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Abstract

Purpose—To compare the rates of retinal nerve fiber layer (RNFL) loss in patients suspect of 

having glaucoma who developed visual field damage (VFD) to those who did not develop VFD, 

and to determine whether the rate of RNFL loss can be used to predict who will develop VFD..

Design—Prospective observational cohort study

Participants—Glaucoma suspects, defined as having glaucomatous optic neuropathy or ocular 

hypertension (Intraocular pressure (IOP)>21 mmHg) without repeatable VFD at baseline from the 

Diagnostic Innovations in Glaucoma Study, and the African Descent and Glaucoma Evaluation 

Study.

Methods—Global and quadrant RNFL thickness (RNFLT) were measured with the Spectralis 

spectral-domain optical coherence tomography (SD-OCT). VFD was defined as having 3 

consecutive abnormal visual fields. The rate of RNFL loss in eyes developing VFD was compared 

with eyes not developing VFD using multivariable linear mixed-effects models. A joint 
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longitudinal survival model utilized the estimated RNFLT slope to predict the risk of developing 

VFD, while adjusting for potential confounding variables.

Main Outcome Measures—The rate of RNFL thinning and the probability of developing 

VFD.

Results—Four hundred and fifty-four eyes of 294 glaucoma suspects were included. The average 

number of SD-OCT examinations was 4.6 (range, 2–9) with median follow-up time of 2.2 (0.4–

4.1) years. Forty eyes (8.8%) developed VFD. The estimated mean rate of global RNFL loss was 

significantly faster in eyes developing VFD compared with eyes that did not (−2.02μm/year vs. 

−0.82μm/year, P<0.001). The joint longitudinal survival model showed that each 1μm/year faster 

rate of global RNFL loss corresponded to a 2.05 times higher risk of developing VFD (Hazards 

Ratio (HR)=2.05, 95% Confidence Interval (CI): 1.14–3.71; p=0.017).

Conclusions—The rate of global RNFL loss was more than twice as fast in eyes developing 

VFD compared with eyes that did not develop them. Joint longitudinal survival model showed that 

a 1μm/year faster rate of RNFLT loss corresponded to a 2.05 times higher risk of developing 

VFD. These results suggest that measuring the rate of SD-OCT RNFL loss may be a useful tool to 

help identify patients who are at a high risk of developing visual field loss.

Introduction

Glaucoma is a progressive optic neuropathy characterized by structural changes in the optic 

nerve head (ONH), retinal nerve fiber layer (RNFL) defect, and accompanying visual field 

damage (VFD).1 In glaucoma management, detecting progression is essential in both early 

and late stages of the disease. In patients with an established diagnosis of glaucoma, 

evidence of progression will influence a clinician’s decision whether to modify glaucoma 

therapy. In patients who are suspected of having the disease, progression detection can 

confirm the diagnosis, and help decide how to manage the patient.

Although standard automated perimetry (SAP) has been the most commonly used test to 

monitor glaucomatous progression, evidence suggests that in some eyes substantial 

structural damage can be detected before the development of clinically detectable VFD.2,3 

Visual field test results tend to be affected by various factors including subjects’ alertness, 

technicians’ experience, and short- or long-term fluctuations.4–6 These limitations suggest 

the necessity of more objective and sensitive methods to detect glaucoma progression.

Structural assessment of ONH and RNFL with imaging devices is a promising alternative. 

Many studies have reported the usefulness of event-based analyses,7–14 trend-based 

analyses,15–23 and other statistical analyses24–29 of change in ONH or RNFL over time, 

using either confocal scanning laser ophthalmoscope,7–10,12,15,16,19,22,24–29 scanning laser 

polarimetry,18,19 or optical coherence tomography (OCT).11,13,14,17,20–23 Of these, trend-

based analysis of RNFL thickness (RNFLT) is advantageous in that it provides estimates of 

the rates of change (slope) in RNFLT so clinicians can better assess whether the patient is 

progressing quickly and therefore is at a higher risk of visual impairment.

Spectral-domain OCT (SD-OCT) with its improved resolution, scan speed, and 

reproducibility compared with its predecessor, time-domain OCT, potentially leads to earlier 
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and more accurate detection of glaucoma progression.23,30 SD-OCT has been used to 

evaluate the patterns of progressive RNFL defect,14 and to estimate the number of retinal 

ganglion cells.31 However, to our knowledge, there have been no reports evaluating the rate 

of SD-OCT based RNFL change and its usefulness in detecting the development of 

glaucomatous VFD in patients suspected of having glaucoma.

The purpose of this study was to compare the rates of change in RNFLT as measured with 

the Spectralis SD-OCT (Spectralis HRA+OCT, Heidelberg Engineering, Heidelberg, 

Germany) in glaucoma suspect eyes that developed VFD to those who did not, and to use 

the rate of RNFL loss to predict who will develop VFD. The effects of other factors such as 

age, race, intraocular pressure (IOP), corneal thickness, and visual field pattern standard 

deviation (PSD) on the development of VFD were also analyzed.

Methods

Study design

Subjects were enrolled from the Diagnostic Innovations in Glaucoma Study, and the African 

Descent and Glaucoma Evaluation Study. The study design has been described in detail 

previously.32 In brief, participants in these studies were evaluated every 6 months in which 

patients underwent extensive predetermined clinical examinations. Inclusion criteria for 

these studies were open angles, a best corrected acuity of 20/40 or better, a spherical 

refraction within ± 5.0 Diopter (D), and cylinder correction within ± 3.0 D. Subjects were 

excluded if they had a history of intraocular surgery (except for uncomplicated glaucoma 

and cataract surgery). Subjects with secondary causes of elevated IOP, other intraocular eye 

disease, other diseases affecting visual field, or with medications known to affect visual field 

sensitivity were also excluded. All participants with suspected glaucoma who had at least 

two Spectralis examinations of sufficient quality were analyzed in the current study. 

Glaucoma suspect was defined as having glaucomatous optic neuropathy or suspicious 

appearing optic discs based on stereophotograph review by two experienced graders or 

ocular hypertension (OHT; IOP >21 mm Hg) at baseline without evidence of repeatable 

glaucomatous VFD at baseline. Other information such as race, age, visual field pattern 

standard deviation (PSD), central corneal thickness, and mean IOP during follow up were 

also collected.

The 3-site collaboration includes the Hamilton Glaucoma Center at the Department of 

Ophthalmology, University of California, San Diego (UCSD), the New York Eye and Ear 

Infirmary, and the Department of Ophthalmology, University of Alabama, Birmingham. 

Informed consent was obtained from all participants and all methods were approved by the 

institutional review boards at all 3 sites. All methods adhered to the declaration of Helsinki 

for research involving human subjects and to the Health Insurance Portability and 

Accountability Act. This study was registered at http://clinicaltrials.gov (NCT00221923) on 

September 14, 2005..
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Follow-up

At the baseline visit and at each annual follow-up visit, subjects underwent complete 

ophthalmologic examination including slitlamp biomicroscopy, intraocular pressure 

measurement, dilated stereoscopic fundus examination, and stereophotography of the optic 

nerve head. Standard automated perimetry and SD-OCT imaging were completed at baseline 

and every 6 months during follow-up.

Standard Automated Perimetry

Standard automated perimetry visual field tests were completed using SITA (Humphrey 

Field Analyzer; Carl Zeiss Meditec) strategies during follow-up. Only reliable tests (≤33% 

fixation losses and false negatives, and ≤15% false positives) were included. SAP result was 

considered to be abnormal if a glaucoma hemifield test was outside of normal limits or a 

pattern standard deviation fell outside of the 95% normal confidence limits. Eyes were 

divided into two groups; eyes developing VFD (VFD group) and eyes that did not develop 

VFD (non-VFD group). Development of VFD was defined as having 3 or more consecutive 

abnormal SAP results during follow-up.

Stereophotography

Optic disc damage was evaluated by masked assessment of optic disc stereophotographs. 

Simultaneous stereoscopic optic disc photographs were reviewed by 2 experienced graders 

with a stereoscopic viewer (Screen-Vu stereoscope, PS Mfg, Portland, OR) and classified as 

glaucomatous or normal. Glaucomatous optic disc appearance was defined based on the 

presence of neuroretinal rim thinning, excavation, notching, or characteristic RNFL defects. 

Each grader was masked to the subject’s identity and other test results. Discrepancies 

between the two graders were resolved by adjudication of the two graders. Only 

photographs of adequate quality were included.

Spectralis SD-OCT

RNFLT was measured with the Spectralis SD-OCT parapapillary circle scan (software 

version 5.4.7.0). Basic principles of the SD-OCT technique have been described in the 

literature.30 Spectralis incorporates a real-time eye tracking system that couples confocal 

laser scanning ophthalmoscope and SD-OCT scanners to adjust for eye movements and to 

ensure that the same location of the retina is scanned over time. In addition, automatic real 

time function (ART) mode resamples multiple frames (B-scans) for noise reduction. The 

examiner is required to manually place the scan around the optic disc at the baseline 

examination. After the reference image is manually identified by the operator, the system 

recognizes the reference image scanning area and automatically positions the retest scan on 

the same location in follow-up examinations. The scan circle contains 1536 A-scan points 

from a 12 degree circle which equates to a retinal diameter of 3.5mm in eyes with standard 

corneal curvature. The acquisition rate is 40000 a-scans per second at an axial resolution of 

3.9 μm and a lateral resolution of 6 μm. The software also provides the quality score that 

indicates the signal strength. The quality scores range from 0 dB (poor) to 40 dB (excellent).

Software module version 5.4.6.7 was used to process the scans and measure RNFLT. The 

temporal (316–45 degrees), temporal-superior (46–90 degrees), nasal-superior (91–135 
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degrees), nasal (136–225 degrees), nasal-inferior (226–270 degrees), temporal-inferior 

(271–315 degrees) and global mean RNFLT were provided by the software. All images 

were processed and reviewed by the Imaging Data Evaluation and Assessment (IDEA) 

Center in the UCSD. Images with noncentered scans, inaccurate segmentation of the RNFL, 

or quality scores of ≤15 dB were excluded from the analysis. Overall, approximately 5% of 

Spectralis RNFL circle scan visits reviewed by the IDEA center are excluded because of 

poor image quality.

Statistical Analysis

Descriptive statistics including mean and standard deviation for normally distributed 

variables and median, first quartile, and third quartile for non-normally distributed variables 

were computed to describe the study population.

We used mixed effects modeling to estimate the rates of change of global RNFLT in each 

group (Visual Field Damage (VFD) vs. Non-Visual Field Damage). We have previously 

used mixed effects modeling with random intercepts and random slopes to account for 

repeated measurements over time.18,19 A set of mixed effects models were fit with VFD, 

time, VFD*time interaction as the fixed effects and random intercept and slope for each eye 

nested within subject. The “VFD*time” interaction term indicates the difference between 

eyes developing VFD and eyes not developing VFD in estimated rate of change of RNFLT 

over time, and the P value shows the significance of the difference. Other possible predictors 

such as age, central corneal thickness (CCT), race, IOP and baseline PSD were also included 

in the model.

A joint longitudinal survival model was used to investigate the relationship between 

longitudinal RNFLT and risk of developing VFD. Potential influence of inter-eye 

correlation was taken into account by using a bootstrap resampling procedure (n=500), 

where the subject was considered as the unit of resampling for estimating the standard 

errors. Details about these models have been discussed previously in the literature.33,34 This 

model was used to evaluate the predictive ability of rates of structural loss on the risk of 

glaucomatous progression as previously described. 35,36

In brief, they are composed of a longitudinal submodel and a survival submodel which are 

tied together by sharing random effects. The longitudinal submodel was composed of a 

linear mixed model, which specifically accounts for measurement error of the marker by 

postulating that the observed level of the outcome (the RNFLT measurements) equals the 

unobserved true value plus a random error term. Covariates can be included in the 

estimation process by means of the design matrices for the fixed-effects regression 

coefficients and random-effects coefficients. In this study, we evaluated the effect of the 

baseline covariates such as age, race, visual field PSD, central corneal thickness, and the 

mean IOP during follow-up, on the intercept and slopes of RNFLT.

To quantify the strength of the association between the slope value and the risk for 

developing VFD, a survival submodel was used to determine the hazard function. This 

model was estimated jointly with the longitudinal submodel and allowed an evaluation of 

the relationship between the marker value (RNFLT measurements) and the risk for the event 
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(development of the visual field damage). In this study, we were particularly interested in 

the relationship between the slopes of RNFLT loss is and risk of the event. Therefore, the 

coefficient for the first derivative of the marker profile, which demonstrates how strongly 

the slope of the longitudinal marker was associated with the risk for an event, was estimated.

To evaluate whether baseline and longitudinal measurements were predictive of the study 

endpoints, only tests acquired before the event date were analyzed in the study. For eyes that 

developed VFD, follow-up time was defined as the time between the first OCT visit and the 

date of the third abnormal visual field result (the study endpoint). For eyes without VFD, 

follow-up time was defined as the time between the first OCT visit and the date of last 

available follow-up. Eyes that did not develop the study endpoint were considered censored 

at the last follow-up visit. All tests up to the last available follow-up date were analyzed for 

these eyes.

Statistical analyses were performed using statistical software R 2.14.1 (R foundation, 

Vienna, Austria) and STATA version 12.0 (STATA corp, College Station, TX).P-values less 

than 0.05 were considered statistically significant.

Results

Study Population

454 eyes of 294 glaucoma suspects were included. One hundred and eighty-three patients 

(62.2%) were women. Mean age ± SD at baseline was 64.5 ± 11.3 years. 92 subjects 

(31.3%) were of African Descent (AD) and 202 subjects (68.7%) were of European Descent 

(ED). 239 eyes (52.6%) were categorized as OHT at the baseline examination. The average 

number of OCT examinations per eye was 4.6 (range, 2–9) with median follow-up time of 

2.2 years.

Baseline Factors

Forty eyes (8.8%) developed repeatable VFD and 414 eyes did not develop repeatable VFD 

(non-VFD group) during the follow-up period. Baseline demographics and RNFLT of the 

VFD group and the non-VFD groups are summarized in tables 1 and 2, respectively. 

Participants that developed repeatable VFD had higher visual field PSD compared with 

participants that did not. Other factors such as gender, race, diagnosis, image quality, and 

mean IOP during follow-up were not significantly different between the group that 

developed VFD and the group that did not.

Rate of RNFL loss

Figure 1 shows the wide distribution of the rate of global RNFL loss in eyes developing 

VFD and eyes that did not. It is important to note that the average rate of global and sectoral 

RNFL loss was significantly different from zero in both groups of eyes. (Table 3)

Table 3 shows values of mean rates of change of global and sectoral RNFLT over time in 

eyes which developed VFD and in eyes which did not develop VFD. In each sector, the 

mean rate of global RNFL loss was significantly faster (all p<0.001) in patients developing 

VFD compared to those who did not (Table 3); (−2.02μm/year in the VFD group versus 
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−0.82μm/year in the non-VFD group, P<0.001, Figure 1). The rate of RNFLT loss was also 

significantly greater in eyes developing VFD than eyes that did not develop VFD in the 

superior, inferior, and nasal but not temporal regions (Table 3).

Joint Longitudinal Survival Model

Table 4 shows the results of the joint longitudinal survival model. In the multivariable 

survival model, global rate of RNFL loss was significantly associated with risk of 

developing VFD. Each 1 μm/year faster rate of RNFLT loss was associated with 2.05 times 

higher risk of developing VFD (adjusted Hazard Ratio [HR]:2.05; 95% Confidence Interval 

[CI] =1.14 – 3.71; P =0.017). The baseline RNFLT (intercept) was also a significant 

predictive factor for developing VFD. Each 1 μm thinner RNFL at baseline was associated 

with 1.05 times higher risk of developing VFD (adjusted HR: 1.05; 95% CI = 1.02 – 1.09; P 

=0.001). Higher baseline PSD was also a significant predictive factor for developing VFD in 

the multivariable model. IOP, race, age, and central corneal thickness were not significantly 

associated with the risk of developing VFD (all p>0.05). Each 1 μm/year faster rate of 

inferior RNFL loss was also significantly associated with the risk of developing VFD (HR: 

1.70; 95%CI = 1.16 – 2.49; P=0.007), whereas the rate of superior RNFL loss was not (HR: 

1.19; 95%CI = 0.79 – 1.77; P=0.406). Figure 2 illustrates an impact of longitudinal RNFL 

thickness measurements on predicted survival (no VFD) probabilities in two representative 

eyes; one eye with steep RNFL thickness decline and the other eye with stable RNFL 

measurements. The predicted survival probabilities were relatively high for both eyes when 

only baseline measurements were considered. For an eye with steep decline of RNFL 

thickness, the model estimated much lower probabilities of survival as more information 

became available (right panel). An eye with slow rate of RNFL loss (stable eye, left panel) 

shows higher predicted probability of survival compared with an eye with faster rate of 

RNFL loss.

Discussion

In this cohort of glaucoma suspects followed for a relatively short period (2.2 years), eyes 

which developed VFD had an approximately 2.5 times faster rate of RNFLT loss compared 

to eyes which did not develop them. Moreover, a 1 μm/yr faster rate of RNFL loss resulted 

in a 2.05 times higher risk of developing VFD. These results suggest that the rate of RNFL 

loss measured with SD-OCT may be useful for identifying which glaucoma suspect patients 

are at the highest risk of developing VFD.

In our cohort of glaucoma suspects, the mean rate of global RNFL loss in eyes which 

developed visual field damage (the VFD group) was −2.02 μm/year, which was significantly 

faster than the mean global RNFLT slope in the non-VFD group (−0.82 μm/year). Sung and 

colleagues reported that the mean RNFL loss measured with SD-OCT in glaucomatous eyes 

with visual field progression was −2.08 μm/year, whereas the mean RNFL slope in eyes 

without visual field progression was −0.90 μm/year.37 The rates of RNFL loss in our study 

were very similar to their study, even though their study included advanced glaucoma 

patients whereas our study covered only glaucoma suspects at baseline. Results of the Sung 

study did differ from those of our study in that there was no significant difference in rate of 

Miki et al. Page 7

Ophthalmology. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



RNFL loss between progressors and non-progressors in their study, probably at least in part 

due to the smaller number of the participants or the difference in study population. To date, 

there has been no report of longitudinal changes in RNFLT in a large cohort of glaucoma 

suspects using SD-OCT, possibly because of its relatively recent introduction to clinical 

practice. However, there are many reports on the rate of RNFL loss in progressing eyes 

versus non-progressing eyes using different imaging instruments. For example, we 

previously reported that the rate of RNFL loss was significantly faster in progressors 

compared with non-progressors using scanning laser polarimetry18 and time-domain OCT17 

in a mixed population of glaucoma patients and glaucoma suspects. The mean slope values 

for progressors were pretty similar to each other; −0.70 μm/year in the scanning laser 

polarimetry study and −0.72 μm/year in the time-domain OCT study. Using Stratus time-

domain OCT, Lee et al. also compared the rates of RNFL loss between progressors and non-

progressors in a cohort of glaucoma patients with localized RNFL damage.38 The mean 

RNFL slope of progressors was −1.58 μm/year. The mean rate of global RNFL loss of the 

VFD group in our study (−2.02) was much steeper than those reported in these previous 

studies. Disagreement in the rate of RNFL loss estimates among these studies, however, is 

not surprising. Previous studies revealed that the RNFLT values measured with different 

devices are not interchangeable.23,39,40 The differences in mean RNFL loss among the 

different studies may also be influenced by the difference in the definition of progression 

among studies, length of follow-up and the eligibility criteria.

The rates of RNFL loss in eyes not developing VFD were also significantly different from 

zero. Moreover, the rate of RNFL loss in the non-VFD group in our cohort were much faster 

(more negative) compared with the rate of loss in glaucoma suspects without progression in 

previous studies.17,18,38 For example, we previously reported that the slopes were negative 

in both progressors and non-progressors using scanning laser polarimetry,18 but the mean 

slope in non-progressors (−0.14 μm/year, 95% confidence interval (CI): −0.26 to −0.02) was 

much smaller than the slope in the current study (−0.82 μm/year, 95% CI: −0.97 to −0.66). 

In another study using TD-OCT, most sectors did not show significant negative slopes of 

RNFLT in non-progressors.17 Lee et al. reported that the mean RNFL decline in non-

progressors was −0.34 ± 1.41 μm/year (mean ± standard deviation).38 Because SD-OCT has 

better resolution, scan speed, and scan registration,33–45 it is possible that SD-OCT can 

detect the progressive structural damage in early stage glaucoma without detectable VFD 

more sensitively than earlier devices.

Another possible reason for a significant rate of RNFL loss in the non-VFD group is the age 

related decline. In a recent longitudinal study investigating the correlation between age and 

RNFLT measured using Cirrus SD-OCT, Leung et al. reported that the mean rate of change 

of global RNFLT in normal eyes was −0.52 μm/year,46 which was much steeper than the 

slopes reported in previous cross-sectional studies.47–52 Mean RNFL decline in eyes not 

developing VFD in our cohort was slightly faster, which could support the hypothesis that 

some of these eyes actually had glaucomatous progression which did not yet result in 

repeatable VFD. Many postmortem histologic studies53–55 and clinical imaging studies47–52 

suggested the existence of age-related loss of RNFL with conflicting estimates of the 

magnitude of age-related change. Longer follow-up in a cohort of healthy eyes is needed to 

better estimate sectoral age-related RNFLT loss.
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Earlier detection of progressing eyes may be one of the advantages of using SD-OCT in 

clinical practice. In progression analysis, RNFL loss significantly different from zero is 

generally considered as a significant progression. Therefore, the lower the variability of the 

instrument, the earlier it can detect significant loss of RNFLT. Previous studies 

demonstrated the significantly better reproducibility of SD-OCT devices compared to TD-

OCT.41–45 A recent study reported that SD-OCT showed significantly higher detection rate 

of eyes with progressive RNFL loss than TD-OCT in a follow-up period of 24 to 33 

months.23 Spectralis also incorporates two functions to improve the reproducibility further; 

the real-time eye tracking system and the retest function. The ART acquires multiple B-

scans in the same location; these are then averaged to improve image quality. Retest 

function automatically places follow-up scans in the same location as the initial scan. These 

SD-OCT features facilitate the detection of glaucoma progression.

In contrast to earlier studies, we did not find a significant association between thinner central 

corneal thickness and an increased risk of the development of visual field damage.60,61,62 

This may be due to difference in inclusion criteria, participant population, or endpoint 

definitions between studies. Furthermore, our findings may be a result of change in clinical 

practice as a result of the earlier findings. Clinicians in the 3 ADAGES academic centers 

may now treat patients with thin corneas more aggressively because they are aware of the 

studies indicating that patients with thinner central corneal are at higher risk of developing 

glaucoma. This cohort effect may explain at least in part the lack of an association of central 

corneal thickness and risk of developing glaucoma in the present study. For this reason, it is 

possible that the association between central corneal thickness and the risk of glaucomatous 

progression will also be reduced in future observational cohort studies.

Best linear unbiased prediction estimates (BLUP) derived from a mixed-effects model, with 

both random intercepts and slopes, were used to estimate the rates of RNFL loss. BLUP 

have many advantages over the naïve ordinary least squares (OLS) estimates.19 OLS 

estimates can be very imprecise in eyes with just a few measurements or with large 

intraindividual variability.56 OLS (i.e., individual regression lines) do not take into account 

the information provided by the whole population. BLUPs are shrinkage estimates that take 

into account the results obtained by evaluating the whole sample of eyes, giving less weight 

to estimates obtained in eyes with a small number of measurements and/or large 

intraindividual variability.57

One limitation of this study was the relatively short follow-up period (2.2 years) which 

could bias the analysis. Patients with longer follow-up have a higher chance of reaching 

visual field endpoint than eyes with shorter follow-up if these eyes have similar slope 

values. It is possible that patients with true progression did not reach the visual field end 

point in this study because of the short follow-up length. Despite this possible 

misclassification, we still found that eyes that developed VFD had approximately 2.5 times 

faster RNFL loss. Moreover, from the joint longitudinal survival model which includes 

follow-up time in the model, we showed that a 1 μm/yr faster slope was associated with a 

2.0 higher risk of developing VFD. Longer follow-up is needed to determine whether the 

non-progressor eyes with faster RNFL loss will develop VFD in the future. Another 

limitation of this study was a relatively small sample size for each racial group. Several 
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studies reported the significant differences in RNFLT and optic nerve topography by 

race.48,58,59 Race was also included in our model, but we did not find an association 

between race and the rates of RNFLT loss. However, the small sample size in each racial 

group could limit the power to evaluate the influence of race on the rate of RNFL thinning. 

A longer follow-up with larger sample size is needed to clarify whether there are racial 

differences in the rate of RNFLT loss. In addition, it should be noted that participants in this 

study were limited to glaucoma suspects. Therefore, we cannot directly extrapolate the 

results of this study to advanced glaucoma patients or normal subjects.

In conclusion, longitudinal trend-based analysis and joint longitudinal survival analysis of 

RNFL thickness measured with SD-OCT showed significantly faster rates of RNFL loss in 

glaucoma suspect eyes which developed VFD compared to eyes that did not develop VFD, 

and that a 1 μm faster rate of RNFL loss resulted in doubling the probability of developing 

VFD. These results obtained in a relatively short follow-up period, suggest that the rate of 

SD-OCT RNFL loss may be useful for managing glaucoma patients and for shortening the 

duration of clinical trials. Moreover, these results suggest that the rate of RNFL loss can be 

included in a model to predict the development of future visual field damage.
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Figure 1. 
Distribution of the rates of global retinal nerve fiber layer loss in eyes that developed visual 

field damage (upper panel) and in eyes that did not develop visual field damage (lower 

panel).
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Figure 2. 
Predicted survival curves for two eyes, one that showed a fast rate of retinal nerve fiber layer 

loss (right panel) and one that showed a stable measurements over time (left panel). Slopes 

are given as μm/year. A comparison of the predicted survival probabilities shows that the 

eye with fast progression had lower predicted probabilities of survival (i.e., retaining a 

normal visual field). The eye with a fast rate of loss in fact showed development of visual 

field damage during follow-up whereas the eye with stable measurements did not. RNFL: 

retinal nerve fiber layer. VFD: visual field damage
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Table 1

Baseline demographics of the group the visual field damage group and the non-visual field damage group

By Subject Visual Field Damage (n=38) Non-Visual Field Damage (n=256) Difference (P-value)

Gender (% Female) 63.2% 62.1% 1.000

Age (years) 67.8 ± 10.7 64.0 ± 11.3 0.111

Race

African descent, % 36.8 30.5 0.456

European descent, % 63.2 69.5

By Eye Visual Field Damage (n=40) Non-Visual Field Damage (n=414) Difference (P-value)

Diagnosis

GON, % 60.0 46.1 0.100

OHT, % 40.0 53.9

Mean IOP during follow-up (mmHg) 18.6 ± 4.7 18.1 ± 3.8 0.613

MD (dB) −0.8 ± 1.4 −0.3 ± 1.3 0.026*

CCT (μm) 547.7 ± 41.7 554.5 ± 40.7 0.431

PSD 1. 7 ± 0.3 1.5 ± 0.3 <0.001*

GON: glaucomatous optic neuropathy, OHT: ocular hypertension, IOP: intraocular pressure, MD: mean deviation, CCT: central corneal thickness, 
PSD: Pattern Standard Deviation
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Table 4

Results of the joint longitudinal survival model (N=454) investigating the effect of retinal nerve fiber layer 

slope on the risk of development of visual field damage, while adjusting for confounding factors

Longitudinal Submodel

Coefficient 95% CI P

Intercept 98.909 91.373 – 106.445 <0.001

Time 1.243 0.430 – 2.056 0.003

IOP 0.031 −0.281 – 0.343 0.846

Race(white) −3.100 −5.771 – −0.429 0.023

Age −0.036 −0.117 – 0.044 0.372

Baseline PSD −5.144 −8.669 – −1.618 0.004

CCT (centered around the mean) per 100 μm thicker 2.100 −0.500 – 4.800 0.117

Time*IOP −0.111 −0.144 – −0.078 <0.001

Time*Race 0.198 −0.0420 – 0.437 0.106

Time*Age −0.008 −0.019 – 0.002 0.125

Time*Baseline PSD −0.104 −0.511 – 0.303 0.616

Time*CCT 0.500 0.200 – 0.800 0.002

Survival Submodel

Coefficient 95% CI P Hazard Ratio

Intercept of RNFL (μm) 0.053 0.0220–0.085 0.001 1.05

Mean IOP during follow-up (per 1 mmHg higher) −0.032 −0.157 – 0.093 0.618 0.97

Race (ED vs AD) −0.121 −0.894 – 0.652 0.759 0.89

Age (per 1 year older) 0.027 −0.007 – 0.060 0.121 1.03

Baseline PSD, per 1 dB higher 0.907 0.087 – 1.727 0.030 2.48

CCT (per 100 μm thicker) −0.500 −1.400 – 0.500 0.314 0.61

RNFL slope (per 1 μm/year faster) 0.720 0.128 – 1.312 0.017 2.05

IOP: intraocular pressure, MD: mean deviation, CCT: central corneal thickness, ART: automatic real time function, GON: glaucomatous optic 
neuropathy, OHT: ocular hypertension, IOP: intraocular pressure, PSD: pattern standard deviation, ED: European descent, AD: African descent
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