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Abstract

Purpose To examine the rates of retinal

nerve fibre layer thickness (RNFLT) change

in glaucoma patients and healthy, age-similar

control subjects with three techniques:

scanning laser polarimetry with variable

corneal compensation (VCC) and enhanced

corneal compensation (ECC), and time-

domain optical coherence tomography (OCT).

Methods Sixty-one patients and thirty-three

controls were examined with each technique

and with standard automated perimetry

(SAP) every 6 months. Rates of global RNFLT

change and SAP mean deviation (MD)

change were estimated with linear mixed-

effects models.

Results The median (interquartile range)

baseline age was 64.4 (58.2, 71.0) years for

patients and 62.4 (56.3, 70.1) years for controls

(P¼ 0.56). There was a median of seven

examinations over 3.1 years for patients and

six examinations in 3.0 years for controls.

Baseline visual field MD and RNFLT for all

imaging modalities were significantly lower

(Po0.01) in patients compared with controls.

Rates of RNFLT change were not significantly

different between patients and controls

(PZ0.19). Mean rates of VCC-measured

RNFLT change were � 0.18 and � 0.37 lm per

year in patients and controls, whereas the

respective figures for ECC and OCT were

� 0.13 and � 0.31 lm per year, and 0.04 and

0.61 lm per year. Mean rates of MD change

were � 0.20 and 0.03 dB per year in patients

and controls, respectively (P¼ 0.01).

Conclusion Rates of RNFLT change in

glaucoma patients were not statistically

different from control subjects for any

modality. A significantly negative rate of MD

change in patients suggests a genuine,

continued deterioration in these patients not

reflected by RNFLT changes.
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Introduction

Glaucoma leads to progressive loss of visual

field sensitivity and to distinctive changes in the

structure of the optic nerve head (ONH) and

retinal nerve fibre layer (RNFL). Rates of

functional and structural deterioration in

glaucoma can be highly variable between

patients,1–4 however, it is important to detect

rapid rates of change that potentially result in

serious visual impairment, to enable

appropriate intervention. Although standard

automated perimetry (SAP) has been the most

widely used method to assess glaucomatous

progression, imaging of the ONH and RNFL also

provides important measures by which

anatomical changes associated with glaucoma can

be measured.5–7 Both scanning laser polarimetry

(SLP) and optical coherence tomography (OCT)

imaging techniques offer quantitative and

objective measures of RNFL thickness (RNFLT).

SLP is based on the principle of retardance of

backscattered light passing through the

presumed form birefringent RNFL,8,9 which can

be translated to the thickness of the RNFL. The

more recent versions of this technology, variable

corneal compensation (VCC)10 and enhanced

corneal compensation (ECC),11 rely on

estimating the individual’s corneal

birefringence.12 Theoretically, the corneal

birefringence can be better estimated and thus

removed with ECC scanning,11 yielding a lower

frequency of atypical birefringence pattern

(ABP) measurements.13 ABP is an artefact
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representing increased birefringence in the temporal and

nasal quadrants not indicative of RNFLT patterns found

with other methods or histology. OCT captures high-

resolution, three-dimensional images, with interferometry,

of the retina and ONH from which RNFLT values can be

derived. Time-domain OCT provides reproducible RNFLT

measurements around the ONH.14 In this report, SLP-

VCC and SLP-ECC imaging modalities are referred to as

VCC and ECC respectively, whereas time-domain OCT is

referred to as OCT. Previous longitudinal studies have

shown that VCC, ECC, and OCT can provide good

discrimination in rates of RNFLT change between

progressing and non-progressing glaucoma patients

determined by visual field changes and/or expert-

assessed stereophotograph change.15–18

This was a longitudinal, prospective, observational

study, the aims of which were to describe RNFLT changes

over time in a cohort of glaucoma patients and age-

similar control subjects measured by VCC, ECC, and

OCT. Rates of change in SAP mean deviation (MD) were

also estimated and used to assess the differences in

functional changes between glaucoma patients and

control subjects.

Materials and methods

Participants

This study reports on data from patients with a clinical

diagnosis of open-angle glaucoma, and healthy age-

similar control subjects, followed in a prospective

longitudinal study. Patients were recruited consecutively

from the glaucoma clinics of the Eye Care Centre at the

Queen Elizabeth II Health Sciences Centre, whereas the

control subjects were enroled from a local telephone

company, seniors’ groups, and local church organisations

in Halifax, Nova Scotia. The study was approved by the

Capital Health Research Ethics Committee and all

participants gave written informed consent. All procedures

conformed to the tenets of the Declaration of Helsinki.

For patients, inclusion criteria were: (i) clinical

diagnosis of open-angle glaucoma, including primary,

pseudoexfoliative or pigmentary glaucoma; (ii) a

repeatable glaucoma hemifield test outside normal

limits19 with SAP (Swedish Interactive Thresholding

Algorithm (SITA)20 program 24-2 of the Humphrey Field

Analyser (Carl Zeiss Meditec, Dublin, CA, USA)) with a

maximum loss of � 12 dB MD; (iii) glaucomatous optic

nerve head damage; and (iv) best-corrected visual acuity

Z0.3 (20/40) logarithm minimum angle of resolution in

the study eye. Exclusion criteria were: (i) concomitant

ocular disease and systemic medication known to affect

the visual field and (ii) refractive error exceeding±6.00 D

sphere or ±3.00 D astigmatism.

For healthy controls, inclusion criteria were: (i) normal

eye examination with intraocular pressure o21 mm Hg

and (ii) normal visual field defined as a glaucoma

hemifield test, MD, and pattern SD within normal limits.

The exclusion criterion was a refractive error exceeding
±6.00 D sphere or ±3.00 D astigmatism.

Both groups were followed identically with examina-

tions every six months. At each examination, subjects

had VCC, ECC, and OCT imaging and SAP (SITA 24-2)

testing performed on one study eye. If both eyes were

eligible, one eye was randomly selected as the study eye.

Subjects were imaged with a commercially available

SLP device (GDx; Carl Zeiss Meditec), operating in both

VCC and ECC modes (software version 5.4.1.35). The

ECC mode was a non-commercial module. There were

no functional differences between the ECC mode on this

device and the commercial GDx-ECC. Subjects were also

imaged with Stratus OCT (software version 5.1; Carl

Zeiss Meditec). Imaging was performed by a single

operator (DMH) throughout the study, and eyes were not

dilated. In SLP imaging, the optic disc was delineated at

each visit by the operator. RNFLT values were then

calculated within an annular region, the inner circle of

which could be of three different diameters: 2.4, 3.2, and

4.0 mm in emmetropic eyes with a constant width of

0.7 mm between inner and outer circles. This diameter

was chosen to form a minimum-sized circle centred on

the optic disc, which does not cross the optic disc

boundary. RNFLT measurements, averaged across

temporal-superior-nasal-inferior-temporal (TSNIT)

sectors of this measurement annulus, are referred to as

the TSNIT average. OCT imaging was performed with

the commercially available OCT device (Stratus OCT;

Carl Zeiss Meditec). The fast scan protocol was used

during scanning, which acquired 256 equally spaced

A-scans in a scanning circle, 3.4 mm in diameter, around

the ONH three times in immediate sequence resulting in

three sets of RNFLT measurements. RNFLT

measurements calculated from each A-scan were

averaged to form a global mean RNFLT value. The repeat

function was used during follow-up scanning with the

Stratus OCT to ensure the closest possible positioning of

the scanning circle with those of previous scans.

Calibration of each device (Stratus OCT and GDx) was

performed regularly throughout the follow-up period

and in accordance with the manufacturer’s guidelines.

Intraocular surgery during follow-up was a selection

factor for analysis of eyes. Previous studies have reported

that cataract surgery results in an increase in measured

RNFL retardance and thus SLP-measured RNFLT.21–23

Reports on the systematic differences of measured

RNFLT pre- and post trabeculectomy are conflicting for

OCT,24,25 and have been shown not to be significant for

SLP.26 In light of these findings, data from eyes with
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glaucoma surgery during follow-up were analysed,

whereas those from eyes with cataract surgery were not.

Only eyes with Z4 examinations were included.

Figure 1 details the selection criteria and the data-set

sizes at each level of selection. The scanning protocol of

the study required two scans for each examination in the

first 2 years of follow-up and one scan thereafter. Images

were included if the following quality criteria were met.

For VCC and ECC, images with a scan quality score (QS)

o7 were excluded from analysis. The QS is used to

summarise the illumination, intensity, centration on the

ONH, and contrast of the reflectance image of each scan.

The typical scan score (TSS), developed to identify scans

with an ABP caused by poor compensation for corneal

birefringence,27 was not used as a means of excluding

VCC or ECC images. OCT images were excluded if the

commercial software issued a warning of either low-

algorithm confidence in segmenting the RNFL,

insufficient signal strength (SS), or high noise by an

internal software check, or if there was an obvious failure

of the RNFL segmentation algorithm by visual

inspection. All visual field tests had acceptable reliability

indices: false-negative and false-positive rates of o33%;

and fixation losses of o20%. Repeat scans were averaged

to obtain one RNFLT measurement per examination. If

scans from a given examination were excluded in one

modality, the scans for other modalities and the SAP test,

in the same examination, were also excluded.

Statistical methods

Linear mixed-effects models were used to estimate the rate

of change of RNFLT during follow-up. Differences in the

intercept and slope between groups were modelled as fixed

effects, and the individual distribution of intercept and

slope between subjects were modelled as random effects.

Data were corrected for age, with baseline age modelled as

a fixed effect. Changes in TSS leading to artefactual changes

in RNFLT by VCC and ECC data were accounted for in the

models. For a given measurement j in subject i at time tij
with measurement error eij the models of RNFLT and of

visual field MD were specified as follows:

GDxðRNFLTÞij ¼ b0 þ b1Di þ b2tij þ b3Ditij þ b4Ai

þ b5Tij þ bi1 þ bi2tij þ eij ð1Þ

OCTðRNFLTÞij ¼ b0 þ b1Di þ b2tij þ b3Ditij þ b4Ai

þ bi1 þ bi2tij þ eij ð2Þ

VFðMDÞij ¼ b0 þ b1Di þ b2tij þ b3Ditij þ b4Ai

þ bi1 þ bi2tij þ eij ð3Þ

To investigate the differences between glaucoma and

control subjects, the model incorporated a fixed effect for

glaucoma Di and its interaction with time. The coefficient

b0 represents the mean baseline value of the control

subjects, and b0þ b1 represents the mean baseline of

glaucoma patients. The rate of change in control subjects

is given by b2, such that b2þ b3 gives the rate of change in

the glaucoma patients. Random effects bi1 and bi2 represent

the deviation of the intercept and rate of change in an

individual subject from mean. Further corrections are made

for baseline age (Ai) and, in the VCC and ECC models of

RNFLT (equation 1), for changes in TSS over time (Tij). The

random effects are given by bi1, which represents the

deviation of a subject’s baseline measurement from the

population average and bi2, which represents the deviation

of a subject’s rate of change from the population average.

Rates of change in an individual subject i can thus be

obtained by calculating: b2þ b3Diþ bi2.

The SD of residuals eij (SDRES) from the fitted model of

each eye was used to estimate the variability in each

series. The relationships between the mean image quality

metric for a series obtained with a given modality (QS for

VCC and ECC, and SS for OCT) and the SDRESs were

quantified with Spearman’s r.

For all hypothesis tests, statistical significance was set

at a level of Po0.05. All analyses were performed using

MATLAB (version R2009a; MathWorks, Natick, MA,

USA) and R (version 2.15.0; http://www.R-project.org/),

using the linear and nonlinear mixed-effects model

package.28,29

Results

From an initial set of 70 glaucoma patients and 50 control

subjects, the RNFLT series of 61 eyes of 61 glaucoma

patients and 33 eyes of 33 control subjects were selected

for analysis (Figure 1). A summary of the demographic

variables and measurements at baseline of each group

are shown in Table 1. Significant differences were

observed between glaucoma patients and control subjects

for baseline VCC, ECC, OCT RNFLT measurements and

baseline visual field measurements. Groups were similar

in age and gender, and in the length of follow-up and

number of examinations. Because examinations were

matched, each eye had the same number of

measurements in the same follow-up period for all

imaging modalities and SAP.

Table 2 shows the coefficients for each linear mixed-

effects model. No statistically significant differences in

rates of change were observed between glaucoma

patients and control subjects for any RNFLT

measurements (OCT: P¼ 0.32, VCC: P¼ 0.19, and ECC:

P¼ 0.31). Significant differences (P¼ 0.01) were observed

between the rates of MD change in glaucoma patients

(0.03 dB per year) and control subjects (� 0.20 dB per

year). Distributions of rates of change of RNFLT
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measured by each modality for each group and mean

rates of RNFLT change are displayed in Figure 2, along

with distributions of rates of change of MD.

Median SDRES values were 1.1, 1.3 and 2.4mm for VCC-,

ECC-, and OCT-measured RNFLT, respectively, for patients.

Corresponding values were 0.9, 0.9, and 2.7mm for controls.

SDRES values were weakly correlated with series-averaged

QS for VCC RNFLT (r¼ � 0.20, P¼ 0.06), but this was not

the case for ECC (r¼ � 0.14, P¼ 0.15). For OCT RNFLT, the

SDRES values were not statistically significantly correlated

with series-averaged SS (r¼ � 0.11, P¼ 0.27).

Discussion

This study reported longitudinal rates of change of

RNFLT as measured by VCC, ECC, and OCT in a group

of glaucoma patients and a group of age-similar control

subjects. To the best of our knowledge, this is the first

published study to report the rates of change for these

three imaging modalities in concurrent data, and

longitudinal rates of SLP- and OCT-measured RNFLT

change in healthy control subjects. The quality and

concurrency of the data analysed ensured reliability and

consistency across modalities in follow-up.

Results showed no detectable increase in deterioration

of global RNLFT in glaucoma patients compared with

control subjects measured by either VCC or ECC imaging

modalities. Rates derived from OCT were significantly

more negative in glaucoma patients compared with

control subjects. There was a significantly increased

deterioration in SAP-measured MD in the glaucoma

patients compared with control subjects, indicating that

an overall functional deterioration did take place in

glaucoma patients during the study. The rate measured

in patients of � 0.20 dB per year was also consistent with

reported rates of MD change in treated patients.30,31

Previous studies have reported mean rates from VCC,

ECC, and OCT to be significantly more negative in

progressing compared with non-progressing glaucoma

patients.15–18,32,33 In these studies, progression was

determined by visual field changes and/or expert-

assessed stereophotograph changes. However, this

previous research is not directly comparable to the

present study because glaucoma patients were not

segregated into progressing or non-progressing

categories. Because in many patients functional and

structural change provides largely independent

information about glaucoma progression,34–36 the use of

Figure 1 Study of selection criteria. Selection of data from VCC, ECC, and OCT imaging modalities, and SAP for analysis. Number of
eyes in each group and total number of scans and examinations are shown.
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visual field change as a reference standard to separate

progressing and non-progressing patients to compare the

merit of methods for measuring RNFLT change is

problematic. Uncertainty with using independent

reference standards is also compounded by the

variability inherent in visual field measurements37,38 and

expert-assessed change in stereophotographs.39

Slow rates of RNFLT change in glaucoma patients

could be accounted for by several factors. Because

glaucoma patients were in a prospective study with

regular and frequent examinations, it is possible that

compliance to treatment was higher and possibly

resulted in less progressive RNFLT loss. Thinner baseline

RNFL in which further deterioration is less likely is

another possible factor. The latter explanation is plausible

for these patients as their median RNFLT at baseline was

43, 39 and 69mm for VCC, ECC and OCT, respectively,

values lower than previously reported.15–18,32,33 Despite

this, these patients would be considered to have early to

moderate glaucomatous damage by their visual field

state (median MD: � 3.6 dB) where changes are often

considered to be more easily detected. Evidence is also

emerging that in experimental glaucoma, changes in

RNFL retardance40,41 and reflectance42 can precede

changes in RNFLT, and this may explain a slower rate of

SLP-measured RNFLT change in these patients. The

large, but not statistically significant, difference between

patients and controls in OCT-measured rates of RNFLT

change was due in part to the substantial, positive rate of

RNFLT change in control subjects. This observation has

no obvious explanation and it is likely a chance finding

as indicated by the lack of statistical significance. In

contrast, a rate of RNFLT change with spectral-domain

OCT in healthy control subjects of � 0.33 mm per year has

recently been reported.43 The lack of detectable

differences between the rates of change of RNFLT in

patients and controls can also be partially attributed to

measurement variability. The medians of VCC, ECC, and

OCT SDRES values in this study are similar to previous

estimates of short- and long-term RNFLT variability

measured by VCC, ECC, and OCT in glaucoma suspects

and control subjects.44–46

In order to highlight how well these devices can detect

clinically relevant RNFLT change over time, a simple

model was derived. A linear decrease of RNFLT from the

median baseline measurement in control subjects to that

of glaucoma patients within 10 years was considered a

meaningful rate of RNFLT change. These assumptions

yielded rates of � 0.9, � 1.1, and � 3.0 mm per year for

Table 2 Fixed-effects coefficients from linear mixed-effects model

Coefficient VCC RNFLT ECC RNFLT OCT RNFLT SAP MD

Estimate P Estimate P Estimate P Estimate P

Rate of change in controls (b3) (lm per year) � 0.4 0.01 � 0.3 0.01 0.6 0.19 0.03 (dB per year) 0.68

Difference in rate of change (b4) (lm per year) 0.2 0.31 0.2 0.19 � 0.6 0.32 � 0.23 (dB per year) 0.01

Mean baseline in controls (b1) (mm) 50.6 o0.001 49.5 o0.001 100.1 o0.001 0.14 (dB) 0.84
Difference in mean baseline (b2) (mm) � 10.3 o0.001 � 10.3 o0.001 � 31.1 o0.001 � 4.30 (dB) o0.001
Baseline age (b5) (mm per year) � 0.1 0.04 � 0.1 0.22 � 0.2 0.12 � 0.11 (dB per year) o0.01
TSS (b6) (mm/U score) � 0.2 o0.001 � 0.2 o0.001 N/A N/A N/A N/A

Abbreviations: ECC, enhanced corneal compensation; MD, mean deviation; OCT, optical coherence tomography; RNFLT, retinal nerve fibre layer

thickness; SAP, standard automated perimetry; VCC, variable corneal compensation.

Values shown are fixed effects with coefficients from Equations 1–3 indicated. Rows in bold indicate the estimates of effects relating to the rate of change

in control subjects (b3), and the difference between the rate of change in the controls and the glaucoma patients (b4). The mean rate of change in the

glaucoma patients is given by b3þ b4.

Table 1 Demographic and baseline measurements, and follow-
up details

Glaucoma Control P

Number of
subjects

61 33

Age at baseline
(years)

64.4 (58.2, 71.0) 62.4 (56.3, 70.1) 0.56

Male 33 (54%) 12 (36%) 0.13*
Female 28 (46%) 21 (64%)

TSNIT VCC
RNFLT (mm)

43.4 (38.1, 47.6) 52.3 (49.0, 55.7) o0.001

TSNIT ECC
RNFLT (mm)

38.8 (35.6, 43.8) 49.5 (46.9, 52.5) o0.001

Global OCT
RNFLT (mm)

69.1 (59.8, 80.5) 98.7 (93.2, 103.9) o0.001

Mean deviation
(dB)

� 3.6 (� 5.8, � 0.1) 0.0 (� 0.8, 1.2) o0.001

Pattern SD (dB) 4.1 (1.9, 9.8) 1.6 (1.4, 1.9) o0.001

Follow-up
length (years)

3.1 (2.8, 3.5) 3.0 (2.6, 3.2) 0.06

Number of
examinations

7 (6, 8) 6 (6, 7) 0.08

Abbreviations: ECC, enhanced corneal compensation; OCT, optical

coherence tomography; RNFLT, retinal nerve fibre layer thickness; TSNIT,

temporal-superior-nasal-inferior-temporal; VCC, variable corneal

compensation.

Values shown are median (interquartile range); *Fisher’s exact test, all

others Mann–Whitney U-test.
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VCC, ECC, and OCT, respectively. Median and upper-

quartile SDRES estimates were used to model moderate

and high levels of measurement variability in follow-up

data. Measurements were modelled every 6 months over

a follow-up period of 3.5 years (eight examinations),

characteristic of the typical follow-up series in this study.

The false-positive detection rate was fixed at 5%. The

resulting statistical power, in individuals, to detect

RNFLT change was 0.74, 0.79, and 0.88 for VCC, ECC,

and OCT, respectively, at moderate variability and 0.41,

0.47, and 0.56 for VCC, ECC, and OCT, respectively, at

high variability. This indicates that all modalities have

good power to detect clinically significant change at

moderate variability.

Image quality metrics (QS for VCC and ECC and SS for

OCT) were not strongly predictive of the variability of

RNFLT measurements. This is largely consistent with

previous research on the longitudinal reproducibility of

VCC and OCT RNFLT.45 The birefringent properties of

the cornea do not change significantly over time,47 hence

atypical retardance measurements also should not

change. The TSS identifies atypical retardance patterns,27

hence changes in TSS may be predictive of spurious rates

of RNFLT change. RNFLT was corrected for changes in

TSS; this correction factor was found to be highly

significant in both VCC and ECC with a consistent

decrease of 0.2 mm RNFLT per unit increase in TSS, in

agreement with previous reports.48 Occurrence of

atypical retardance patterns caused by anterior and

posterior segment pathologies and, in particular, by

disruption of the Henle fibre layer may be the cause of

these changes; the expected birefringent behaviour of the

Henle fibre layer is crucial in calibrating the

compensation for corneal retardance.49

Alignment of serial scans may have a significant effect

on the measured rates of RNFLT change. The new

progression analysis with the latest commercial release of

SLP provides alignment of follow-up images to baseline.

This can be implemented for already acquired scans,

with annular values recomputed for aligned images. Eye

movements during image acquisition can produce

measurement artefacts, typically leading to higher

measured RNFLT.50 For the OCT, measurements are only

obtained for the scanning circle and therefore post-

acquisition alignment cannot help to recalculate more

reproducible RNFLT estimates. Image tracking on newer

spectral-domain OCT devices minimises this source of

error,51 and methods that use existing OCT data to

measure the displacement of follow-up scans with

respect to baseline can help interpret the estimated rates

of RNFLT change.52

Measurement variability has an impact on the ability to

detect underlying change and also the ability to resolve

RNFLT change due to glaucoma from ageing. Through

Figure 2 Distributions of RNFLT rates of change. Distributions of rates of globally averaged RNFLT change in the glaucoma patient (dark
bars) and control subjects (light bars) for: VCC, ECC, and OCT. SAP MD rates for glaucoma patients and control subjects are also shown.
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simple modelling, the power to detect a clinically

meaningful rate of RNFLT change in individual patients

with these devices was demonstrated to vary between

approximately 40 and 90%. These calculations were

independent of any comparisons with external and

potential confounding reference standards of

glaucomatous progression.

VCC, ECC, and OCT may have a role in providing

estimates of precise RNFLT changes, given that they

provide measurements with good reproducibility.

However, in this study, rates of RNFLT change from these

modalities were not found to be different between

glaucoma patients and normal controls, and the mean

differences from zero change were small. In contrast, the

rate of visual field deterioration in these patients was

significantly greater compared with the control subjects,

and the rate was similar to those reported previously.30,31

This makes it likely that the underlying changes in the

RNFL of these glaucoma patients were small.

Summary

What was known before

K Changes in RNFL thickness have been reported
separately for different imaging modalities, and
differences have been shown between rates of RNFL
thickness in groups of patients progressing by visual
fields and those not.

K To our knowledge, rates of change of RNFL thickness in
healthy control subjects have not yet been quantified with
these devices.

What this study adds

K Rates of change in RNFL thickness over time in a group of
moderately damaged glaucoma patients were, on
average, small and not different to those of controls.

K This indicates that most RNFL thickness changes in
patients may have occured in the earlier stages of disease
before study enrolment, which accounts for baseline
differences in RNFL between patients and controls.
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