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Abstract

Objective To study the effect of optical

coherence tomography (OCT) scan circle

displacement on retinal nerve fibre layer (RNFL)

measurement errors using cubic spline models.

Methods Forty-nine normal subjects were

included in the analysis. In one randomly

selected eye in each subject, RNFL thickness

around the optic disc was measured by taking

16 circular scans of different sizes (scan radius

ranged from 1 to 2.5mm). The RNFL profile in

each eye was constructed with a mathematical

model using a smoothing spline

approximation. Scan circle (diameter 3.4mm)

RNFL measurements (total average, superior,

nasal, inferior, and temporal RNFL

thicknesses) obtained from eight directions

(superior, superonasal, nasal, inferonasal,

inferior, inferotemporal, temporal, and

superotemporal) displaced at different

distances (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7mm)

from the disc centre were then computed by a

computer program and compared to the

‘reference standard’ where the scan circle is

centred at the optic disc. RNFL measurement

error was calculated as the absolute of

(RNFL thickness (displaced) – RNFL

thickness (reference standard)).

Results The respective mean average,

superior, nasal, inferior, and temporal RNFL

measurement errors were 2.3±2.0, 4.9±4.5,

4.1±3.8, 6.2±7.6, and 3.8±3.5 lm upon 0.1mm

scan circle displacement, and 12.1±11.4,

27.8±18.4, 21.7±18.6, 34.8±22.9, and

15.2±10.7 lm upon 0.7mm scan circle

displacement. Significant differences of

average and quadrant RNFL thicknesses were

evident between centred and displaced scan

circle measurements (all with Po0.001). RNFL

measurement error increased in a monotonic

fashion with increasing distance away from

the disc and the change was direction-

dependent.

Conclusions RNFL measurement error varies

with the direction and distance of scan

displacement. The superior and the inferior

RNFL measurements are most vulnerable to

scan displacement errors, whereas the average

RNFL thickness is the least susceptible.

Obtaining a well-centred scan is essential

for reliable RNFL measurement in OCT.
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Introduction

Assessment of retinal nerve fibre layer (RNFL)

is important in the diagnosis and monitoring

of glaucoma. Optical coherence tomography

(OCT) is one of the imaging instruments that

has been shown to provide reproducible

measurement of RNFL thickness1–3 and found

to be useful in detecting glaucomatous

change.4–7 In the default setting, OCT measures

RNFL thickness using a circular scan with a
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diameter of 3.4 mm centred at the optic disc.

The mean of three sequential circular scans is obtained

and compared with the normative database. To obtain

reliable and reproducible RNFL thickness, it is

mandatory to position the centre of the scan circle at the

centre of the optic disc. However, apart from viewing the

scan circle in the fundus photograph taken by the real-

time charge-couple device, there is no objective index to

indicate the centrality of the scan circle. It is conceivable

that the displacement of the scan circle from the optic

disc centre would result in different values of RNFL

thickness and lead to potential diagnostic errors.

Inconsistent scan circle position also adds ‘noise’ during

serial analysis and thus reducing the sensitivity and

specificity to detect change.

It is unknown, however, to what extent the RNFL

measurements would be affected by scan circle

displacement because it is not possible to measure how

much the scan is displaced relative to the optic disc in the

OCT. The purpose of this study is to develop a model

that can be used to predict and estimate the change in

RNFL profiles when the scan circle is displaced at

different directions and distances away from the optic

disc centre. This information could be useful to estimate

the magnitude of measurement error in OCT RNFL

scanning and to determine the limits of measurement

variability during serial analysis of RNFL.

Methods

Subjects

Fifty-three healthy normal volunteers were recruited at

the University Eye Center, The Chinese University of

Hong Kong. All subjects underwent ophthalmic

examination including visual acuity, refraction,

intraocular pressure measurement, and refraction. One

eye was then selected in random for visual field test and

OCT RNFL measurement (see below). Other than

refractive error, all included eyes had normal visual field

results, with best-corrected visual acuity of at least 20/40

and without concurrent ocular pathology. Four subjects

who did not have steady fixation were excluded. The

study was conducted in accordance with the ethical

standards stated in the Declaration of Helsinki and

approved by the local clinical research ethics committee

with informed consent obtained.

Visual field test

Standard visual field testing was performed with the

static automated white-on-white threshold perimetry

(Humphrey Field Analyser II; Humphrey Instruments,

Dublin, CA, USA). A visual field was defined as reliable

when fixation losses, false–positive, and false-negative

rates were less than 25%. A visual field defect was

defined as having three or more significant (Po0.05)

nonedge contiguous points with at least one at the

Po0.01 level on the same side of horizontal meridian

in the pattern deviation plot and classified as outside

normal limits in the glaucoma hemifield test. Visual

field was performed to ensure that all the eyes included

were normal and demonstrated no glaucomatous

damage.

Optical coherence tomography RNFL measurement

Optical coherence tomography was performed with

OCT version 3 (STRATUS OCT; Carl Zeiss Meditec Inc.,

Dublin, CA, USA). The ‘circle’ protocol (512 A-scans) was

selected to collect concentric RNFL measurements around

the optic disc. Each eye was imaged with 16 circular scans

of different sizes, starting with scan radius of 1 mm with

0.1 mm increment in radius in subsequent scans (ie, scan

radius ranged from 1 to 2.5 mm). The ‘repeat’ mode was

used to ensure that each scan is well-centred and to

minimize adjustment of the scan position. All the OCT

measurements were taken by an experienced operator

with signal strength of at least 7. In the OCT images, RNFL

can be delineated and visualized as the first layer in high

reflectivity signal. RNFL thickness is determined by the

difference in distance between the vitreoretinal interface

and a posterior border based on a predefined reflectivity

signal level. The 16 images in each subject were exported

for analysis for mathematical modelling.

Mathematical modelling: construction of 3D RNFL

profile

As RNFL thickness data are available only in discrete

circular scans, mathematical modelling was used to

derive a close approximation of RNFL thickness values at

the ‘gaps’ between concentric circles. A total of 512� 16

RNFL thickness data points were collected in each eye

for model fitting. Each data point {z(ri, yi): r1pripr2.5,

0pyip2p} has specific coordinates with reference to the

optic disc centre as the origin. The cubic splines, which

are piecewise cubic polynomial functions with

continuous gradient and curvature, were used to derive

the approximate surface.8 This provides a polynomial of

a relatively low degree with good approximation to any

smooth nonlinear functions. An error function is defined

to be a mismatch between the spline surface and the

measurements, plus a penalty term for the smoothness

of the spline surface, as follows:

X
ri

X
yi

ðzðri; yiÞ � Sðri; yiÞÞ þ l
Z

jr2SjdA
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By minimizing this error function, a smoothing spline

approximation is obtained. Note that S(ri, yi) is a

multivariate spline function obtained from univariate

spline by the tensor product construct, and l is a

smoothing parameter. Figure 1a illustrates an example of

a 3D RNFL topology after model fitting.

Calculation of scan circle displacement error with 3D

RNFL profiles

On the basis of the derived 3D RNFL profile, a computer

program was written using Matlab version 6.5 (The Math

Works, Natick, MA, USA) to evaluate the circular RNFL

measurements at specific direction and distance away

from the optic disc centre. Scan circle (diameter 3.4 mm)

RNFL measurements (total average, superior, nasal,

inferior, and temporal RNFL thicknesses) obtained from

eight directions (superior, superonasal, nasal,

inferonasal, inferior, inferotemporal, temporal, and

superotemporal) displaced at different distances (0.1, 0.2,

0.3, 0,4, 0.5, 0.6, and 0.7 mm) from the disc centre were

computed by the program and compared with the

‘reference standard’ where the scan circle is centred at

the optic disc. RNFL measurement errors were calculated

as the absolute of (RNFL thickness (displaced) – RNFL

thickness (reference standard)). Mean RNFL measurement

error at a particular displacement distance was

calculated as the average of superior, nasal, inferior, and

temporal RNFL measurement error measured at that

particular displacement distance.

Statistical analysis

Statistical analyses were performed using SPSS version

11.0 (SPSS Inc., Chicago, IL, USA). The associations

between RNFL measurements and displacement distance

were evaluated with linear regression analysis and the

correlations were expressed as Spearman correlation

coefficients. Po0.05 was considered statistically

significant. Repeated-measure analysis of variance was

used for the comparisons of the mean RNFL measurement

error at different scan displacement distances.

Results

Forty-nine normal eyes from 49 subjects were analysed in

this study. The age ranged from 21 to 60 years with

mean±SD of 35.2±11.7 years. The average spherical

error was �1.9±2.3 dioptres. The average, superior,

nasal, inferior, and temporal RNFL thicknesses measured

with the 3.4 mm scan circle centred at the optic disc

(the reference standard) were 108.6±10.9, 133.3±16.3,

70.7±16.8, 138.5±18.8, and 91.3±21.8 mm, respectively.

Figure 1 presents an example of changes in the RNFL

profiles with respect to the change in direction and

distance of scan circle placement. Although changes in

the RNFL profile are already observed when the scan

circle was displaced for only 0.1 mm (Figure 1b–e, upper

panel), the differences became more obvious when the

scan circle was displaced at a longer distance away from

the optic disc (Figure 1b–e, middle panel). Superior and

inferior displacement in general resulted in more

changes in the RNFL profiles compared with temporal

and nasal displacement. The RNFL profiles with scan

circle displaced at an arbitrary distance at four different

directions (temporal, superior, nasal, and inferior) during

OCT imaging are illustrated in the bottom panel. It was

observed that the patterns of RNFL profiles (centred and

displaced scans) were similar between the modelled

profiles and those in the OCT serial analysis printouts.

The average and quadrant RNFL measurement errors

(RNFL thickness (displaced) – RNFL thickness (reference))

were calculated with reference to the distance and the

direction of scan circle displacement (Tables 1 and 2).

Irrespective of the direction of displacement, the average

and quadrant RNFL measurement errors increased with

the distance of displacement. The mean average RNFL

measurement errors upon 0.1 and 0.7 mm scan circle

displacement were 2.3±2.0 and 12.1±11.4 mm,

respectively. The respective mean superior, nasal,

inferior, and temporal RNFL measurement errors were

4.9±4.5, 4.1±3.8, 6.2±7.6, and 3.8±3.5 mm upon 0.1 mm

scan circle displacement, and 27.8±18.4, 21.7±18.6,

34.8±22.9, and 15.2±10.7 mm upon 0.7 mm scan circle

displacement (Table 2). The superior and inferior RNFL

measurements were most susceptible to scan circle

displacement errors, whereas the average and the

temporal RNFL measurements were the least susceptible.

Discussion

In this study, we showed that scan centration is critical

for reliable measurement of RNFL thickness. Using cubic

spline models, it is observed that the RNFL measurement

error varied with the displacement distance and the

displacement direction of the scan circle.

Optical coherence tomography measurement of RNFL

thickness has been reported to be reproducible. Budenz

DL et al1 showed that the intraclass correlation (ICC) for

the mean RNFL 3.4 thickness (512 A-scans) was 0.97 and

the coefficient of variation was 1.7%. Gurses-Ozden et al2

reported the coefficient of variation for mean RNFL 3.4

thickness (512 A-scans) ranged between 7.3 and 8.0%.

It should be noted that in these studies, RNFL

measurements were taken during the same session.

In the study by Paunescu et al3 in which RNFL

measurements were taken at three different sessions

in different days within 5 months, the reproducibility

was lower.3 The ICC for mean RNFL 3.4 thickness
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Figure 1 Retinal nerve fibre layer (RNFL) topology around the optic disc derived from a mathematical model using smoothing spline
approximation based on measurements obtained from 16 OCT circular scans with different scan sizes (scan radius ranged from 1 to
2.5 mm) in a normal eye (a). A false colour-encoding scale was applied with red indicating high RNFL thickness values and blue
indicating low RNFL thickness values. The derived RNFL profiles with the scan circle displaced nasally (b), superiorly (c), temporally
(d), and inferiorly (e) at a distance of 0.1 mm (upper panels) and 0.2 mm (middle panels) are shown in red. The reference RNFL profile
is shown in blue. By displacing the scan circle at an arbitrary distance during OCT imaging, the RNFL profiles (centred and displaced
scans) were obtained using the fast RNFL 3.4 scan protocol in the same eye and shown in the serial analysis printout in the bottom
panel. The RNFL profile centred at the disc is shown in blue and those with scan circles displaced temporally (b), superiorly (c), nasally
(d), and inferiorly (e) (shown in the corresponding fundus photographs) are in red.
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(512 A-scans) was 0.79 and the ICC for quadrant RNFL

thicknesses ranged between 0.60 and 0.80. An

explanation for the lower RNFL thickness reproducibility

during intersession measurement has been suggested to

be related to scan placement variability.3 Consistent scan

placement is more difficult to achieve for intersession

measurement when the positions of head and eye have to

be readjusted.

In agreement with the reported RNFL topologies,9–11

the derived RNFL models demonstrated that RNFL is

thickest at superotemporal and inferotemporal sectors of

the optic disc. The RNFL thickness gradually decreases

when the nerve fibres course towards the macula and the

peripheral retina. Therefore, it is not surprising that the

superior and inferior RNFL measurements were most

affected when the scan was displaced at the superior and

the inferior directions (Figure 1c and e). Upon 0.7 mm

scan displacement, the superior and inferior

measurement errors could be as high as 28 and 35 mm,

respectively. The average RNFL thickness, in contrast,

showed the least change with different distances and

directions of displacement. It is because when the scan is

displaced superiorly, for example, an increase in the

inferior RNFL thickness (because of the thicker RNFL

towards the disc) always couples with a corresponding

decrease in the superior RNFL thickness (because of

thinner RNFL away from the disc) and thus resulting in a

only small change in the average RNFL thickness. The

mean average RNFL measurement error secondary to

scan displacement ranged from 2.3±2.0 mm for 0.1 mm

scan displacement to 12.1±11.4 mm for 0.7 mm scan

displacement. This information could be useful to

determine the limits of measurement variability during

serial analysis of RNFL thickness. For example, the

threshold for detecting changes at the superior or inferior

RNFL measurements would need to be set higher than

that for the average RNFL measurement. There are other

factors that could be related to the variability of RNFL

measurements. In a recent study, Wu et al12 reported that

variability in RNFL measurement was correlated with

signal strength and analysis confidence although the

effect of scan displacement was not examined.

Understanding the contributions of individual factors in

determining the variability of RNFL measurement is

important during longitudinal analysis to verify if

progression occurs.

It is worth noting that the current model was

developed based on an assumption that each scan was

well-centred at the optic disc. However, it is difficult to

validate whether this assumption was met because there

is no objective criteria available in the Stratus OCT to

confirm the position of the scan. Nevertheless, the

selection of subjects with good fixation and the use of

‘repeat mode’ in keeping the position of internal fixation

Table 1 Linear regression analyses of average/quadrants
retinal nerve fibre layer (RNFL) measurement errors vs distance
of scan displacement at different displacement directions

RNFL
measurement

Displacement
direction

Linear
regression

r

Average Superotemporal y¼ 25.54xþ 1.56 0.678
Superior Inferotemporal y¼ 62.76x�2.00 0.797
Nasal Superotemporal y¼ 54.70x�3.51 0.762
Inferior Superotemporal y¼ 92.28x�3.83 0.858
Temporal Temporal y¼ 24.87xþ 3.18 0.616

Only the regression models with the largest correlation coefficient in the

average and each of the quadrant RNFL measurement are shown.

Table 2 Mean average and quadrant RNFL measurement
errors at different scan displacement distances away from the
optic disc centre

RNFL
measurement
error

Scan
displacement
distance (mm)

Mean RNFL
measurement

error (mm) (±SD)

P-values

Average 0.1 2.3±2.0
0.2 3.4±3.1
0.3 4.5±4.5
0.4 5.8±5.9 o0.001
0.5 7.9±7.5
0.6 10.1±9.1
0.7 12.1±11.4

Superior 0.1 4.9±4.5
0.2 8.6±6.7
0.3 12.6±9.1
0.4 16.6±10.9 o0.001
0.5 20.8±13.5
0.6 24.9±16.6
0.7 27.8±18.4

Nasal 0.1 4.1±3.8
0.2 6.5±6.0
0.3 8.7±6.8
0.4 11.3±9.3 o0.001
0.5 14.3±12.0
0.6 17.7±14.7
0.7 21.7±18.6

Inferior 0.1 6.2±7.6
0.2 11.0±8.7
0.3 15.9±10.8
0.4 20.7±13.7 o0.001
0.5 25.9±17.5
0.6 30.8±20.7
0.7 34.8±22.9

Temporal 0.1 3.8±3.5
0.2 6.7±5.6
0.3 9.6±7.5
0.4 11.7±8.3 o0.001
0.5 13.6±9.3
0.6 14.7±10.2
0.7 15.2±10.7

Repeated-measure analysis of variance is used for the comparison of

the mean RNFL measurement error at different scan displacement

distances.
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constant for each scan could have minimized the chance

of obtaining off-centre scans. In addition, the observation

that the modelled RNFL profiles closely matched with

those generated manually in Stratus OCT (Figure 1b–e)

suggests that the derived model is useful to predict and

estimate the effect of scan circle displacement on the RNFL

profiles. Although further investigation is required to

validate the accuracy and reliability of the measurements

obtained from the model, our findings have demonstrated

the importance of scan centration for RNFL measurement

in OCT. With the availability of the spectral domain OCT, it

is possible to measure the RNFL topology more accurately

and reliably by virtue of its faster scan rate and higher scan

resolution. However, at the time of writing, software for

RNFL measurements has not yet been available in most of

the commercially available spectral domain OCT and none

of them have been evaluated for RNFL measurement

repeatability and reproducibility. It is also uncertain

whether RNFL measurements obtained from spectral

domain OCT can be used interchangeably with those from

time domain OCT.

In summary, with the assumption that each concentric

circle scan was well-centred in the cubic spline models,

we observed that RNFL measurement could change

substantially when the scan circle was displaced and

these changes were related to the distance and direction

of displacement. Obtaining well-centred scan is critical

for reliable RNFL measurement.
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