all body positions. Data are presented as mean
values � standard deviation (SD) when not stated otherwise. A
P value < 0.05 was considered statistically significant.

Results

ICP and IOP in the various positions are presented in Table 2. There
was no difference in IOP or ICP between NTG and healthy subjects,
except in the HDT position, where IOP was significantly lower in
NTG than in healthy subjects. For the larger cohort of healthy
elderly subjects (n ¼ 51), ICP in supine position was
11.3�2.2 mmHg. This was different neither from the (first) supine
value for the NTG subjects of 10.3�2.7 mmHg (P ¼ 0.24) nor
from the second supine value of 11.2�2.4 mmHg (P ¼ 1.00). The
ICP values for NTG and healthy subjects (n ¼ 11) in all body
positions investigated in the present protocol (including
intermediate tilt angles between supine and sitting where no IOP
measurements were performed; Fig 1) are shown in Figure 3.
ICP did not differ between the 2 groups in any body position
(P ¼ 0.39e0.97).

Values for Pressures at the Level of the Lamina
Cribrosa

IOPLC, ICPLC, and TLCPD in supine and sitting position are
presented in Table 3. There were no significant differences between
NTG patients and healthy controls in these parameters in any body
position (including the second supine measurement and HDT)
(P > 0.05). There was no correlation between visual field defect
(i.e., VFI) and TLCPD, IOP, or ICP in any body position (range
of R: �0.26 to þ0.08, P � 0.39). Additionally, the mixed-model
analysis did not reveal any significant relationship between VFI
and IOP, TLCPD, or ICP (P > 0.10), either using a full factorial
model (i.e., including interaction effect between variables) or using
a model limited to main effects.
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Figure 1. Illustration of the investigational protocol showing the changes in body position and the timing of the intracranial pressure (ICP) and intraocular
pressure (IOP) measurements; the total measurement protocol duration was about 1 hour.
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ICP showed a larger change than IOP with respect to posture
(Table 2). Between supine and sitting position, both ICP and IOP
decreased significantly (mean change in NTG patients,
ICP: �10.8�4.1 mmHg; IOP: �3.8�2.8 mmHg, P < 0.01)
(Table 2), whereas TLCPD increased (mean change: 7.0�4.6
mmHg, P < 0.01) (Table 3).

Between the second supine measurement and the HDT
position, ICP increased significantly (mean change: 3.7�3.0mmHg,
P < 0.01), whereas IOP showed no significant change (mean
change: 0.0�1.2 mmHg, P ¼ 0.98) and TLCPD decreased signifi-
cantly (mean change: �4.0�1.9 mmHg, P < 0.01).
Discussion

The hypothesis that glaucoma is caused by an increased
TLCPD has led to the assumption that NTG may be caused
Figure 2. Illustration of the calculation of the intracranial pressure adjusted
reference point) and the lamina cribrosa (the ICPLC) and the intraocular pressu
reference point) and the lamina cribrosa (the IOPLC). The total vertical dist
described by heye: distance between the cornea and the lamina cribrosa, and h
distances were determined based on anatomic distances, assessed from magnetic
different positions (supine: 0�, sitting: 69�, and head-down tilt: �9�).
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by a low ICP,1,2,6,8,10,24 which would create a similar
pressure relationship between the ICP and IOP as an
elevated IOP. The present study is the first to prospectively
evaluate ICP and IOP simultaneously in both supine and
upright positions in patients with a well-established diag-
nosis of NTG and healthy controls. No evidence of reduced
ICP in NTG patients was found and consequently the cur-
rent hypothesis could not be supported by our findings.

The literature on the hypothesis of an increased TLCPD
has a common limitation in that it is based on assessments of
IOP in upright posture and ICP in horizontal posture.
Because both pressures vary with posture, the pressure
difference over LC has not been evaluated per se. These
studies have primarily investigated if patients with glau-
coma have a reduced ICP when they are lying down.1e3,25

We spend 16 hours per day upright, and because ICP is
for hydrostatic gradients between the auditory meatus (ICP measurement
re adjusted for hydrostatic gradients between the cornea (IOP measurement
ances between the lamina cribrosa and the pressure reference points are
ear: distance between the auditory meatus and the lamina cribrosa. These
resonance imaging in supine position, and the tilt angles of the body in the



Table 2. Intracranial Pressure and Intraocular Pressure in Different Body Positions

Posture

ICP IOP

NTG (N ¼ 13) Healthy (N ¼ 11) NTG (N ¼ 13) Healthy (N ¼ 11)

Supine (first) 10.3 (2.7) 10.5 (1.5) 18.9 (3.1) 17.2 (1.8)
Sitting �0.5 (2.7) �0.8 (3.8) 15.1 (3.2) 14.5 (2.3)
Supine (second) 11.3 (2.4) 11.5 (0.8)y 15.4 (2.5) 16.0 (1.9)
HDT 15.0 (2.6) 15.8 (1.2)z 15.4 (2.7)* 17.5 (2.0)

HDT ¼ head-down tilt; ICP ¼ intracranial pressure; IOP ¼ intraocular pressure; NTG ¼ normal-tension glaucoma.
All values presented as mean (SD) in mmHg.
*Statistically significant difference between NTG and healthy subjects.
yN ¼ 8 healthy controls; exclusions of values in these body positions were made because of suspected unreliable ICP estimation owing to reduced cere-
brospinal fluid contact (as indicated by very low ICP pulsations).
zN ¼ 7 healthy controls; exclusions of values in these body positions were made because of suspected unreliable ICP estimation owing to reduced cere-
brospinal fluid contact (as indicated by very low ICP pulsations).
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decreased substantially in upright posture (compared with
horizontal), very little is known of the true LC gradient.
Accounting for the effect of postural dependency had the
potential to give new insights into glaucoma. We addressed
this knowledge gap in this study by (1) measuring ICP and
IOP in both supine and upright positions, (2) assessing the
intraposture differences in these pressures at the level of the
LC, and (3) comparing NTG patients with a group of
healthy volunteers investigated with the same protocol. We
found no significant differences between NTG and healthy
subjects, for ICP or TLCPD, regardless of body position.
These findings indicate both that the craniospinal CSF
Figure 3. Intracranial pressure (ICP) at all evaluated body positions for the norm
(black diamonds, n ¼ 11). The x-axis shows the tilt angle of backrest of the in
position, and �9� to head-down tilt position. The bars represent �1 SD.
dynamics are not disturbed in NTG and that the main
postural control mechanism for ICP, the collapse of the
internal jugular veins,26,27 is intact in NTG patients and
probably not a part of the pathophysiology of glaucoma.
This was further supported by the finding of no correlation
between visual field defect and TLCPD, IOP, or ICP in any
body position.

Regarding the mean ICP in the horizontal posture, our
results are in contradiction to most previous reports and
reviews on ICP in glaucoma patients. Much of the literature
on this subject is in the form of reviews4,6,7,10,28 or based on
indirect measurements of ICP,9,29e32 which is still not
al-tension glaucoma subjects (white circles, n¼ 13) and the healthy controls
vestigational bed, where 0� corresponds to supine position, 70� to sitting

365



Table 3. Adjusted Intracranial Pressure, Adjusted Intraocular Pressure, and TranseLamina Cribrosa Pressure Difference in Supine and
Sitting Positions

Posture

ICPLC IOPLC TLCPD [ IOPLC L ICPLC

NTG Healthy NTG Healthy NTG Healthy

Supine 7.0 (2.9) 6.6 (1.4) 20.7 (3.2) 18.9 (1.8) 13.7 (3.8) 12.3 (2.2)
Sitting �4.9 (2.7) �4.7 (3.8) 15.8 (3.2) 15.1 (2.3) 20.7 (3.6) 19.8 (4.6)

ICPLC ¼ intracranial pressure adjusted for hydrostatic gradients between the auditory meatus (ICP measurement reference point) and the lamina cribrosa;
IOPLC ¼ intraocular pressure adjusted for hydrostatic gradients between the cornea (IOP measurement reference point) and the lamina cribrosa;
NTG ¼ normal-tension glaucoma; TLCPD ¼ transelamina cribrosa pressure difference.
All values presented as mean (SD) in mmHg.
NTG: n ¼ 13; healthy: n ¼ 11.
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considered reliable enough for clinical use,33e36 or case-
studies.37e39 We have only identified 3 studies in which
direct measurements of ICP were performed (Table 4). In a
retrospective analysis Berdahl et al1 found a statistically
significantly lower ICP in NTG patients as compared with
patients with high-tension glaucoma or age-matched non-
glaucoma controls from a primarily white dataset. That
result was later supported in a prospective study of a Chi-
nese cohort.2 The control group in the first study consisted
of people with refractive errors or cataract who had
undergone lumbar puncture for neurologic indication
unrelated to ophthalmic findings. The control group in the
second study contained patients with various neurologic
diseases. In a recently published retrospective analysis of
NTG patients undergoing lumbar puncture during
computer-assisted cisternography, Pircher et al3 were not
able to confirm either a reduced ICP or an increased
TLCPD. Because no control group was investigated, they
compared the results with those of previous studies. In the
present study the control materials consisted of
prospectively collected data from healthy volunteers with
no medical indication to perform lumbar puncture.

The similar ICP in NTG and healthy subjects was sur-
prising to us, but it is noteworthy that our findings had
dissimilarities to the studies by Ren et al2 and Berdahl et al1

regarding ICP primarily for the control group (Table 4). A
statistical comparison between the ICP in the NTG
subjects in the studies of Ren et al2 and Berdahl et al1 and
the present study reveals no significant difference (analysis
of variance, P ¼ 0.62), whereas if we compare the ICP of
Table 4. Summary of Results from Studies Comparing Intracranial
Pressure in Normal-Tension Glaucoma and Controls

Author (Year) Design

NTG Controls

PN ICP N ICP

Berdahl et al1 (2008) Retrospective 11 9.3 (3.2) 68 12.7 (3.9) <0.01
Pircher et al3 (2016) Retrospective 38 11.6 (3.7) na na na
Ren et al2 (2010) Prospective 14 9.5 (2.2) 71 12.9 (1.9) <0.001
Present study Prospective 13 10.3 (2.7) 51 11.3 (2.2) ns

ICP ¼ intracranial pressure; na ¼ not available; ns ¼ not significant;
NTG ¼ normal-tension glaucoma.
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the corresponding control material there was a statistically
significant difference (analysis of variance, P < 0.01).
Thus, the main difference, compared with previous
studies, is a lower ICP in the control group. We have used
a standardized technique and specialized equipment for
ICP recording, used for 40 years for diagnostic purposes
in idiopathic intracranial hypertension and in
hydrocephalus.40,41 The protocol includes careful avoid-
ance of leakage when placing the needle, setting the zero
level very precisely to the auditory meatus with a horizontal
laser beam, and then recording the CSF pressure for 15
minutes with the patient in a restful supine position in a
silent room. Average pressure during the last 2-5 minutes is
used as ICP in supine position. Both control subjects and
NTG patients were investigated with the same protocol. We
are therefore confident that the ICP assessment in the pre-
sent study is reliable. The controls (n ¼ 68) from Berdahl
et al,1 with a mean ICP of 12.7 mmHg and mean age of 68
years, were extracted from a larger cohort (n ¼ 12 118) that
was later published in a study of ICP vs. age.42 The later
study showed a mean value for the age span 60e80 years
of 10.3 mmHg (n ¼ 4284), which is close to the ICP in
the NTG group of Berdahl et al1 and lower than the ICP
in the control group (n ¼ 51) of the present study. The
control population in the study by Ren et al2 revealed a
high ICP compared with known normal data. In summary,
this study does not support a difference in ICP between
NTG and healthy subjects for the horizontal posture.

A pertinent question is what magnitude of pressure dif-
ference would be clinically relevant. There is some evidence
that a 30% reduction of IOP significantly reduces the pro-
gression of NTG.43,44 Assuming an average IOP in NTG
patients of 16 mmHg,44 a therapeutic effect may be detected
if the IOP is reduced by 5 mmHg. One could argue that a
corresponding ICP reduction would be required in NTG.
The present study was designed to detect a pressure
difference in ICP of 2 mmHg. Thus, based on the
negative findings in this study there is no indication of a
clinically relevant pressure difference responsible for
glaucomatous damage.

Our estimates of TLCPD assumes a free communication
between the intracranial CSF space and the LC in all body
positions. It has been suggested and indicated in an animal
study14 that in normal physiology the ONS occludes around
the optic nerve when ICP is reduced below the surrounding
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intraorbital pressure.45 ICPLC would then be constrained to a
minimum level corresponding to the intraorbital pressure,
producing a safety mechanism against high TLCPD in
upright position. This occlusion effect would give a
TLCPD in sitting position of about 12.5 mmHg,17 which
is close to the value we found in supine posture and much
lower than the value of about 20 mmHg that is predicted
by a fully communicating CSF system (Table 3). A
pathologic stiffening of the ONS could lead to incomplete
occlusion and full fluid contact, and thereby maintained
hydrostatic coupling and pressure transfer between the LC
and the intracranial CSF space in upright position. The
ICPLC would then correspond to ICP rather than to the
intraorbital pressure, resulting in a TLCPD of 20 mmHg
(as determined in this study) rather than the 12.5 mmHg
that could be expected with an ONS that occludes from
intraorbital pressure. This indicates that a stiff ONS could
result in abnormal TLCPD in upright position, giving a
potential pathophysiological component in NTG, even
with a normal upright ICP. However, it has been
demonstrated that the CSF turnover in the optic nerve
subarachnoid space is reduced in papilledema and in
NTG,15 and that the optic canal cross-sectional area is
smaller.46 Both these findings indicate that there is occlusion
and an inhibited fluid communication between the
intracranial CSF space and optic nerve subarachnoid space
in NTG, rather than failure of the ONS occlusion
mechanism.

In conclusion, we assessed ICP and IOP simultaneously
in both supine and upright positions in NTG patients and
healthy controls and found no evidence of reduced ICP or
increased TLCPD in NTG patients, indicating that the ICP
regulatory system or disturbed CSF dynamics are not the
major components of the NTG pathophysiology.
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