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Pre-perimetric Open Angle Glaucoma with
Young Age of Onset: Natural Clinical Course

and Risk Factors for Progression
EUNOO BAK, YONG WOO KIM, AHNUL HA, YOUNG KOOK KIM, KI HO PARK, AND JIN WOOK JEOUNG
� PURPOSE: To investigate the natural clinical course of
more than 5 years and the risk factors of progression in
patients with pre-perimetric open angle glaucoma
(OAG) of ‘‘young age of onset (under age 40)’’ without
treatment.
� DESIGN: Retrospective observational case series.
� METHODS: Optic disc photography, red-free retinal
nerve fiber layer (RNFL) photography, optical coherence
tomography, and visual field (VF) examinations were
performed every 6 months. Glaucoma progression was
defined as structural or functional deterioration. A linear
mixed-effects model was used to estimate the rate of
structural and functional changes. Kaplan-Meier survival
analysis and log-rank testing were used to compare sur-
vival experiences, and Cox proportional hazards modeling
was performed to identify risk factors for glaucoma
progression.
� RESULTS: Of the 98 eyes of 98 patients (mean age, 30.6
years old), glaucoma progression was detected in 42 eyes
(42.9%). The rate of average RNFL thickness thinning
was L0.46 ± 0.50 mm/y, and the mean deviation (MD)
change was L0.03 ± 0.13 dB/y. The glaucoma progres-
sion probability at 5 years was 39% by structural criteria
and 5% by functional criteria. Older age at diagnosis
(P [ .004), presence of temporal raphe sign (horizontal
straight line on macular ganglion cell-inner plexiform
layer thickness map) (P [ .011), lamina pore visibility
(P [ .034), and greater pattern standard deviation
(P [ .005) were significant factors for glaucoma
progression.
� CONCLUSIONS: In untreated pre-perimetric OAG pa-
tients with a ‘‘young age of onset’’ condition, the esti-
mated MD slope for the disease course of more than 5
years was L0.03 dB/y, and the average RNFL thinning
rate was L0.46 mm/y. The predictors for progression
were structural parameters of temporal raphe sign, lamina
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T
HE RECENT AVAILABILITY OF ADVANCED TECHNOL-

ogy in diagnostic tests and improved strategies
have facilitated earlier and more accurate detection

of glaucomatous changes, even at the pre-perimetric
stage.1–3 Pre-perimetric open angle glaucoma (OAG) is
characterized by the presence of glaucomatous optic disc
(eg, neuroretinal rim thinning, notching, excavation)
and damage in the retinal nerve fiber layer (RNFL), with
normal visual field (VF) on standard automated perimetry
(SAP).3 According to previous studies, the factors associ-
ated with glaucoma progression are optic disc hemor-
rhage,3–6 higher mean intraocular pressure (IOP),3,6

fluctuation of IOP,5 greater vertical cup-to-disc ratio,5

and greater pattern standard deviation (PSD).4 However,
the treatment strategy for pre-perimetric OAG has not
been well established.
The proportion of young adults in the glaucoma popula-

tion is growing.7,8 It has been previously reported that pa-
tients with myopic glaucoma are significantly younger
than nonmyopic glaucoma patients.9,10 Also, in a small
cohort of 16 young (average, 38.9 years old) Chinese-
American males with a diagnosis of glaucoma or suspected
of having glaucoma, stable ocular findings were associated
with myopia.11 However, importantly, young patients have
a longer life expectancy with the possibility of increased
risk of end-of-life visual disabilities. Under this circum-
stance, knowledge of the natural course and risk of the dis-
ease progression, which presently is lacking, are essential.
Accordingly, the aim of this study was to investigate the

over-5-year natural clinical course of pre-perimetric OAG
of young age of onset (under age 40) without treatment.
Additionally, the risk factors associated with structural
and/or functional progression in these patients was
evaluated.
SUBJECTS AND METHODS

THE PRESENT LONGITUDINAL RETROSPECTIVE STUDY

included subjects from an ongoing study of a pre-
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perimetric OAG cohort at the Glaucoma Clinic of Seoul
National University Hospital, examined between June
2008 and July 2015. The study protocol was approved by
the Institutional Review Board of Seoul National Univer-
sity Hospital, and the study conduct adhered to the tenets
of the Declaration of Helsinki.

The inclusion criteria were as follows: 1) young age at
onset, under the age of 40, adults with pre-perimetric
OAG; 2) a minimum of 5 years’ follow-up without treat-
ment; and 3) attendance at follow-up visits every 6 months.
Additionally, the patients had a best corrected visual acuity
better than 20/40, a spherical equivalent within 68.0 D,
good quality results of stereo optic disc photography, red-
free results of retinal nerve fiber layer (RNFL) photographs,
optical coherence tomography (OCT) images, and reliable
VF test results (fixation loss <20%, false positive errors
<15%, and false negative errors <15%). When both eyes
met all eligibility criteria, 1 eye was randomly selected as
the study eye.

Pre-perimetric OAG was defined as the presence of glau-
comatous optic nerve damage (eg, focal notching, rim thin-
ning), RNFL defect, open angle confirmed by gonioscopy,
and the absence of definite glaucomatous VF defect in
SAP at 3 initial consecutive VF examinations. Glaucoma-
tous VF defect was defined as either 3 or more abnormal
points with a P value of <.05, of which at least 1 point
had a pattern standard deviation (PSD) of P < .01; or a
PSD of P < .05; or glaucoma hemifield test values outside
the normal limits. The age of onset of pre-perimetric
OAG was considered the age at which the OAG was first
diagnosed. During the initial examination of newly diag-
nosed pre-perimetric OAG, the possible clinical course of
glaucoma was explained to all patients. The clinicians
and patients also discussed whether to use IOP-lowering
treatments. Patients agreed to undergo observation without
IOP-lowering treatment unless a VF defect was identified.
Patients who refused medication, despite having been
informed of a new glaucomatous VF defect, were also
observed without IOP-lowering treatment.

Patients were excluded for any of the following reasons:
history of primary or secondary congenital glaucoma; his-
tory of primary or secondary juvenile glaucoma; secondary
(eg, uveitic) glaucoma; , history of intraocular surgery or
laser treatment (other than corneal refractive surgery);
any systemic or ocular pathology known to affect the optic
disc, RNFL, or VF (eg, retinal vascular occlusive disease,
hypertensive retinopathy, ocular infection, trauma); seg-
mentation failure in OCT scans of the RNFL or ganglion
cell-inner plexiform layer (GCIPL) in the optic disc or
macular cube on 4 or more consecutive visits; total
follow-up duration of less than 5 years after exclusion of
OCT scans12; or low reliability of VF index (fixation loss
>20%, false positive errors>15%, false negative errors
>15%). The first VF available from each participant was
excluded due to the possibility of a learning effect.13 The
VF tests were reviewed for the presence of artifacts
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including fatigue or learning effects, inattention, inappro-
priate fixation, or eyelid or rim artifacts. Tests results
with such artifacts were excluded from the analyses.
All subjects underwent complete ophthalmic examina-

tions including a review of medical history; visual acuity;
Goldmann applanation tonometry; refraction (KR-890;
Topcon, Tokyo, Japan); slit-lamp biomicroscopy; gonio-
scopy; dilated fundus examination; digital color stereo op-
tic disc photography; red-free RNFL photography (TRC-
50IX; Topcon); and SAP (Humphrey 30-2 SITA-
standard visual field; Carl Zeiss Meditec, Dublin, Califor-
nia). In addition, central corneal thickness (Pocket II
Pachymeter Echograph; Quantel Medical, Clermont-
Ferrand, France) and axial length (AXIS-II ultrasonic bio-
meter; Quantel Medical SA, Bozeman, Montana) were
measured. The patients attended regular follow-up visits
at 6-month intervals, at which time they underwent clin-
ical examinations, optic disc photography, red-free RNFL
photography, and SAP.
A calibrated Goldmann applanation tonometer was used

to measure IOP at the baseline and follow-up visits during
office hours (8:30 AM to 5:30 PM) with the patient in a
sitting position under topical anesthesia. Baseline IOP
was defined as the mean of 2 values obtained at 2 consecu-
tive visits.14 The mean follow-up IOP was calculated as the
average of all IOPs for all visits without IOP-lowering treat-
ment. Fluctuation of IOP was defined based on the standard
deviation of those mean values.15

� EVALUATIONOFOPTICDISC IMAGES: All optic disc and
RNFL photographs were obtained after dilation of the
patient’s pupil. Images were taken by a single experienced
examiner with a simultaneous camera. After a scanning
process, images were saved in a 1,600-3 1,216-pixel digital
imaging format and stored in the picture-archiving
communication system of Seoul National University Hos-
pital. The stereoscopic disc photograph was centered on
the optic disc. By photographically focusing on the lamina
cribrosa (LC), the clear visibility of lamina pores was
assessed. The presence of lamina pore visibility was assessed
by 2 glaucoma specialists (E.B., Y.W.K.). In cases of
disagreement, a third glaucoma specialist (J.W.J.)
confirmed the presence after discussion. A disc hemorrhage
was considered a splinter- or flame-shaped hemorrhage
adjacent to the optic disc or parapapillary area and extend-
ing to the border of the optic disc. b-Zone parapapillary at-
rophy (PPA) was defined as an area adjacent to the disc
margin with notable atrophy of the retinal pigment epithe-
lium, visible sclera, and visible large choroidal vessels.
Measurements were taken by using ImageJ version 1.52

software (National Institutes of Health, Bethesda, Mary-
land). Images were evaluated by 2 glaucoma specialists
(E.B., Y.W.K.) who were masked to all patients’ clinical in-
formation. The representative value was considered the
average of the values measured by the 2 specialists. The
extent of disc tilt was defined as the longest-to-shortest
AUGUST 2020OPHTHALMOLOGY



diameter ratio of the optic disc. The area was delineated by
using a mouse-driven cursor to trace the PPA and disc mar-
gins directly onto the disc photograph image. The struc-
tures for quantification were outlined on the inside edge
in order that the trace thickness could be incorporated
into the total delineated area. Instead of the b-zone PPA
area itself, the b-zone PPA-to-disc area ratio was used to
minimize the effects of photographic magnification error.

� SD-OCT IMAGING: Cirrus HD-OCT version 9.5 software
(Carl Zeiss Meditec) was used to acquire RNFL and macu-
lar GCIPL measurements. Measurements were taken by a
single experienced examiner after mydriasis of the patients’
eyes. RNFL thicknesses were measured from an optic disc
cube scan (200 3 200 pixels) generating an RNFL thick-
ness map of the parapapillary region (6 3 6 mm2). Param-
eters included peripapillary global average RNFL
thickness; 4-quadrant thickness; thickness at 12 O’clock;
optic nerve head (ONH) parameters at the rim area and
disc area; average cup-to-disc ratio; vertical cup-to-disc ra-
tio; and cup volume.

GCIPL thicknesses were measured from a macular cube
scan (200 3 200 pixels) generating a GCIPL thickness
map in an elliptical annulus (inner vertical and horizontal
axes of 1.0 mm and 1.2 mm, respectively; and outer vertical
and horizontal axes of 4.0 mm and 4.8 mm, respectively)
centered at the fovea. The average, minimum, and sectoral
(superonasal, superior, superotemporal, inferotemporal,
inferior, and inferonasal) measurements were obtained.
The temporal raphe sign was determined as a horizontal
straight line located in the temporal elliptical area (longer
than one-half of the length between the inner and outer
annulus).16

Satisfactory OCT quality was defined as 1) a well-
focused image, 2) the presence of a centered circular ring
around the optic disc, and 3) a signal strength >_6.17 OCT
scans with motion artifacts, poor centration, or missing
data were discarded, and eyes were rescanned on the
same day. If only the optic disc or macular cube scan of
an eye met the requirement for image quality, both scans
were removed from the longitudinal analysis.

� DETERMINATION OF GLAUCOMA PROGRESSION: Struc-
tural changes on disc and/or RNFL photographs and func-
tional changes on SAP were assessed to determine the
patient’s progression status. The first time that structural
or functional progression was detected was considered the
‘‘progression endpoint.’’

Structural progression was defined as progression of the
optic disc and/or RNFL defect change in 2 consecutive ex-
aminations within an interval of 6 months. Progressive op-
tic disc changes included focal, diffuse narrowing or
notching of the neuroretinal rim; increased cup-to-disc ra-
tio; or changes in the adjacent vasculature, as determined
by comparison of serial disc photographs.3,5 The definition
of change was not based on the presence of disc hemor-
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rhage, deepening of the cup, color change, or changes
resulting from differences in focus. Progressive RNFL
defect changes were determined based on increased width
or depth of an existing defect or the appearance of a new
defect. All photographs were evaluated, and changes
were confirmed by 2 experienced glaucoma specialists
(E.B., Y.W.K.), both of whom were masked to all patients’
information and other findings, independently. Each pa-
tient was classified as a structural nonprogressor or progres-
sor based on interpretation of disc and RNFL photographs.
Disagreements were adjudicated by discussion with a third
glaucoma specialist (J.W.J.).
Functional progression observed on VF test results was

defined in reference to previous studies.17–20 Progression
of VF was evaluated by 2 methods, the ‘‘event-based’’
analysis and the ‘‘trend-based’’ analysis. Event-based anal-
ysis detects whether significant deterioration has occurred,
whereas trend-based analysis calculates the rate of progres-
sion. In the present event-based analysis, the guided pro-
gression analysis application of the Humphrey field
analyzer with guided progression analysis software was
used, and significant VF progression was diagnosed if the
guided progression analysis result indicated ‘‘likely progres-
sion.’’ ‘‘Likely progression’’ manifests as 3 or more test point
locations that are anywhere in the field and not necessarily
contiguous and that show significant deterioration in 3
consecutive tests.18,21 In the present trend-based analysis,
linear regression analysis was used to calculate the rate of
progression based on the change in mean deviation (MD)
over time. One glaucoma specialist (A.H.), masked to
the patients’ clinical information, reviewed the serial VF
test results for artifacts by double-checking.

� STATISTICAL ANALYSIS: The clinical characteristics of
the continuous variables were compared by using the Stu-
dent t-test, and the categorical variables were compared
by using chi-squared tests. A linear mixed-effects model
was used to estimate the rates of global and sectoral
RNFL, GCIPL thickness, and VF parameter change. For
validation of the interobserver agreement on glaucoma
progression, the presence of lamina pore visibility, mea-
surements of the extent of disc tilt and b-zone-to-disc-
area ratio, and Kappa (l) statistics were assessed. The
strength of agreement was categorized according to classifi-
cation by Landis and Koch22: 0 ¼ poor; 0-0.20 ¼ slight;
0.21-0.40 ¼ fair; 0.41-0.60 ¼ moderate; 0.61-0.80 ¼ sub-
stantial; and 0.81-1.00 ¼ almost perfect. Univariate and
multivariate Cox proportional hazards regression models
were used to identify factors associated with structural
and functional progression. The variables with significance
at P< .10 in the univariate model were included in the sub-
sequent multivariate model. The final multivariate model
was developed by means of backward elimination, and
the adjusted hazard ratio (HR) with a 95% confidence in-
terval (CI) was calculated. Kaplan-Meier survival analysis
based on structural and functional deterioration was
123G PREPERIMETRIC OAG



TABLE 1. Demographics and Clinical Characteristics of Young Preperimetric Open Angle Glaucoma Patients

Nonprogressing Group (n ¼ 56) Progressing Group (n ¼ 42) P Value

Demographic variables

Mean 6 SD age at diagnosis, y 30.1 6 6.4 31.3 6 5.7 .84a

Male 28 (53.8%) 22 (47.8%) .93b

Mean 6 SD spherical equivalence, D �5.04 6 2.75 �5.02 6 2.66 .94a

Mean 6 SD axial length, mm 25.44 6 1.72 25.53 6 1.18 .40a

Mean 6 SD central corneal thickness,

mm

547.1 6 42.1 543.4 6 48.4 .82a

Mean 6 SD baseline IOP, mm Hg 15.0 6 3.4 14.5 6 3.0 .84a

Mean 6 SD IOP, mm Hg 14.5 6 2.5 13.9 6 2.3 .82a

Mean 6 SD IOP fluctuation, mm Hg 1.7 6 0.7 1.5 6 0.6 .82a

Optic disc hemorrhage 0 (0.0%) 2 (4.7%) .10b

Family history of glaucoma 8 (15.4%) 3 (6.5%) .87b

Hypertension 3 (5.8%) 2 (4.3%) .93b

Diabetes mellitus 0 (0.0%) 0 (0.0%) >.99b

Structural Parameters

Temporal raphe sign 8 (15.4%) 16 (34.8%) .06b

Visible lamina pore 27 (51.9%) 31 (67.4%) .06b

Mean 6 SD tilt ratio 1.19 6 0.17 1.22 6 0.15 .25a

Mean 6 SD PPA-to-disc area ratio 0.52 6 0.50 0.50 6 0.45 .74a

Mean 6 SD Vertical cup/disc ratio 0.65 6 0.10 0.66 6 0.09 .49a

Mean6 SD baseline RNFL thickness, mm 85.8 6 7.7 85.5 6 8.7 .93a

Mean 6 SD baseline GCIPL thickness,

mm

73.1 6 8.6 74.3 6 6.4 .87a

Mean 6 SD functional parameters

Baseline MD, dB �0.30 6 1.32 �0.24 6 1.22 .82a

Baseline PSD, dB 1.81 6 0.56 2.09 6 0.66 .06a

Values are mean 6 SD and n (%). P values were adjusted using the Benjamini-Hochberg method to compensate for multiple comparison.

D ¼ diopters; GCIPL ¼ ganglion cell-inner plexiform layer; IOP ¼ intraocular pressure; MD ¼ mean deviation; dB ¼ decibels; PPA ¼ para-

papillary atrophy; PSD ¼ pattern standard deviation; RNFL ¼ retinal nerve fiber layer;
aStudent t-test.
bChi-square test.
evaluated, and the cumulative probability of structural pro-
gression between progressors and nonprogressors was strat-
ified by the significantly associated factors. Statistical
analyses were performed using statistical software (SPSS
version 22.0; SPSS Inc, Chicago, Illinois) and R version
3.5.3 software (R Foundation, Vienna, Austria)). Statisti-
cal significance was set at a P value of < .05, and the false
discovery rate was controlled using the Benjamini-
Hochberg method.
RESULTS

A TOTAL OF 133 YOUNG-AGE-ONSET (UNDER AGE 40) PRE-

perimetric OAG patients without treatment were followed
for more than 5 years, between 2008 and 2015. Among
them, 12 patients with poor quality stereo disc photographs
and/or red-free RNFL photographs; 2 patients with a
follow-up duration less than 5 years after exclusion of
124 AMERICAN JOURNAL OF
poor quality OCT scans; 4 patients with segmentation fail-
ure of OCT scans on 4 or more visits; and 17 patients with
unreliable VF results were excluded from the analyses. Ul-
timately, 98 eyes of 98 patients were included for analysis
(mean follow-up duration, 5.8 6 1.7 years; mean age at
diagnosis, 30.6 years old [range, 20-39 years old]; and base-
line IOP, 14.8 6 3.2 mm Hg).

� DEMOGRAPHIC AND CLINICAL CHARACTERISTICS OF
PROGRESSORS AND NONPROGRESSORS: The patients’ de-
mographic and baseline clinical characteristics are summa-
rized in Table 1. Of 98 patients, 42 (42.9%) presented with
glaucoma progression and were classified as progressors, and
56 patients (57.1%) without progression were classified as
nonprogressors. All 42 progressors exhibited structural pro-
gression (optic disc and/or RNFL deterioration), and 5 of
them showed both structural and functional progression
(VF deterioration). The interobserver agreement on struc-
tural progression was almost perfect (l ¼ 0.86; 95% CI:
0.82-0.91). Seven cases had observer disagreement on
AUGUST 2020OPHTHALMOLOGY



FIGURE 1. Distribution of rates of change for average retinal nerve fiber layer (RNFL) and ganglion cell-inner plexiform layer
(GCIPL) thickness and mean deviation (MD) of visual field. Histograms comparing rates of change for RNFL thickness (left),
GCIPL thickness (middle), and MD of visual field (right) between eyes with structural progression (red) and nonprogression (blue).
structural evaluation, and no case had disagreement on
functional evaluation. For the 7 cases of disagreement,
the third adjudicator classified 3 progressors and 4 nonprog-
ressors. No significant differences of the baseline character-
istics were found between progressors and nonprogressors.
The inter-observer values were almost perfect for lamina
pore visibility (l ¼ 0.98; 95% CI: 0.97-0.99), tilt ratio
(l ¼ 0.91; 95% CI: 0.84-0.95), and PPA-to-disc area ratio
(l ¼ 0.90; 95% CI: 0.82-0.94).

� RATE OF PROGRESSION: Analysis of the rates of change
of the structural and functional parameters are shown in
Figure 1 and Table 2. During the follow-up period (5.8 6
1.7 years), the overall average RNFL thickness slope
was �0.46 6 0.50 mm/y (95% CI, �0.56 to �0.36), the
average GCIPL thickness slope was �0.29 6 0.83 mm/y
(95% CI, �0.45 to �0.12), and the mean MD change
was �0.03 6 0.13 dB/y (95% CI, �0.06 to �0.01). The
average RNFL thickness slope was greater for progressors
than for nonprogressors (�0.60 6 0.45 vs. �0.35 6
0.51 mm/y, respectively; adjusted P ¼ .007), and the rate
was fastest in the inferior quadrant (�1.27 6 1.06
vs. �0.71 6 0.83 mm/y, respectively; adjusted P ¼ .006).
The average GCIPL thickness slope also was greater for
progressors than for nonprogressors (�0.58 6 0.94
vs. �0.07 6 0.67 mm/y, respectively; adjusted P < .001).
The MD rate did not show statistical difference (�0.06
6 0.12 dB/y vs. �0.02 6 0.13, respectively; adjusted P ¼
.33). The rates of RNFL thinning for clock-hour sectoral
RNFL thickness are compared in Supplemental Table 1,
and the baseline-to-final changes of the structural and
functional parameters are listed in Supplemental Tables 2
and 3. Representative cases of structural progression
(Figure 2) and nonprogression (Figure 3) followed over
the course of 7 years are shown.

� RISK FACTORS FOR GLAUCOMA PROGRESSION: The
baseline factors were analyzed by a univariate Cox propor-
tional hazard model. Older age at presentation (HR ¼
1.081; P ¼ .004), presence of temporal raphe sign (HR ¼
VOL. 216 CLINICAL COURSE OF YOUN
2.277; P ¼ .011), lamina pore visibility (HR ¼ 2.134;
P¼ .034), and greater PSD (HR ¼ 1.944; P¼ .005) signif-
icantly contributed to glaucoma progression (Table 3).
In Kaplan-Meier survival analysis, the glaucoma progres-

sion probability at 5 years was 39% (95%CI, 29-49) accord-
ing to the structural criteria, and 5% according to the
functional criteria. Patientswith temporal raphe sign showed
a significantly greater cumulative probability of glaucoma
progression (P ¼ .028) (Figure 4A). In addition, patients
with the visibility of lamina pore had a greater cumulative
probability of glaucoma progression (P ¼ .036) (Figure 4B).
DISCUSSION

THIS STUDY INVESTIGATED THE NATURAL CLINICAL

course of young-age-onset (age less than 40 years old)
pre-perimetric OAG patients without treatment and char-
acterized the progression rate and risk factors of glaucoma
progression in these patients. After more than 5 years of
follow-up, 42.9% of patients showed structural or func-
tional progression with a total mean RNFL thickness
change of �0.46 6 0.50 mm/y and a MD change
of �0.03 6 0.15 dB/y. Older age at diagnosis, presence of
temporal raphe sign, lamina pore visibility, and greater
PSD were factors associated with glaucoma progression.
In this study, the proportion of glaucoma progression was

low compared with that in previous reports of onset in old
age (over 40 years old) treated pre-perimetric OAGpatients
(42.9 vs. 56.7%, respectively).3 A relatively slow global
RNFL thinning rate was observed in this study (�0.46
vs. �0.34 to �2.02 mm/y, respectively).17,23,24 The phe-
nomenon can be explained by the effect of age-associated
change and the presence of myopia. In previous studies,
the average rate of OCT-derived measurements differed by
age-related changes and was significantly higher in subjects
older than 41 years.25–27 Because the present study enrolled
patients under 40 years old, previous studies without any age
limitation (average age 53.1-64.5) may have had a faster
125G PREPERIMETRIC OAG



TABLE 2. Rates of Change for Structural and Functional Parameters

Total Nonprogressing Group (n ¼ 52) Progressing Group (n ¼ 46) P Value

Mean 6 SD RNFL thickness

parameters (range)

Average, mm/y �0.46 6 0.50 (�0.56 to �0.36) �0.35 6 0.51 (�0.49 to �0.21) �0.60 6 0.45 (�0.74 to �0.46) .007a

Superior, mm/y �0.47 6 0.63 (�0.60 to �0.35) �0.42 6 0.63 (�0.59 to �0.25) �0.55 6 0.52 (�0.74 to �0.35) .22

Inferior, mm/y �0.95 6 1.04 (�1.16 to �0.74) �0.71 6 0.83 (�0.10 to �0.43) �1.27 6 1.06 (�1.57 to �0.98) .006a

GCIPL thickness parameters

(range)

Average, mm/y �0.29 6 0.83 (�0.45 to �0.12) �0.07 6 0.66 (�0.24 to �0.11) �0.58 6 0.94 (�0.87 to �0.29) <.001a

Superior, mm/y �0.04 6 0.25 (�0.09 to �0.01) �0.01 6 0.23 (�0.04 to 0.01) �0.08 6 0.50 (�0.19 to 0.02) .32

Inferior, mm/y �0.34 6 0.82 (�0.50 to �0.17) �0.13 6 0.60 (�0.03 to 0.08) �0.62 6 0.50 (�0.87 to �0.37) <.001a

Mean 6 SD functional

parameters (range)

MD, dB/y �0.03 6 0.13 (�0.06 to �0.01) �0.02 6 0.13 (�0.05 to 0.01) �0.06 6 0.12 (�0.09 to �0.02) .33

Values are mean 6 SD. P values were adjusted by using the Benjamini-Hochberg method to compensate for multiple comparison.

GCIPL ¼ ganglion cell-inner plexiform layer; MD ¼ mean deviation; RNFL ¼ retinal nerve fiber layer;
aSignificant P values, <.05.
structural rate than that in the present data (average, 30.6
years old).17,23,24 Also, the average myopic degree
was �5.03 D in this study. As previously reported, myopia
may contribute as a protective factor for RNFL progression.9

Further study results classified by myopic degree are prom-
ising. Moreover, the overall MD progression rate was slow
in the present cohort of patients compared with that in
studies of old-age patients (�0.03 vs. �0.09 to �0.39 dB/
year).3,4,6 These findings of structural and functional pro-
gression rates suggest that, in pre-perimetric OAG patients
of young-age onset glaucoma, progression may occur less
often and more slowly, even without treatment.

In the present pre-perimetric OAG cohort, relatively
older age at onset was associated with glaucomatous pro-
gression. The reason for this is not yet clear; however, it
may be explained in terms of the aspect of myopia with
glaucomatous-like defects in younger subjects. Myopia is
rapidly increasing in young populations,28–30 and myopic
glaucoma patients are significantly younger than
nonmyopic glaucoma patients.9,10 Although debate is
ongoing,31,32 previous studies have reported that myopia
does not contribute to glaucoma progression and may
even act as a protective factor.9,11,33,34 Glaucomatous
changes in young patients may be coincidental with
myopic developmental changes such as increased axial
length and optic disc tilt. However, as myopic changes
are usually stable after adolescence,35,36 by the time adult-
hood is reached, these glaucomatous-like defects may have
stabilized at the initial ophthalmic examination. Further
studies will be needed to prove this hypothesis.

The laminar dot sign, a classical ONH sign of glaucoma,
is visible as gray pores of the ONH representing the
exposed underlying LC tissue.37 Load-related deformation
of the LC is posited as a cause of glaucoma.38,39 The pres-
126 AMERICAN JOURNAL OF
ence of visible lamina pores predicting glaucoma progres-
sion in this study can be explained as follows. Once the
connective tissues of the LC mechanically fail, the lamina
pore becomes visible, and the remaining adjacent healthy
LC suffers from strain.40 This can cause damage to the
axons passing through the LC, which leads to progressive
glaucomatous change.
In the present study, significant thinning of GCIPL thick-

ness was detected in the progressor group (average and infe-
rior area, both P < .001 respectively), and the temporal
raphe sign was associated with glaucoma progression. The
temporal raphe sign is a horizontal straight line on the macu-
lar GCIPL map showing a step-like configuration near the
temporal raphe.16 It is useful in glaucoma diagnosis, especially
for early structural changes andmyopic eyes16,41–43 and also is
predictive of VF progression.12,44 We can assume that the
presence of the temporal raphe sign is a reflection of early
glaucomatous structural loss in pre-perimetric glaucoma,
which eventually leads to further glaucoma progression.
PSD is the measurement of localized VF defect that best

quantifies progression of glaucoma in early stages with
monotonic increment.45 Greater PSD (more damage to
the VF) is predictive of an increased probability of progres-
sion from ocular hypertension to POAG,46–48 and
development of glaucomatous VFD in pre-perimetric
OAG.4 In this study, a greater PSD value was correlated
with glaucoma progression, which fact indicated that early
levels of VF damage at the pre-perimetric stage are risk fac-
tors for glaucoma progression.
The study has possible limitations. First, all patients

enrolled were Koreans from a single center. East Asian
populations show a high prevalence of myopia relative to
other populations.10 Moreover, ethnic difference may
affect the progression rate of glaucoma.49 These facts could
AUGUST 2020OPHTHALMOLOGY



FIGURE2. Representative case of structural progression. Left eye of 34-year-old female demonstrating progressive structural change
during 7-year follow-up. Progressive inferior disc rim narrowing (first row) and corresponding retinal nerve fiber layer (RNFL) defect
widening (second row) were observed. Progressive macular ganglion cell-inner plexiform layer (GCIPL) thinning is demonstrated in
the serial illustration of GCIPL thickness (third row) and deviation map (fourth row). Progressive RNFL thinning is demonstrated in
the serial illustration of RNFL thickness (Fifth row) and deviation map (sixth row). No significant progression was detected in the
pattern deviation plot of visual field (seventh row). The global rates of RNFL and GCIPL thinning were L1.38 ± 0.33 mm/y (P [
.006) and L0.97 ± 0.20 mm/y (P [ .008), respectively (Last row).
have influenced our findings, in which case, they may not
pertain to other ethnic groups. Second, diagnosis of pre-
perimetric glaucoma can vary among clinicians because
of the subjective nature of structural evaluation. However,
this study included cases of definite glaucomatous optic
neuropathy with distinct RNFL defect on the disc and
RNFL photography, which differ from cases of ocular hy-
pertension or glaucoma suspect without structural damage
VOL. 216 CLINICAL COURSE OF YOUN
at baseline.50,51 Also, progression of structural progression
may differ among studies. It is defined here as the progres-
sion of the optic disc and/or RNFL defect change.
Although serial RNFL examinations by photography re-
sults are known to be sensitive in detecting glaucoma pro-
gression,52 it is often difficult to clearly determine the
borders of diffuse RNFL atrophy, which may lead to chal-
lenges in identification of RNFL defect changes. Therefore,
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FIGURE 3. Representative case of nonprogressing eye. Left eye of 27-year-old male demonstrating no significant structural progres-
sion during 7-year follow-up. The stereo-optic disc photography (First row), red-free retinal nerve fiber layer (RNFL) photography
(second row), RNFL thickness and deviation map (third and fourth row), ganglion cell-inner plexiform layer (GCIPL) thickness and
deviation map (fifth and sixth row), and visual field (seventh row) were stationary. The global rates of RNFL and GCIPL thinning
were L0.21 ± 0.17 mm/y (P [ .28) and L0.30 ± 0.28 mm/y (P [ .36), respectively (last row).
evaluating the progression of optic disc and/or RNFL defect
would be necessary in order to define the structural progres-
sion of glaucoma.53 Third, unlike previous studies, we could
not statistically prove the presence of disc hemorrhage as a
factor associated with glaucoma progression.3–6 This
outcome seems to be based on the fact that all patients
with disc hemorrhage in this study also presented with
glaucoma progression, but the number was relatively
small (only 2 patients), not enough to show statistical
significance. Moreover, disc hemorrhage occurs
128 AMERICAN JOURNAL OF
frequently in older age.54,55 The incidence reported from
a nationwide cross-sectional survey of a Korean population
of glaucoma patients was extremely low (ie, 0%) in the
group younger than 40 years old, which contrasted with
the greater occurrence found in the older age groups.56

Fourth, this study assessed the PPA with the use of stereo
photographs. Spectral-domain OCT would be a useful
method for investigation of PPA morphology, which is
warranted in further studies. Fifth, OCT-derived measure-
ments were based on a different OCT device than those
AUGUST 2020OPHTHALMOLOGY



TABLE 3. Cox Proportional Hazard Model for Structural or Functional Progression

Variables

Univariate Model Multivariate Model

HR (95% CI) P Value HR (95% CI) P Value

Continuous variables

Age at diagnosis, per year 1.074 (1.017-1.133) .09 1.081 (1.025-1.140) .004a

Axial length, per mm 1.090 (0.879-1.352) .43

Central corneal thickness, per mm 1.000 (0.992-1.007) .94

Mean IOP, per mm Hg 1.017 (0.903-1.144) .79

IOP fluctuation, per mm Hg 0.812 (0.592-1.509) .81

History

Male 1.060 (0.577-1.948) .85

History of disc hemorrhage 2.644 (0.632-11.054) .18

Family history of glaucoma 0.568 (0.176-1.828) .34

History of hypertension 1.182 (0.362-3.866) .78

Structural parameters

Baseline temporal raphe sign 2.154 (1.150-4.036) .017a 2.277 (1.211-4.280) .011a

Baseline visible laminar pore 1.898 (0.950-3.793) .07 2.134 (1.059-4.299) .034a

Tilt ratio 2.226 (0.445-11.138) .33

PPA-to-disc area ratio 1.185 (0.626-2.244) .60

Vertical cup/disc ratio 1.538 (0.063-37.821) .79

Functional parameters

Baseline MD, per dB 1.013 (0.796-1.288) .92

Baseline PSD, per dB 1.660 (1.137-2.425) .009a 1.944 (1.219-3.102) .005a

Factors with P < .10 in the univariate analysis were included in the multivariate analysis.

CI¼ confidence interval; dB¼ decibels; HR¼ hazard ratio; IOP ¼ intraocular pressure; MD¼mean deviation; PPA¼ parapapillary atrophy;

PSD ¼ pattern standard deviation.
aSignificant values with P < .05.

FIGURE 4. Kaplan-Meier survival analysis.
used in other studies.23,24 Previous studies have revealed
that the RNFL thickness values measured with different de-
vices are not interchangeable.57,58 Thus, the use of a
different OCT device in the present study might have
affected the rate of glaucoma progression.

In conclusion, the present study provided novel informa-
tion on the natural clinical course of ‘‘young age of onset’
VOL. 216 CLINICAL COURSE OF YOUN
pre-perimetric OAG patients without treatment. The pro-
gression rate was relatively slow, even without treatment:
39% indicated structural progression and only 5% VF pro-
gression during a period of 5 years. For prediction of glau-
comatous progression, careful inspection of the structural
parameters of temporal raphe sign, lamina pore visibility,
and the functional parameter of PSD are needed.
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