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PURPOSE. The purpose of this study was to investigate whether the lamina cribrosa (LC)
curve changes in response to intraocular pressure (IOP) reduction following adminis-
tration of topical ocular hypotensive eye drops in eyes with normal tension glaucoma
(NTG).

METHODS. Ninety-three eyes of 93 patients with treatment naïve NTG at initial examination
and with ≥20% reduction from baseline IOP following administration of topical ocular
hypotensive eye drops were included. Serial horizontal B-scan images of the optic nerve
head (ONH) were obtained from each eye using enhanced depth imaging spectral domain
optical coherence tomography (OCT) before and 1 year after IOP-lowering treatment. The
LC curvature in each eye was assessed by measuring the LC curvature index (LCCI) in
horizontal OCT B-scan images obtained at three (superior, central, and inferior) locations
spaced equidistantly across the vertical optic disc diameter before and after IOP-lowering
treatment. We evaluated the OCT detectible change in the LC curvature based on the
interval change of LCCI to exceed the intersession standard deviation of 1.96 times and
factors associated with the magnitude of the LCCI change in the eyes showing significant
LC change.

RESULTS. IOP decreased from 15.7 ± 2.5 mm Hg at baseline to 11.2 ± 1.7 mm Hg after
topical glaucoma medication. Among the 93 subjects, 62 (66.7%) eyes showed the signif-
icant reduction of the LCCI (interssetional change over 1.5) after the treatment; greater
interssessional change of the LCCI after IOP reduction was associated with younger age
(P = 0.020) and larger baseline LCCI (P < 0.001).

CONCLUSIONS. The OCT detectible changes in LC curvature occurred in response to a
modest decrease in the IOP in the naïve NTG eyes. The therapeutic benefit of these
changes need to be assessed in longitudinal studies.

Keywords: normal tension glaucoma, lamina cribrosa curvature, intraocular pressure
reduction, hysteresis of lamina cribrosa, lamina cribrosa

L ike primary open angle glaucoma, normal-tension glau-
coma (NTG) is a multifactorial optic neuropathy charac-

terized by progressive loss of retinal ganglion cells (RGCs)
and their axons, leading to irreversible visual field damage
in eyes with an intraocular pressure (IOP) within the statisti-
cally normal range. Because IOP is within the normal range
in NTG, factors other than IOP-related stress are thought
to play a more important role in NTG than in high tension
glaucoma. However, considering that IOP is significantly
higher in eyes with NTG than in eyes of healthy subjects1

and that IOP reduction favorably alters the course of visual
field progression in patients with NTG,2 IOP-related stress
is also thought to be involved in NTG. Nonetheless, the
precise mechanism by which IOP-related stress is involved
in the pathogenesis of optic nerve damage in NTG remains
unknown.

Mechanical theory indicates that elevated IOP induces
deformation of the lamina cribrosa (LC; e.g. displacement
of LC insertion,3,4 posterior bowing,5,6 and remodeling of
connective tissue by reactive astrocytes7–9). LC changes
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promote damage to axons and their cell bodies by various
mechanisms, including blocking axonal transport and dimin-
ishing the diffusion of nutrients from the capillaries inside
the laminar beams to the adjacent axons.10 Results of recent
studies have suggested that LC strain is likely involved not
only in eyes with high tension glaucoma but also in eyes
with NTG.11–13 Evaluation of patients with NTG with unilat-
eral damage has shown that the LC is more deformed in
glaucomatous than in fellow healthy eyes.11 In addition, the
LC is more deformed in eyes with NTG than in eyes with
nonglaucomatous optic neuropathy, despite having similar
IOP and axonal damage.12,13

It is unclear, however, whether a posteriorly curved LC
in patients with NTG is an innate feature or the result of
IOP-induced stress. Thus, it would be of interest to inves-
tigate whether LC morphology changes after IOP lower-
ing in patients with NTG. If a posteriorly curved LC results
from IOP-induced stress, then the LC will likely be less
curved when the IOP is decreased by treatment, as shown in
eyes with high tension glaucoma. The present study there-
fore investigated whether the LC curve in eyes with NTG
is altered by IOP lowering treatment with topical ocular
hypotensive eye drops.

METHODS

This prospective study involved patients with NTG enrolled
in the ongoing Investigating Glaucoma Progression Study
(IGPS),14,15 a prospective clinical trial approved by the Insti-
tutional Review Board of Seoul National University Bundang
Hospital (SNUBH). Written informed consent was obtained
from all study participants. The protocol of the present study
adhered to the tenets of the Declaration of Helsinki and was
approved by the institutional review board of SNUBH.

Study Subjects

All subjects underwent comprehensive ophthalmic exam-
inations, including measurements of best-corrected visual
acuity (BCVA); Goldmann applanation tonometry; refrac-
tion tests; slit-lamp biomicroscopy; gonioscopy; stereo disc
photography; red-free fundus photography (EOS D60 digi-
tal camera; Canon, Utsunomiya, Japan); measurements of
corneal curvature (KR-1800; Topcon), central corneal thick-
ness (Orbscan II; Bausch & Lomb Surgical, Rochester, NY,
USA), and axial length (AXL; IOLMaster version 5; Carl Zeiss
Meditec, Dublin, CA, USA); spectral-domain OCT (SD-OCT)
scanning of the circumpapillary retinal nerve fiber layer
(RNFL); and horizontal B-scan images of the optic nerve
head (ONH) using enhanced-depth imaging (EDI) mode
with high speed setting (Spectralis; Heidelberg Engineering,
Heidelberg, Germany), and standard automated perimetry
(Humphrey Field Analyzer II 750, 24-2 Swedish interactive
threshold algorithm; Carl Zeiss Meditec).

Systemic blood pressure (BP) was measured by sphyg-
momanometry with the patient in an upright sitting position
after a 10-minute rest period. Mean arterial pressure (MAP)
was calculated as MAP = 1/3 systolic BP + 2/3 diastolic BP.

The IGPS excluded subjects with a history of intraoc-
ular surgery other than cataract extraction and glaucoma
surgery, any intraocular disease (e.g. diabetic retinopathy or
retinal vein occlusion) or any neurologic disease (e.g. stroke
or brain tumor) that could cause visual field (VF) loss; and
subjects with BCVAs worse than 20/40.

All patients included in the IGPS were followed up every
3 to 6 months by regular slit-lamp examinations using a
78-diopter lens or stereo disc photography. Circumpapillary
RNFL thickness was measured by SD-OCT scanning at inter-
vals ranging from 6 to 12 months.

NTG was diagnosed based on the presence of glau-
comatous optic nerve damage (i.e. notching, neuroretinal
rim thinning, and RNFL defect on the stereo disc and red-
free photography) with corresponding VF defect, an open
angle on gonioscopy, and an IOP ≤21 mm Hg on multiple
measurements made on the same day or over a few days
before starting IOP-lowering medication. Glaucomatous VF
defect was defined as VF (1) outside normal limits on glau-
coma hemifield tests; or (2) three abnormal points with a
probability P < 5% of being normal and one point with a P <

1% by pattern deviation; or (3) a pattern standard deviation
with P < 5% if the VF was otherwise normal, as confirmed
in 2 consecutive tests. The VF results were deemed reliable
when fixation losses were <20% and the false-positive and
false-negative rates were each <25%.

Patients were included in the present study if they were
newly diagnosed with NTG at initial examination and were
then treated with topical ocular hypotensive eyedrops alone.
ONH B-scan images were obtained in all enrolled patients
before and after IOP lowering treatment (between 12 and
24 months after confirming a ≥20% reduction from baseline
IOP). The IOP measurements using Goldmann applanation
tonometry were also recorded at follow-up visits.

Baseline IOP was measured diurnally every 2 hours from
9:00 AM to 5:00 PM (5 measurements) on the same day or on
different days, prior to administration of IOP-lowering medi-
cations, with the average of these 5 measurements defined
as the baseline IOP. The ONH was imaged by SD-OCT using
the EDI technique on the same day that baseline IOP was
measured. The IOPb and IOPf were defined as the IOPs
measured at baseline and follow-up optic disc scanning,
respectively.

Patients showing a <20% decrease in IOPf relative to
IOPb were excluded, as were patients with a documented
history of poor adherence or inability to follow through
with topical ocular hypotensive eye drops. Patients were
also excluded if they had a spherical equivalent <–6.0 D
or >+3.0 D; a cylinder correction of <–3.0 D or >+3.0 D, a
tilted disc (i.e. a tilt ratio between the longest and short-
est diameters of the optic disc of >1.3)16,17; or a torted
disc (i.e. a >15 degree torsion angle deviation of the long
axis of the optic disc from the vertical meridian).17,18 The
measurements of the optic disc tilt and torsion were based
on two-dimensional fundus photographs and not on based
OCT based measurements as in previous studies.19,20 Eyes
were also excluded if good-quality images (i.e. quality score
>15) could not be obtained in more than five sections. If the
quality score did not reach 15, the image-acquisition process
automatically stopped, or images of the respective sections
were not obtained. Only acceptable scans with good-quality
images that present clear delineation of the anterior border
of the LC within the range of Bruch’s membrane (BM) open-
ing (BMO) width were included in measurements of LCCI.

EDI-OCT of the Optic Nerve Head and Adaptive
Compensation

LC curvature was assessed using the horizontal B-scan
images obtained using the EDI technique of the SD-OCT
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system with high speed settings.21 Prior to disc scanning,
the corneal curvature of each eye was entered into the Spec-
tralis OCT system to avoid potential magnification errors.
The optic disc was imaged through undilated pupils using a
rectangle subtending 10 degrees × 15 degrees of the optic
disc. This rectangle was scanned with approximately 75 B-
scan section images that were separated by 30 to 34 μm
(the distance between the scan lines was determined auto-
matically). Approximately 42 SD-OCT frames were obtained
for each section. This protocol provided the best trade-off
between image quality and patient cooperation.22

To enhance the visibility of the anterior LC surface, all disc
scan images were post-processed using adaptive compensa-
tion.23–25

Measurement of LC Depth and Curvature

The LCD and LCCI were measured at three (superior, central,
and inferior) locations equidistant across the vertical optic
disc diameter on post-processed horizontal B-scan images,
as in our previous study.26 These three B-scan lines were
defined as planes 1 to 3 (superior to inferior regions, Fig. 1A).

Because a bowtie-shaped central ridge is present at or
near the mid-horizontal LC,27 the LC usually has a W-shape
in vertical scans, whereas varying in radial scans along the
meridians. Therefore, it is difficult to assess the LC configu-
ration using a simple parameter, such as LCCI in vertical or
oblique scans. In contrast, LC has a relatively regular config-
uration in the horizontal plane, having a flat or U-shaped
appearance differing in regional steepness.28–30 Therefore,
we assessed the LCD and LCCI on horizontal B-scan images
of the ONH (Fig. 1B).

The LCD was defined as the distance between the level
of the BMO and the maximally depressed point of the ante-
rior LC surface. A line connecting the temporal and nasal
BMO points was drawn on each B-scan image, and the LCD

was measured perpendicular to this line toward the maxi-
mally depressed LC point (Fig. 1C). The distance between
the temporal and nasal BMO points was defined as the BMO
width.

The LC curvature was assessed by measuring the LCCI.
The method used to calculate LCCI has been described previ-
ously.26,29,31–33 In brief, LCCI was determined by measuring
the width of the LC curve reference line (LCCW) and the LC
curve depth (LCCD). The LCCW was defined as the width of
the line connecting the two points on the anterior LC surface
that met the lines drawn from each BM termination point
perpendicular to the line connecting these BMO points. The
maximum depth from the LC curve reference line to the ante-
rior LC surface was defined as the LCCD (Fig. 1D). The LCCI
was calculated as (LCCD/LCCW) × 100. Because the curva-
ture is normalized relative to the LC width, it describes the
shape of the LC independent of the actual size of the ONH.
Only the LC within the BMO was considered because the
LC was often not clearly visible outside the BMO. In eyes
with LC defects, the LCCI and LCD were measured using a
presumed anterior LC surface that best fit the curvature of
the remaining part of the LC or excluded the area of the
LC defect. An LC defect was defined as an anterior laminar
surface irregularity that violates the smooth curvilinear U-
or W-shaped contour with a diameter greater than 100 μm
and a depth greater than 30 μm in cross-sectional EDI OCT
images.34,35

Measurements were made by two experienced observers
(J.A.K. and E.J.L.), masked to the clinical information of
participants, using a manual caliper tool in Amira software
(version 5.2.2; Visage Imaging, Berlin, Germany). If the ante-
rior LC surface was not visualized clearly, measurements
were made on an adjacent horizontal EDI OCT scan, located
30 to 34 μm from the original scan. If the anterior LC surface
could not be visualized, even on the adjacent scans, the eye
was excluded.

FIGURE 1. Measurements of LCD and LCCI. (A) Infrared fundus image of an optic nerve head with lines indicating the locations of the
three horizontal B-scan images. (B) B-scan image corresponding to plane 3 in A. (C, D) Same B-scan images as in B, post-processed by
adaptive compensation. C The LCD was defined as the maximum vertical distance from the BMO reference line (dashed line) to the anterior
LC surface (double-headed arrow). D LCCI was measured by dividing the LC curve depth (D) within the BMO by the width of the anterior
LC surface reference line (W), and multiplying the ratio by 100. LCD = lamina cribrosa depth; LCCI = lamina cribrosa curve index; BMO =
Bruch’s membrane opening.
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The average LCD and LCCI were defined as the means of
the measurements taken at three points along the LC.

For follow-up measurements, the sets of B-scans were
selected to correspond to those selected for the baseline
measurements. The correspondences of the selected B-scans
between images obtained before and after treatment were
confirmed using en face images and the low reflective shad-
ows within the LC shown in B-scan images.36

The mean of the measurements made by the two
observers was used for analysis.

Measurement of the Peripapillary Choroidal
Thickness Using EDI SD-OCT

A 360-degree 3.5-mm diameter peripapillary circle scan
centered on the optic disc was performed for RNFL assess-
ment using the EDI technique of the Spectralis OCT (soft-
ware version 1.6.4.0; Heidelberg Engineering, Heidelberg,
Germany).37 Using the manual segmentation function built
into the Heidelberg Eye Explorer software,38 the posterior
edge of the RPE and the sclerochoroidal interface were
delineated to represent the inner and outer boundaries of
the choroid, respectively. Choroidal thickness was auto-
matically generated in corresponding sectors by the RNFL
thickness algorithm function. Two experienced observers
(J.A.K. and E.J.L.), masked to the clinical information of
the study subjects, measured the peripapillary choroidal
thickness, with the mean of the measurements used for
analysis.

Statistical Analysis

Data were expressed as mean ± SD except where other-
wise indicated. The interobserver agreement for measuring
LCD and LCCI was evaluated by calculating the 95% Bland-
Altman limits of agreement. The pre- and post-treatment
IOPs, LCD, and LCCI were compared using paired t-tests. The
false discovery rate was controlled for using the Benjamini–
Hochberg method.39

The intersession variability of the LCD and LCCI was
determined from measurements of a separate population of
30 patients with stable NTG who received treatment and had
an IOP <15 mm Hg with IOP fluctuations ≤2 mm Hg during
the 12 months of follow-up. Each scan was repeated on a
different day within a 1-week period, and the 95% intraclass
correlation coefficients (ICCs) and intersession SDs were
calculated. A statistically significant change (OCT detectible
change) was defined as an intersession SD of 1.96 times
because it corresponds to the 95% confidence interval for
the true value of the measurement.40 Based on the reversal
of LC curvature, subjects were divided into two groups using
an LCCI cutoff value of the OCT detectible change. Group
1, showed no significant change in LC curvature, whereas
group 2 showed a significant reversal of LC curvature.

Between group differences in numerical and categorical
variables were compared using independent-samples t-tests
and chi-square tests, respectively. Regression analysis was
used to determine the factors associated with the changes
in the LCD and LCCI in group 2. Variables with P values <

0.10 on univariate analysis were included in the multivariate
analysis and stepwise backward elimination was utilized to
obtain the final multivariable model.

For all analyses, parametric or nonparametric tests were
utilized based on the normality of the data. All statistical

analyses were performed using SPSS Statistics 22.0 software
(IBM, Armonk, NY, USA). Probability values of P< 0.05 were
considered statistically significant.

RESULTS

Baseline Characteristics

This study initially included 143 patients diagnosed with
treatment naïve NTG at initial examination. Of these, 31
patients were excluded due to insufficient IOP lowering or
documented poor adherence, thus failing to meet the study
inclusion criteria. In addition, 19 subjects were excluded
because of poor image quality of their SD-OCT disc scans.
The study cohort consisted of 93 eyes of 93 patients. The
anterior LC surface was discernible in most of the baseline
and follow-up B-scans.

All 93 patients had been newly diagnosed with NTG and
treated with topical ocular hypotensive eye drops alone.
The clinical characteristics of study participants are shown
in Table 1. The 93 patients included 50 (53.8%) men and 43
(46.2%) women, of mean age 59.2 ± 10.2 years. Their base-
line IOP was 16.5 ± 2.1 mm Hg, refractive error (spherical
equivalent) was −0.62 ± 1.95 diopters, AXL was 23.92 ±
0.99 mm, global RNFL thickness was 76.6 ± 15.5 μm, and
VF mean deviation was −6.13 ± 6.84 dB. The baseline LCD
was 532.2 ± 132.0 μm (range = 308.7 to 945.3 μm) and the
baseline LCCI was 9.07 ± 2.06 (range = 4.27 to 12.97).

Changes in LC Depth and LC Curvature With IOP
Reduction

The 95% Bland-Altman limits of agreement between the
measurements from the two glaucoma specialists were
−24.1 to 21.3 μm for the LCD and −0.82 to 0.95 for the
LCCI.

TABLE 1. Baseline Characteristics of the Study Subjects (N = 93)

Variables Mean ± Standard Deviation

Clinical characteristics
Age, years 59.2 ± 10.2
Female gender, n (%) 43 (46.2)
Diabetes mellitus, n (%) 10 (10.8)
Hypertension, n (%) 23 (24.7)
Family history of glaucoma, n (%) 7 (7.5)
Cold extremities, n (%) 22 (23.7)
Migraine, n 59.2 ± 10.2

Ocular characteristics
IOP at baseline, mm Hg 15.7 ± 2.5
Spherical equivalent, D −0.62 ± 1.95
Central corneal thickness, μm 548.0 ± 32.1
Axial length, mm 23.92 ± 0.99
Global RNFL thickness, μm 76.6 ± 15.5
Visual field MD, dB −6.13 ± 6.84
Visual field PSD, dB 5.57 ± 4.05
Average BMO width, μm 1397.3 ± 140.7
Average LCD, μm 532.2 ± 132.0
Average LCCI 9.13 ± 2.05
Peripapillary choroidal thickness 164.4 ± 60.6

IOP, intraocular pressure; D, diopter; AXL, axial length; RNFL,
retinal nerve fiber layer; MD, mean deviation; dB, decibel; PSD,
pattern standard deviation; BMO, Bruch’s membrane opening; LCD,
lamina cribrosa depth; LCCI, lamina cribrosa curvature index.

Data are presented as mean ± standard deviation or n (%).
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At the time of post-treatment OCT scan, the mean number
of medications taken by each patient was 1.4 ± 0.6. The
mean reduction from baseline in IOP was 4.6 ± 1.6 mm
Hg (range = 2.0 to 9.0 mm Hg), corresponding to a mean
percent reduction of 28.6 ± 7.15 (range = 20% to 50%). The
mean reduction from baseline in LCD was 9.13 ± 2.05 μm
(range = −25.33 to 92.0 μm) and the mean reduction in LCCI
was 2.12 ± 0.72 (range = 0.08 to 4.53).

The intersession reproducibilities based on the LCD and
LCCI measurements of 30 patients with stable NTG were
excellent, with an ICC for LCD of 0.996 (range = 0.995–
0.997) and an ICC for LCCI of 0.946 (range = 0.930–0.959);
1.96 times the intersession SDs were 23.40 μm for LCD and
1.50 for LCCI. Based on these values, 20 (21.5%) eyes showed
a significant decrease in LCD and 62 (66.7%) eyes showed a
significant decrease in LCCI, with 14 (15.5%) showing signif-
icant decreases in both.

Clinical and Ocular Characteristics Relative to
Reversal of LC Curvature

Based on the reversal of LC curvature, subjects were divided
into two groups using an LCCI cutoff value of 1.50, corre-
sponding to an intersession SD of 1.96 times in 30 patients
with stable NTG in the present study. Group 1, consisting
of 31 patients, showed no significant change in LC curva-
ture, whereas group 2, consisting of 62 patients, showed a
significant reversal of LC curvature (Fig. 2). There were no
differences between these two groups in baseline IOP (P =
0.111), corneal thickness (P = 0.946), AXL (P = 0.301), RNFL
thickness (P = 0.270), mean deviation of visual field test (P
= 0.061), average BMO width (P = 0.348), or reduction in
IOP (P = 0.581). At baseline, however, patients in group 1
were significantly older (P = 0.015), and had lower systemic
systolic and diastolic BP (P < 0.010 each), a smaller LCCI
(P < 0.001), and thinner peripapillary choroid (P = 0.030)
than patients in group 2 (Table 2).

Factors Associated With the Reduction of LC
Curvature in the Group 2

The factors affecting the reduction of LCCI were determined
by linear regression analysis. Univariate analysis showed that

younger age at baseline (P = 0.018) and larger LCCI (P <

0.001) were significantly associated with reduction in LCCI.
Multivariate analysis also showed that younger age at base-
line (P = 0.020) and larger baseline LCCI (P < 0.001) were
statistically significant independent factors associated with
the magnitude of LCCI reduction (Table 3, Fig. 3).

Representative Case

Figure 4 shows a patient with NTG with reductions in LCD
and LC curvature after IOP-lowering treatment.

DISCUSSION

The present study demonstrated that the LC became less
curved in about two thirds of eyes with NTG after topi-
cal ocular hypotensive medication. The magnitude of LC
change was associated with age and baseline LCCI. Patients
who showed no detectable LC change were older and had
a relatively flat baseline LC, lower ocular perfusion pressure
(OPP), and thinner peripapillary choroid than patients with
detectable LC change. To our knowledge, this is the first
study to document the morphologic changes in the LC after
IOP lowering treatment in patients with NTG.

Reversal of LC curvature was greater in younger than
in older patients with NTG, consistent with findings in
patients with high tension glaucoma.31,36 With aging, the
constituents of the LC undergo various changes, such as
having more collagen,41 smaller pores,42 alterations in lami-
nar beam thickness,43 and thicker laminar astrocyte base-
ment membrane. These age-related changes may render the
LC stiffer and less responsive to IOP lowering. The decreased
flexibility of the LC with age44–50 may be related to the higher
risk of glaucoma progression in elderly subjects. Restoration
of a deformed LC is less likely in older subjects, despite IOP
reduction, thereby potentially exerting compressive stress
continuously on the RGC axon or capillaries inside the LC.

Although the reduction of IOP reduced the LCCI, the
magnitude of the LC change was not linearly correlated with
the extent of IOP reduction in the current study. This is
contrasted to our previous study,31,36 which reported posi-
tive correlation between the mangitue of IOP reduction and
the amount of LC curve reduction. We consider that this

FIGURE 2. Changes in the LC curvature in response to the IOP reduction in the two NTG groups divided based on the OCT detectable
LC curvature change (group 1 (A) showed no significant change in LC curvature, whereas group 2 (B) showed a significant reversal of LC
curvature). Group 2 had larger pretreatment and larger change of the LCCI compared to group 1. LC = lamina cribrosa; IOP = intraocular
pressure; NTG = normal tension glaucoma; OCT = optical coherence tomography; LCCI = lamina cribrosa curvature index.
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TABLE 2. Comparative Characteristics of Patients Classified According to the Reversal of LC Curvature

Variables Group 1 (n = 31) Reversal (−) Group 2 (n = 62) Reversal (+) P Value

Baseline clinical characteristics
Age, years 62.4 ± 9.8 57.6 ± 10.1 0.030
Female gender, n (%) 15 (48.39) 28 (45.16) 0.941
Diabetes mellitus, n (%) 3 (9.68) 7 (11.29) 1.000
Hypertension, n (%) 8 (25.81) 15 (24.19) 1.000
Family history of glaucoma, n (%) 3 (9.68) 4 (6.45) 0.889
Cold extremities, n (%) 7 (22.58) 15 (24.19) 1.000
Migraine, n (%) 3 (9.68) 3 (4.92) 0.669
SBP, mm Hg 122.8 ± 12.4 130.7 ± 12.0 0.004
DBP, mm Hg 68.0 ± 9.5 74.4 ± 10.2 0.005
MAP, mm Hg 86.3 ± 10.1 93.2 ± 10.4 0.003

Baseline ocular characteristics
IOP, mm Hg 16.3 ± 2.3 15.4 ± 2.5 0.111
Spherical equivalent, diopter −0.18 ± 1.71 −0.84 ± 2.04 0.127
Central corneal thickness, μm 547.7 ± 36.8 548.2 ± 29.8 0.946
Axial length, mm 23.77 ± 0.82 24.00 ± 1.06 0.301
Global RNFL thickness, μm 79.13 ± 13.48 75.35 ± 16.33 0.270
Visual field MD, dB −4.25 ± 5.78 −7.07 ± 7.17 0.061
Visual field PSD, dB 4.32 ± 3.31 6.19 ± 4.25 0.035
Average BMO width, μm 1416.7 ± 149.7 1387.5 ± 136.2 0.348
Average LCD, μm 485.1 ± 106.1 555.0 ± 138.0 0.015
Average LCCI 7.49 ± 1.77 9.86 ± 1.72 <0.001
Peri-papillary choroidal thickness, μm 145.3 ± 51.6 173.9 ± 62.1 0.030

Post IOP lowering treatment
IOP, mm Hg 11.6 ± 1.7 11.0 ± 1.7 0.082
Reduction of IOP, mm Hg 4.7 ± 1.5 4.5 ± 1.7 0.581
Reduction of IOP (%) 28.51 ± 6.51 28.64 ± 7.40 0.938
Average LCD, μm 477.5 ± 102.0 539.4 ± 135.1 0.027
Reduction of average LCD, μm 7.8 ± 15.2 15.5 ± 20.6 0.068
Average LCCI 6.70 ± 1.56 7.75 ± 1.61 0.004
Reduction of average LCCI 0.84 ± 0.42 2.27 ± 0.58 <0.001

SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; IOP, intraocular pressure; RNFL, retinal nerve
fiber layer; VF, visual field; MD, mean deviation; dB, decibel; PSD, pattern standard deviation; BMO, Bruch’s membrane opening; LCD, lamina
cribrosa depth; LCCI, lamina cribrosa curvature index.

Data are reported as mean ± standard deviation or n (%).

TABLE 3. Factors Associated With the Reduction of Lamina Cribrosa Curvature Index in Eyes With LC Reversal (n = 62)

Univariate Analysis Multivariate Analysis

Variables Beta 95% CI P Value Beta 95% CI P Value

Age, years −0.016 −0.029 to −0.003 0.018 −0.014 −0.025 to −0.002 0.020
Female gender −0.048 −0.345 to 0.248 0.745
Diabetes mellitus −0.162 −0.629 to 0.305 0.490
Hypertension −0.258 −0.590 to 0.075 0.126
Change of IOP, mm Hg 0.029 −0.060 to 0.118 0.520
Change of IOP, % 0.014 −0.006 to 0.034 0.157
Spherical equivalent, D −0.034 −0.105 to 0.037 0.345
CCT, μm −0.003 −0.008 to 0.002 0.224
AXL, mm 0.082 −0.064 to 0.227 0.267
Global RNFL thickness, μm 0.006 −0.003 to 0.015 0.158
Visual field MD, dB 0.014 −0.006 to 0.035 0.171
Visual field PSD, dB −0.020 −0.055 to 0.015 0.262
Average BMO width, μm 0.001 −0.001 to 0.001 0.863
Baseline LCCI 0.165 0.089 to 0.241 <0.001 0.158 0.085 to 0.232 <0.001

CI, confidence interval; IOP, intraocular pressure; D, diopter; CCT, central corneal thickness; AXL, axial length; RNFL, retinal nerve fiber
layer; MD, mean deviation; dB, decibel; PSD, pattern standard deviation; BMO, Bruch’s membrane opening; LCCI, lamina cribrosa curvature
index.

Statistically significant variables are in boldface.
Only variables with P < 0.10 on univariate analysis were included in the multivariate model.
* Stepwise backward regression.
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FIGURE 3. Scatter plots showing the relationships of LCCI reduction with (A) baseline age and (B) baseline LCCI in the two NTG groups
divided based on the OCT detectable LC curvature change (group 1 A showed no significant change in LC curvature, whereas group 2 B
showed a significant reversal of LC curvature). The baseline age and pretreatment LCCI were significantly associated with the change of
the LCCI only in the group 2 but not in group 1. LCCI = lamina cribrosa curvature index; NTG = normal tension glaucoma; OCT = optical
coherence tomography; LC = lamina cribrosa.

FIGURE 4. Infrared disc photograph and B-scan images of the left eye of a 60-year-old woman who showed the reversal of LC curvature
after lowering IOP from 21 mm Hg to 13 mm Hg. The green line in the infrared disc photograph (A) indicates the location of B-scan images
at baseline (B) and after 1 year of topical IOP-lowering medications (C). Red dots indicate the anterior surface of the LC. Note that the LC
curvature noticeably flattened after IOP lowering treatment. LC = lamina cribrosa; IOP = intraocular pressure.

discrepancy is mainly attributed to the difference in the
study subjects. Unlike our previous studies,31,36 the present
study included only patients with NTG. As a result, the
magnitude of IOP reduction and the its variation among
patients were smaller compared to the previous studies. The
smaller range of variation in the two parameters would have
made it difficult to detect the correlation between the extent
of IOP reduction and the LC curve change.

The baseline LC parameters (LCD and LCCI) predicted
the magnititude of LC change in response to the IOP reduc-
tion, which is in the line with the results of the study
conducted by Quigley et al.51 It may be presumed that eyes
with greater posterior LC deformation are those that are
more respondible to IOP change. Together with the absence
of correlation between the extent of IOP reduction and the
magnitude of LCCI reduction in our study subjects, this fing-
ing suggests that the material property of LC plays a central
role in the change of LC morphology according to IOP partic-
ularly in patients with normal range IOP.

Baseline LCCI in patients with NTG who did not show
significant LCCI reduction was 7.73 ± 1.76, similar to that in
healthy subjects (7.46 ± 1.22).30 Interestingly, these patients
had a lower systemic BP, a lower OPP, and a thinner peri-
papillary choroid, vascular factors associated with glau-
coma development and/or progression.46,52,53 These find-
ings suggest that the vascular risk factors may play a more
important role in these patients. Glaucoma is regarded as
a multifactorial disease, despite elevated IOP being the
strongest risk factor for glaucoma. No method has yet been
developed to classify patients with glaucoma based on the
predominant pathogenic mechanism.

Morphologic changes in the LC were assessed in this
study by evaluating LCCI. Although measurement of LC
depth from the BMO can be an alternative index, the choroid
in glaucomatous eyes becomes thicker after IOP reduction.54

This may lead to a biased interpretation of changes in LC
position from before to after treatment. In contrast, LCCI is
not influenced by changes in choroidal thickness. Moreover,
it is a simple method that can intuitively indicate the effects
of changes in IOP on changes in LC morphology.

Changes in LC morphology may depend on the inter-
val between IOP reduction and OCT imaging. Acute IOP
elevation caused by ocular compression did not result
in detectable changes in LC morphology, as assessed
by measuring LC depth.55 Therefore, the present study
compared LC morphology before and after 1 year of treat-
ment.

The influence of the reversal of LC curvature on glaucoma
progression in patients with NTG remains to be elucidated.
However, current understanding of the role of LC defor-
mation in the pathogenesis of glaucoma suggests that LC
reversal might be a sign of released strain at the level of
the LC, providing relief to the compressed RGC axons or
lamina capillaries. It would be valuable to assess whether
glaucoma is stable or still ongoing in the LCCI reduction
group. However, the current study included only patients
with consecutive ONH B-scan images before and 1 year after
IOP lowering treatment, which were too short to assess the
influence of morphologic LC change on disease progres-
sion in NTG. Because long-term follow-up data was not
available, additional analysis of glaucoma progression in the
LCCI reduction group was not possible in the current study.
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Further study is needed to evaluate the role of LC reversal
in the progression of NTG.

This study had several limitations. First, this study
included only a small number of Korean patients, suggest-
ing that there may be a limit to generalize the results of this
study and directly applying it to patients of other ethnicities.
Second, only the LC within the BMO was included in the
measurement of LC curvatures, as the LC outside this region
was often not visible. However, the LCCI measured from the
entire LC (i.e. between the LC insertions) was comparable to
that measured from the LC within the BMO,31 indicating that
the curvature of the LC within the BMO may be a surrogate
measurement of the actual LC curvature. Last, because this
study did not include the control group (healthy subjects
or patients with NTG without IOP change), there may be a
limitation to conclude whether the change of LC curvature
occurred in the response to IOP reduction in the NTG eyes.

In conclusion, reversal of LC curvature was observed after
IOP-lowering treatment in about 60% of patients with NTG.
This finding indicates that LC strain plays a central role
in optic nerve damage in a large proportion, but not all,
patients with NTG.
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