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Abstract

Purpose

To investigate lamina cribrosa (LC) displacement during the Valsalva maneuver in young

healthy eyes using enhanced depth imaging (EDI) spectral-domain optical coherence

tomography (SD-OCT).

Methods

Forty-eight eyes of 48 young healthy volunteers (age range: 20–34 years) underwent intra-

ocular pressure (IOP) measurement by Goldmann applanation tonometry as well as Cirrus

HD-OCT scans before and during the Valsalva maneuver. The optic nerve head (ONH)

parameters (average retinal nerve fiber layer thickness, rim area, disc area, average C/D

ratio, vertical C/D ratio, cup volume), anterior LC depth (LCD), subfoveal and peripapillary

choroidal thickness, and neural canal opening diameter were measured on compensated

OCT and compared during Valsalva challenge. The subjects were asked to take a five-min-

ute break after each Valsalva maneuver.

Results

During the Valsalva maneuver, the IOP significantly increased, from 12.7 ± 3.0 mmHg to

16.0 ± 3.2 mmHg (P < 0.001), while the LCD sharply decreased, from 463.4 ± 118.8 μm to

427.3 ± 106.4 μm (P < 0.001). The subfoveal choroidal thickness (300.7 ± 90.6 vs. 309.6 ±

93.5 μm), peripapilllary choroidal thickness (152.2 ± 55.4 vs. 150.8 ± 49.3 μm), neural canal

opening diameter (1651.8 ± 204.2 vs. 1651.0 ± 217.6 μm), and all of the ONH parameters

did not change significantly (all P > 0.05).
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Conclusions

The Valsalva maneuver induced anterior displacement of the LC, but did not alter the cho-

roidal thickness or ONHmorphology. The data describe the positional characteristics of the

LC in response to the Valsalva maneuver in young healthy eyes.

Introduction
Posterior displacement of the lamina cribrosa (LC) caused by increased intraocular pressure
(IOP) plays a prominent role in the pathogenesis of glaucoma.[1–3] A posteriorly displaced LC
can lead to mechanical and vascular damage to the optic nerve head (ONH), including the gan-
glion cell axons.[1] However, glaucomatous eyes even within the normal range of IOP, a condi-
tion known as normal-tension glaucoma (NTG), remain at issue in the ongoing quest to
discover additional causal factors of glaucoma development.

Recently, IOP and cerebrospinal fluid (CSF) pressure dynamics as they impact on the LC
have been considered to be a key factor in glaucoma development.[4–7] Trans-laminar pres-
sure difference (TLPD; the difference between IOP and CSF pressure) and trans-laminar pres-
sure gradient (TLPG; TLPD divided by LC thickness) recently have been suggested as possible
factors in the pathogenesis of NTG.[5] CSF pressure in NTG eyes is known to be lower than in
high-tension glaucoma eyes or healthy controls.[8, 9] In addition, axonal damage and optic
neuropathy can be induced by experimental reduction of CSF pressure in monkey eyes.[10]

In this light, Zhang et al.[11] investigated in-vivo structural ONH change under the oppo-
site circumstances: increased CSF pressure resulting from the sustained Valsalva maneuver in
non-glaucomatous eyes. The subjects with lumbar puncture demonstrated that the Valsalva
maneuver induced a decrease or reversal of TLPD. Another group of subjects revealed an
inward movement of the ONH, a decrease of cup volume and cup-to-disc (C/D) ratio and an
increase of neuroretinal rim volume during the Valsalva maneuver. The position of the LC in
relation to TLPD dynamics, however, has yet to be investigated.

We hypothesized that the Valsalva maneuver reverses TLPD by increasing CSF pressure,
which might lead to anterior displacement of the LC. The purpose of the present study was to
investigate LC positional change during the Valsalva maneuver.

Materials and Methods

Study Subjects
The participants in this study comprised 48 young healthy volunteers who visited the Armed
Forces Busan Hospital for health screening checkup. They met the eligibility criteria and pro-
vided written informed consent to participate. This study was approved by the Seoul National
University Hospital and Armed Forces Medical Command Institutional Review Board and fol-
lowed the tenets of the Declaration of Helsinki.

Subjects’ detailed medical histories were taken, after which they underwent comprehensive
ophthalmic examinations including best-corrected visual acuity assessment, slit-lamp biomi-
croscopy, refraction, gonioscopy, Goldmann applanation tonometry, and dilated fundus exam-
ination. Central corneal thickness (CCT) was measured by SD-OCT (anterior segment scan
mode, Cirrus HD-OCT 5000, Carl Zeiss Meditec, Dublin, CA) via built-in caliper system (soft-
ware version 6.0; Carl Zeiss Meditec).
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The IOP was measured twice before the standardized Valsalva maneuver and then once
during it. The baseline IOP value was defined as the mean of the two measurements before the
standardized Valsalva maneuver.

None of the eyes had glaucomatous optic disc changes (e.g., notching, rim thinning, RNFL
defect) on fundus examination. SD-OCT scans showed peripapillary RNFL and macular gan-
glion cell-inner plexiform layer (GCIPL) thicknesses within the normal ranges.

The present study excluded subjects with (1) a history of refractive surgery, (2) a history of
ocular trauma, (3) a history of systemic or ocular infection, (4) a history of systemic diseases
including hypertension and diabetes, (5) intraocular pressure (IOP)> 21 mmHg, (6) SD-OCT
scan signal strength< 7, or (7) unclear visibility of more than one-quarter of the anterior LC
surface of the neural canal opening diameter. Only one eye was randomly selected for the
analysis.

Measurement protocol with Standardized Valsalva maneuver
The subjects were asked to exhale into a mouthpiece connected to a handheld differential pres-
sure meter (OMEGA HHP-801TM; OMEGA Engineering Inc., Connecticut, USA). They were
instructed to maintain the expiratory pressure at a minimal level of 30 mmHg for over 15 sec-
onds. After each Valsalva maneuver, the subjects were directed to take a five-minute break.

Spectral-Domain Optical Coherence Tomography Imaging
All of the subjects were scanned with the Cirrus HD-OCT 5000. The optic disc scan was per-
formed as follows: 200 × 200 optic disc cube scan, 5-HD line scans (6 mm length) centered to
optic disc, and 1-HD line scan (9 mm length) aligned to axis connecting fovea and center of
optic disc. The HD-line scans were performed in the enhanced depth imaging (EDI) mode. All
of the optic disc scans were performed in a sitting position, first as a baseline and then with the
subject sustaining the standardized Valsalva maneuver. The subjects rested for five minutes after
each Valsalva maneuver prior to initiation of the next scan. A 200 × 200 macular cube scan was
performed as a baseline measurement to obtain the macular ganglion cell-inner plexiform layer
(GCIPL) thickness. The average peripapillary RNFL thickness and the following ONH parame-
ters were automatically measured with the built-in analysis algorithm (software version 6.0; Carl
Zeiss Meditec): rim area, disc area, average C/D ratio, vertical C/D ratio, and cup volume.

Measurement of Anterior Lamina Cribrosa Depth, Neural Canal Opening
Diameter, and Subfoveal and Peripapillary Choroidal Thicknesses
To enhance the LC and choroid visibility, adaptive compensation was performed on all of the
optic disc scan images according to the relevant protocols (contrast exponent = 2, threshold
exponent = 6).[12–14] All of the measurements were performed using ImageJ software (devel-
oped by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://
imagej.nih.gov/ij/). Anterior LC depth (LCD) was defined as the maximal vertical distance
between the reference plane connecting Bruch’s membrane openings (BMO) and the anterior
LC surface. Neural canal opening diameter was defined as the distance between the two termi-
nations of BMO. Choroidal thickness was defined as the vertical distance between the outer
border of the retinal pigment epithelium and the inner surface of the sclera. The LCD and neu-
ral canal opening diameter were measured from five HD-line scans, and only the central three
of them were used for the analysis. The subfoveal choroidal thickness and peripapillary choroi-
dal thickness (the point 250 μm temporally from the termination of the BMO) were measured
simultaneously from a 1-HD line scan. The measurements were performed by an experienced
ophthalmologist (Y.W.K.) who was masked to each subjects’ clinical information.
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Data Analysis
To determine the interobserver reproducibility of the LCD and choroidal thickness measure-
ments, 10 randomly selected SD-OCT scans were evaluated by two independent examiners (Y.
W.K, J.W.J.), and the intraclass correlation coefficient (ICC) was calculated; additionally, the
intersession variability of the LCD was obtained from 15 healthy volunteers. The ICC and
intersession standard deviation (SD) of the scans, which had been repeated at 30 minute inter-
vals, were calculated. The LCD change was deemed statistically significant when it exceeded
1.96-times the intersession SD, since this corresponds to the 95% confidence interval for the
true value of the measurement.[15–17]

The continuous variables were compared using a paired t-test. Statistical analyses were per-
formed with the Statistical Package for Social Sciences version 21.0 for Windows (SPSS, Inc.,
Chicago, IL). The data were obtained, and are presented in this paper, as mean ± standard devi-
ations, the level of statistical significance having been set at P< 0.05.

Results

Baseline Characteristics
A total of 50 young healthy volunteers were initially recruited. Two subjects were excluded
because of unclear visibility of anterior LC surface. Finally, 48 young healthy volunteers, eight
of whom were female, were included in the study. The mean age was 25.3 ± 5.1 years (range:
20–34). Table 1 provides summarized demographics on the subjects.

Optic Nerve Head Parameter Change during Standardized Valsalva
Maneuver
The IOP at baseline (12.7 ± 3.0 mmHg) significantly increased during the standardized Val-
salva maneuver (16.0 ± 3.2 mmHg, P< 0.001). This increase was evident in 47 of the 48 eyes
(97.9%). The IOP of only one eye (2.1%) decreased (2.0 mmHg). There was no significant
change of average RNFL thickness (98.4 ± 10.3 vs. 97.0 ± 10.1 μm, P = 0.11) and optic nerve
head parameters during the standardized Valsalva maneuver (Table 2).

Anterior LC Depth Change during Standardized Valsalva Maneuver
The interobserver reproducibility of the LCDmeasurements was excellent (ICC = 0.993 and 95%
CI = 0.972–0.998, P< 0.001). The intersession reproducibility of the LCD also was excellent
(ICC = 0.997, 95% CI = 0.990–0.999). The 1.96-times intersession SD was 22.5 μm. Twenty-nine

Table 1. Demographics of the subjects.

Variables Subjects (n = 48)

Age, yr 25.6 ± 5.4 (20–34)

Male / Female 40 / 8

Baseline IOP, mmHg 12.7 ± 3.0

Average RNFL thickness, μm 98.4 ± 10.3

Average GCIPL thickness, μm 82.7 ± 4.6

CCT, μm 529.1 ± 39.4

Mean ± standard deviation, only right eye of the subjects were included.

RNFL = retinal nerve fiber layer, GCIPL = ganglion cell-inner plexiform layer, CCT = central corneal

thickness.

doi:10.1371/journal.pone.0159663.t001
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eyes (60.4%) showed significant anterior displacement of the LC during the standardized Val-
salva maneuver. Only three eyes (6.3%) showed posterior displacement (10.0–17.0 μm) (Figs 1
and 2). The mean LCD at baseline (463.4 ± 118.8 μm) significantly decreased during the stan-
dardized Valsalva maneuver (427.3 ± 106.4 μm, P< 0.001). However, the neural canal opening
diameter did not change significantly (1651.8 ± 204.2 vs. 1651.0 ± 217.6 μm, P = 0.94) (Table 3).

Choroidal Thickness Change during Standardized Valsalva Maneuver
The interobserver reproducibility of the choroidal thickness measurement was excellent
(ICC = 0.993, 95% CI = 0.967–0.998, P< 0.001). The baseline subfoveal choroidal thickness
did not change significantly during the Valsalva maneuver (300.7 ± 90.6 vs. 309.6 ± 93.5 μm,
P = 0.18). The baseline peripapillary choroidal thickness (152.2 ± 55.4 μm) also showed no sig-
nificant change (150.8 ± 49.3 μm, P = 0.68) (Fig 3, Table 3).

Discussion
The present study investigated LC positional change during the standardized Valsalva maneu-
ver. Over 60% of the young healthy eyes showed significant anterior displacement of the LC,
though there were no significant changes in the ONH parameters or choroidal thickness.

Table 2. Optic nerve head parameters change during standardized Valsalvamaneuver.

Variables Baseline (n = 48) During Valsalva (n = 48) P-value (*)

Average RNFL thickness, μm 98.4 ± 10.3 97.0 ± 10.1 0.11

Rim area, mm2 1.28 ± 0.16 1.26 ± 0.16 0.10

Disc area, mm2 1.87 ± 0.38 1.85 ± 0.38 0.09

Average cup-to-disc ratio 0.52 ± 0.13 0.52 ± 0.14 0.63

Vertical cup-to-disc ratio 0.49 ± 0.13 0.49 ± 0.13 0.93

Cup volume, mm3 0.196 ± 0.151 0.193 ± 0.146 0.28

Mean ± standard deviation,

* Comparison performed using paired t-test.

doi:10.1371/journal.pone.0159663.t002

Fig 1. Anterior displacement of lamina cribrosa (LC) during standardized Valsalva maneuver.
Enhanced depth imaging (EDI) optic disc scan of 26-year-old healthy male (A) at baseline and (B) during
standardized Valsalva maneuver. Note that adaptive compensation was performed to enhance lamina
cribrosa (LC) visibility. The anterior LC depth (LCD) was defined as the maximal distance between the
reference plane connecting the Bruch’s membrane openings (BMO) and the anterior LC surface. The LCD
decreased from 607 μm at baseline to 563 μm during the Valsalva maneuver, while the intraocular pressure
(IOP) increased from 14 mmHg at baseline to 17 mmHg.

doi:10.1371/journal.pone.0159663.g001
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The anterior displacement of the LC might have resulted from TLPD reversal during the
Valsalva maneuver. IOP variance during the Valsalva maneuver has been investigated in the
literature, though its precise mechanism remains unclear.[18–21] Raised intrathoracic pressure
during the Valsalva maneuver reduces venous return via the superior and inferior vena cava,
thus inducing engorgement of the jugular, orbital, and vortex veins.[22] IOP rise is hypothe-
sized to be due to choroidal engorgement or increased episcleral venous pressure.[18, 23] How-
ever, this cannot explain documented cases of eyes showing IOP reduction during the Valsalva
maneuver.[11, 18, 21, 24] The present study demonstrated an IOP increase of 3.3 ± 1.7 mmHg
(range: –2–9 mmHg) during the Valsalva challenge, including only one case with IOP decrease,
which results are comparable to the previous reports.[11, 18–21, 23]

Meanwhile, Zhang et al.[11] recently demonstrated that during the Valsalva maneuver,
increased lumbar CSF pressure was significantly higher than increased IOP. They also, though
indirectly, established that TLPD can be reversed during the Valsalva maneuver. Although the
current study did not measure the CSF pressure (due to the ethical issue raised in performing
invasive procedures on healthy volunteers), its findings can be considered to be analogous and

Fig 2. Distribution of anterior lamina cribrosa depth change during standardized Valsalvamaneuver.
The histogram presents the distribution of the anterior LC depth change during the standardized Valsalva
maneuver. Twenty-nine eyes (60.4%) showed significant anterior displacement of the LC during the
standardized Valsalva maneuver. Only three eyes (6.3%) showed posterior displacement (10.0–17.0 μm).
The vertical red dotted line depicts the 1.96-times intersession SD of the OCTmeasurements (22.5 μm).

doi:10.1371/journal.pone.0159663.g002

Table 3. Anterior lamina cribrosa depth, neural canal opening diameter, and choroidal thickness change during standardized Valsalva maneuver.

Variable (μm) Baseline (n = 48) During Valsalva (n = 48) P-value (*)

Anterior LC depth 463.4 ± 118.8 427.3 ± 106.4 < 0.001

NCO diameter 1651.8 ± 204.2 1651.0 ± 217.6 0.94

Subfoveal choroidal thickness 300.7 ± 90.6 309.6 ± 93.5 0.18

Peripapillary choroidal thickness 152.2 ± 55.4 150.8 ± 49.3 0.68

Mean ± standard deviation, statistically significant values are shown in bold,

*Comparison performed using paired t-test.

NCO = neural canal opening.

doi:10.1371/journal.pone.0159663.t003
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complementary to Zhang et al.’s report. It may be argued that the LC can be anteriorly dis-
placed due to scleral stretch caused by increased IOP during the Valsalva maneuver.[25] If this
occurred, a considerable accompanying increase of neural canal opening diameter and alter-
ation of ONH structures would be expected. However, we did not detect any such changes.

In this study, the subfoveal and peripapillary choroidal thicknesses did not change signifi-
cantly during the Valsalva maneuver. Falcao et al.[26] similarly found no significant changes of
subfoveal choroidal thickness during the Valsalva maneuver in nine young healthy volunteers.
These findings though are inconsistent with Schuman et al.’s report, which presented evidence
of significant ciliary-body thickness increase (up to 70 μm) during wind instrument playing.
[24] The discrepancy can be explained by the different vascular responses to the Valsalva
maneuver in different parts of the uvea, which effect asymmetric (anterior and posterior) cho-
roidal change.[26] In any case, differences in expiratory effort (Valsalva maneuver vs. high-
resistance wind instrument playing) might have resulted in inconsistent findings, which possi-
bility should be carefully considered.

Schuman et al.[24] investigated the hazard of playing high-resistance wind instruments
with respect to glaucoma development, reporting that such musicians showed significantly
greater visual field loss compared with other musicians. The findings of the present study are
inconsistent with these. This fact however must be treated with caution, as the participants in
the present study were younger healthy individuals who naturally had not performed the Val-
salva maneuver frequently. The LC, furthermore, is known to remodel physiologically in
response to aging.[27–29] In fact, alteration of tissue characteristics with age can change the
LC response during Valsalva challenge. Certainly, the current findings should not be general-
ized to older or glaucomatous eyes that can have different LC responsiveness to TLPD. Further
investigation with subjects representative of this population presumably will clarify the rela-
tionship between LC displacement and TLPD.

The present study found that ONH parameters did not change significantly during the Val-
salva maneuver. This result is inconsistent with Zhang et al.’s report, which indicated inward

Fig 3. Choroidal thickness change during standardized Valsalvamaneuver. Enhanced depth imaging (EDI) scan aligned to
axis connecting fovea and center of optic disc in 22-year-old male. Note that adaptive compensation was performed to enhance
choroid visibility. Choroidal thickness was defined as the vertical distance between the outer border of the retinal pigment epithelium
and the inner surface of the sclera. The peripapillary chorodidal thickness was measured at the point 250 μm temporally from the
termination of the Bruch’s membrane openings (BMO). The subfoveal choroidal thickness (A) was 336 μm at baseline and 324 μm
during the standardized Valsalva maneuver. The peripapillary choroidal thickness (B) was 154 μm at baseline and 146 μm during
the standardized Valsalva maneuver.

doi:10.1371/journal.pone.0159663.g003
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movement of the ONH.[11] This disparity might have been caused by 1) differences in expira-
tory efforts and duration during the Valsalva maneuver, despite the use of an expiratory
manometer, 2) differences in the range of IOP change during Valsalva challenge, 3) the differ-
ence in the devices (SD-OCT vs. confocal scanning laser tomography) utilized to detect ONH
change, or 3) differences (e.g. age) between the study populations.

This study has some shortcomings. First, the BMO plane was used as the reference for the
LCD measurement, though the location of the BMO is known to vary according to choroidal
thickness.[30–32] Even though our subfoveal and peripapillary choroidal thickness measure-
ments showed no change during the Valsalva maneuver, if choroidal engorgement during Val-
salva challenge increased the choroidal thickness, the LCD might have been increased. This
would mean that the LCD decrease observed during the Valsalva maneuver was smaller than
the actual change, which actually would strengthen our hypothesis. Second, we did not mea-
sure the CSF pressure change during the Valsalva maneuver. Thus, the data cannot be general-
ized to dose-response relationship between TLPD and LC displacement but rather only to
determine whether the LC is displaced or not in consequence of the Valsalva maneuver. Also,
maintaining at least a certain consistency of expiratory pressure during Valsalva challenge
would not guarantee precise control of orbital CSF pressure. In that precise in-vivo measure-
ment of orbital CSF pressure is practically impossible, well controlled quantitative analysis is
very difficult to achieve clinically. Nevertheless, as pilot study data, the present results can serve
as a reference for future prospective studies investigating the relationship between the Valsalva
maneuver and LC displacement.

In conclusion, the Valsalva maneuver commonly induces anterior displacement of the LC
in young healthy eyes, as confirmed by SD-OCT imaging. The data describe the positional
characteristics of the LC in response to IOP and CSF pressure dynamics in young healthy eyes.

Acknowledgments
We would like to offer very special thanks to In Ung Jang, who was responsible for the recruit-
ment of our healthy volunteers.

Author Contributions
Conceived and designed the experiments: YWKMJG JMM JWJ. Performed the experiments:
YWK JWJ. Analyzed the data: YWKMJG JMM JWJ. Contributed reagents/materials/analysis
tools: YWKMJG JMM JWJ. Wrote the paper: YWKMJG JMM JWJ.

References
1. Burgoyne CF, Downs JC, Bellezza AJ, Suh JK, Hart RT. The optic nerve head as a biomechanical

structure: a new paradigm for understanding the role of IOP-related stress and strain in the pathophysi-
ology of glaucomatous optic nerve head damage. Progress in retinal and eye research. 2005; 24
(1):39–73. doi: 10.1016/j.preteyeres.2004.06.001 PMID: 15555526.

2. Sigal IA, Ethier CR. Biomechanics of the optic nerve head. Experimental eye research. 2009; 88
(4):799–807. doi: 10.1016/j.exer.2009.02.003 PMID: 19217902.

3. Crawford Downs J, Roberts MD, Sigal IA. Glaucomatous cupping of the lamina cribrosa: a review of the
evidence for active progressive remodeling as a mechanism. Experimental eye research. 2011; 93
(2):133–40. doi: 10.1016/j.exer.2010.08.004 PMID: 20708001; PubMed Central PMCID:
PMC3026919.

4. Marek B, Harris A, Kanakamedala P, Lee E, Amireskandari A, Carichino L, et al. Cerebrospinal fluid
pressure and glaucoma: regulation of trans-lamina cribrosa pressure. The British journal of ophthalmol-
ogy. 2014; 98(6):721–5. doi: 10.1136/bjophthalmol-2013-303884 PMID: 24307714.

5. Jonas JB, Wang N, Yang D, Ritch R, Panda-Jonas S. Facts and myths of cerebrospinal fluid pressure
for the physiology of the eye. Progress in retinal and eye research. 2015; 46:67–83. doi: 10.1016/j.
preteyeres.2015.01.002 PMID: 25619727.

Anterior Displacement of Lamina Cribrosa during Valsalva Maneuver

PLOS ONE | DOI:10.1371/journal.pone.0159663 July 21, 2016 8 / 10

http://dx.doi.org/10.1016/j.preteyeres.2004.06.001
http://www.ncbi.nlm.nih.gov/pubmed/15555526
http://dx.doi.org/10.1016/j.exer.2009.02.003
http://www.ncbi.nlm.nih.gov/pubmed/19217902
http://dx.doi.org/10.1016/j.exer.2010.08.004
http://www.ncbi.nlm.nih.gov/pubmed/20708001
http://dx.doi.org/10.1136/bjophthalmol-2013-303884
http://www.ncbi.nlm.nih.gov/pubmed/24307714
http://dx.doi.org/10.1016/j.preteyeres.2015.01.002
http://dx.doi.org/10.1016/j.preteyeres.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25619727


6. MorganWH, Balaratnasingam C, Lind CR, Colley S, Kang MH, House PH, et al. Cerebrospinal fluid
pressure and the eye. The British journal of ophthalmology. 2015. doi: 10.1136/bjophthalmol-2015-
306705 PMID: 25877896.

7. Jonas JB, Nangia V, Wang N, Bhate K, Nangia P, Nangia P, et al. Trans-lamina cribrosa pressure dif-
ference and open-angle glaucoma. The central India eye and medical study. PLoS One. 2013; 8(12):
e82284. doi: 10.1371/journal.pone.0082284 PMID: 24324767; PubMed Central PMCID:
PMCPMC3855749.

8. Berdahl JP, Allingham RR, Johnson DH. Cerebrospinal fluid pressure is decreased in primary open-
angle glaucoma. Ophthalmology. 2008; 115(5):763–8. doi: 10.1016/j.ophtha.2008.01.013 PMID:
18452762.

9. Ren R, Jonas JB, Tian G, Zhen Y, Ma K, Li S, et al. Cerebrospinal fluid pressure in glaucoma: a pro-
spective study. Ophthalmology. 2010; 117(2):259–66. doi: 10.1016/j.ophtha.2009.06.058 PMID:
19969367.

10. Yang D, Fu J, Hou R, Liu K, Jonas JB, Wang H, et al. Optic neuropathy induced by experimentally
reduced cerebrospinal fluid pressure in monkeys. Invest Ophthalmol Vis Sci. 2014; 55(5):3067–73. doi:
10.1167/iovs.13-13657 PMID: 24736050.

11. Zhang Z, Wang X, Jonas JB, Wang H, Zhang X, Peng X, et al. Valsalva manoeuver, intra-ocular pres-
sure, cerebrospinal fluid pressure, optic disc topography: Beijing intracranial and intra-ocular pressure
study. Acta ophthalmologica. 2014; 92(6):e475–80. doi: 10.1111/aos.12263 PMID: 24020862.

12. Girard MJ, Strouthidis NG, Ethier CR, Mari JM. Shadow removal and contrast enhancement in optical
coherence tomography images of the human optic nerve head. Invest Ophthalmol Vis Sci. 2011; 52
(10):7738–48. doi: 10.1167/iovs.10-6925 PMID: 21551412.

13. Mari JM, Strouthidis NG, Park SC, Girard MJ. Enhancement of lamina cribrosa visibility in optical coher-
ence tomography images using adaptive compensation. Invest Ophthalmol Vis Sci. 2013; 54(3):2238–
47. doi: 10.1167/iovs.12-11327 PMID: 23449723.

14. Girard MJ, Tun TA, Husain R, Acharyya S, Haaland BA, Wei X, et al. Lamina cribrosa visibility using
optical coherence tomography: comparison of devices and effects of image enhancement techniques.
Invest Ophthalmol Vis Sci. 2015; 56(2):865–74. doi: 10.1167/iovs.14-14903 PMID: 25593025.

15. Jampel HD, Vitale S, Ding Y, Quigley H, Friedman D, Congdon N, et al. Test-retest variability in struc-
tural and functional parameters of glaucoma damage in the glaucoma imaging longitudinal study. Jour-
nal of glaucoma. 2006; 15(2):152–7. PMID: 16633229.

16. Lee EJ, Kim TW,Weinreb RN. Variation of lamina cribrosa depth following trabeculectomy. Invest
Ophthalmol Vis Sci. 2013; 54(8):5392–9. doi: 10.1167/iovs.13-12205 PMID: 23838772.

17. Lee EJ, Kim TW. Lamina Cribrosa Reversal after Trabeculectomy and the Rate of Progressive Retinal
Nerve Fiber Layer Thinning. Ophthalmology. 2015; 122(11):2234–42. doi: 10.1016/j.ophtha.2015.07.
020 PMID: 26298719.

18. Rosen DA, Johnston VC. Ocular pressure patterns in the Valsalva maneuver. Archives of ophthalmol-
ogy. 1959; 62:810–6. PMID: 14438871.

19. Rafuse PE, Mills DW, Hooper PL, Chang TS, Wolf R. Effects of Valsalva's manoeuvre on intraocular
pressure. Canadian journal of ophthalmology Journal canadien d'ophtalmologie. 1994; 29(2):73–6.
PMID: 8069758.

20. Brody S, Erb C, Veit R, Rau H. Intraocular pressure changes: the influence of psychological stress and
the Valsalva maneuver. Biol Psychol. 1999; 51(1):43–57. PMID: 10579420.

21. Aykan U, Erdurmus M, Yilmaz B, Bilge AH. Intraocular pressure and ocular pulse amplitude variations
during the Valsalva maneuver. Graefe's archive for clinical and experimental ophthalmology = Albrecht
von Graefes Archiv fur klinische und experimentelle Ophthalmologie. 2010; 248(8):1183–6. doi: 10.
1007/s00417-010-1359-0 PMID: 20333527.

22. Korner PI, Tonkin AM, Uther JB. Reflex and mechanical circulatory effects of graded Valsalva maneu-
vers in normal man. J Appl Physiol. 1976; 40(3):434–40. PMID: 931859.

23. Dickerman RD, Smith GH, Langham-Roof L, McConathy WJ, East JW, Smith AB. Intra-ocular pressure
changes during maximal isometric contraction: does this reflect intra-cranial pressure or retinal venous
pressure? Neurological research. 1999; 21(3):243–6. PMID: 10319330.

24. Schuman JS, Massicotte EC, Connolly S, Hertzmark E, Mukherji B, Kunen MZ. Increased intraocular
pressure and visual field defects in high resistance wind instrument players. Ophthalmology. 2000; 107
(1):127–33. PMID: 10647731.

25. Wu Z, Xu G, Weinreb RN, Yu M, Leung CK. Optic Nerve Head Deformation in Glaucoma: A Prospective
Analysis of Optic Nerve Head Surface and Lamina Cribrosa Surface Displacement. Ophthalmology.
2015; 122(7):1317–29. doi: 10.1016/j.ophtha.2015.02.035 PMID: 25972259.

Anterior Displacement of Lamina Cribrosa during Valsalva Maneuver

PLOS ONE | DOI:10.1371/journal.pone.0159663 July 21, 2016 9 / 10

http://dx.doi.org/10.1136/bjophthalmol-2015-306705
http://dx.doi.org/10.1136/bjophthalmol-2015-306705
http://www.ncbi.nlm.nih.gov/pubmed/25877896
http://dx.doi.org/10.1371/journal.pone.0082284
http://www.ncbi.nlm.nih.gov/pubmed/24324767
http://dx.doi.org/10.1016/j.ophtha.2008.01.013
http://www.ncbi.nlm.nih.gov/pubmed/18452762
http://dx.doi.org/10.1016/j.ophtha.2009.06.058
http://www.ncbi.nlm.nih.gov/pubmed/19969367
http://dx.doi.org/10.1167/iovs.13-13657
http://www.ncbi.nlm.nih.gov/pubmed/24736050
http://dx.doi.org/10.1111/aos.12263
http://www.ncbi.nlm.nih.gov/pubmed/24020862
http://dx.doi.org/10.1167/iovs.10-6925
http://www.ncbi.nlm.nih.gov/pubmed/21551412
http://dx.doi.org/10.1167/iovs.12-11327
http://www.ncbi.nlm.nih.gov/pubmed/23449723
http://dx.doi.org/10.1167/iovs.14-14903
http://www.ncbi.nlm.nih.gov/pubmed/25593025
http://www.ncbi.nlm.nih.gov/pubmed/16633229
http://dx.doi.org/10.1167/iovs.13-12205
http://www.ncbi.nlm.nih.gov/pubmed/23838772
http://dx.doi.org/10.1016/j.ophtha.2015.07.020
http://dx.doi.org/10.1016/j.ophtha.2015.07.020
http://www.ncbi.nlm.nih.gov/pubmed/26298719
http://www.ncbi.nlm.nih.gov/pubmed/14438871
http://www.ncbi.nlm.nih.gov/pubmed/8069758
http://www.ncbi.nlm.nih.gov/pubmed/10579420
http://dx.doi.org/10.1007/s00417-010-1359-0
http://dx.doi.org/10.1007/s00417-010-1359-0
http://www.ncbi.nlm.nih.gov/pubmed/20333527
http://www.ncbi.nlm.nih.gov/pubmed/931859
http://www.ncbi.nlm.nih.gov/pubmed/10319330
http://www.ncbi.nlm.nih.gov/pubmed/10647731
http://dx.doi.org/10.1016/j.ophtha.2015.02.035
http://www.ncbi.nlm.nih.gov/pubmed/25972259


26. Falcao M, Vieira M, Brito P, Rocha-Sousa A, Brandao EM, Falcao-Reis FM. Spectral-domain optical
coherence tomography of the choroid during valsalva maneuver. American journal of ophthalmology.
2012; 154(4):687–92 e1. doi: 10.1016/j.ajo.2012.04.008 PMID: 22835514.

27. Albon J, Purslow PP, Karwatowski WS, Easty DL. Age related compliance of the lamina cribrosa in
human eyes. The British journal of ophthalmology. 2000; 84(3):318–23. PMID: 10684845; PubMed
Central PMCID: PMCPMC1723411.

28. Kotecha A, Izadi S, Jeffery G. Age-related changes in the thickness of the human lamina cribrosa. The
British journal of ophthalmology. 2006; 90(12):1531–4. doi: 10.1136/bjo.2006.100388 PMID:
16943226; PubMed Central PMCID: PMCPMC1857539.

29. Downs JC. Optic nerve head biomechanics in aging and disease. Experimental eye research. 2015;
133:19–29. doi: 10.1016/j.exer.2015.02.011 PMID: 25819451; PubMed Central PMCID:
PMCPMC4379445.

30. Chakraborty R, Read SA, Collins MJ. Diurnal variations in axial length, choroidal thickness, intraocular
pressure, and ocular biometrics. Invest Ophthalmol Vis Sci. 2011; 52(8):5121–9. doi: 10.1167/iovs.11-
7364 PMID: 21571673.

31. Tan CS, Ouyang Y, Ruiz H, Sadda SR. Diurnal variation of choroidal thickness in normal, healthy sub-
jects measured by spectral domain optical coherence tomography. Invest Ophthalmol Vis Sci. 2012; 53
(1):261–6. doi: 10.1167/iovs.11-8782 PMID: 22167095.

32. Johnstone J, Fazio M, Rojananuangnit K, Smith B, Clark M, Downs C, et al. Variation of the axial loca-
tion of Bruch's membrane opening with age, choroidal thickness, and race. Invest Ophthalmol Vis Sci.
2014; 55(3):2004–9. doi: 10.1167/iovs.13-12937 PMID: 24595390; PubMed Central PMCID:
PMC3973189.

Anterior Displacement of Lamina Cribrosa during Valsalva Maneuver

PLOS ONE | DOI:10.1371/journal.pone.0159663 July 21, 2016 10 / 10

http://dx.doi.org/10.1016/j.ajo.2012.04.008
http://www.ncbi.nlm.nih.gov/pubmed/22835514
http://www.ncbi.nlm.nih.gov/pubmed/10684845
http://dx.doi.org/10.1136/bjo.2006.100388
http://www.ncbi.nlm.nih.gov/pubmed/16943226
http://dx.doi.org/10.1016/j.exer.2015.02.011
http://www.ncbi.nlm.nih.gov/pubmed/25819451
http://dx.doi.org/10.1167/iovs.11-7364
http://dx.doi.org/10.1167/iovs.11-7364
http://www.ncbi.nlm.nih.gov/pubmed/21571673
http://dx.doi.org/10.1167/iovs.11-8782
http://www.ncbi.nlm.nih.gov/pubmed/22167095
http://dx.doi.org/10.1167/iovs.13-12937
http://www.ncbi.nlm.nih.gov/pubmed/24595390

