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INTRO DUC TIO N

Measurement of retinal nerve fibre layer thickness (RNFL) 
with optical coherence tomography (OCT) has contributed 
substantially to the management of patients with glau-
coma but has been limited by high between- subject vari-
ability in normal eyes. For circumpapillary RNFL thickness, 

there is overlap in distributions between healthy eyes and 
eyes with damage.1– 3 One aspect of this is biological vari-
ability, such as the two- fold difference in the normal vari-
ation of RNFL thickness, ganglion cell and axon counts.4– 8 
Another aspect is variability caused by artefacts due to 
choice of measurement, such as the effects of axial length 
for global circumpapillary RNFL thickness and location of 
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Abstract
Purpose: Reflectance of retinal nerve fibre layer (RNFL) can contribute to detecting 
the presence of glaucomatous damage and defining its extent. As a step towards 
developing a normative database for RNFL reflectance, we assessed within- eye 
and between- subject variability for RNFL reflectance in healthy eyes.
Methods: Vertical 30° × 15° volume scans at the optic disc were gathered using 
SD- OCT (Spectralis OCT) from people free of eye disease. Scans were gathered for 
both eyes of 30 younger adults (mean ± SD = 27 ± 3 years) and for one eye of 30 
older adults (68 ± 8 years). Reflectance was quantified for each voxel as the depth- 
resolved attenuation coefficient (AC). Values for AC were extracted for four slabs 
(0– 52, 24– 52, 24– 36 and 36– 60 μm) and at depths from 24 to 60 μm below the 
inner limiting membrane (ILM) in 4 μm steps.
Results: Between- subject and within- eye standard deviations (SDs) for the loga-
rithm of AC were similar; median differences were 0.02– 0.03 log unit across all four 
slabs and depths from 24 to 48 μm. Means for the logarithm of AC were higher for 
younger than older eyes by ~0.1 log unit; this age effect was not due to differences 
in the raw reflectance of the RNFL, but rather to age- related changes in reflectance 
of deeper retina affecting the calculation of AC.
Conclusions: In both groups, within- eye variability in RNFL reflectance near the 
optic disc was similar to between- subject variability. A better understanding of 
within- eye variability would be useful for developing normative databases.
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the major blood vessels for sector thicknesses. A related ar-
tefact from the choice of measurement is in en face RNFL 
thickness deviation maps, where arcuate defects occur 
in about 20% of eyes free of glaucoma9 due to normal 
between- subject variability in the distance from the fovea 
to the arcades.10,11

Several laboratories have reported that en face maps of 
RNFL reflectance show good potential for detecting glau-
comatous damage,12– 19 and that by using fixed distances 
below the inner limiting membrane (ILM) the problems 
with normal between- subject variability in the distance 
from the fovea to the arcades can be avoided.20,21 Measured 
reflectance will be affected by factors that reduce the 
amount of light that reaches the tissue, such as shadows 
from blood vessels or floaters and changes in the position 
of the eye, but not by factors that affect RNFL thickness 
such as axial length. Methods have been developed to 
reduce these effects by estimating an ‘attenuation coeffi-
cient’ (AC), which calculates the amount of light attenuated 
at a given voxel by comparing its measured reflectance 
with reflectances measured at voxels below it.22– 24 This 
study is designed to explore factors affecting variability in 
RNFL AC values, which have not yet been studied with the 
same level of scrutiny that has been applied to variability in 
RNFL thickness values. The goal is to assess biological vari-
ability and identify potential artefacts due to the choice of 
measurement. One of the strengths of perimetry and RNFL 
thickness as complementary clinical measures is that they 
typically have different sources of artefact. To the extent 
that the sources of variability are different for RNFL reflec-
tance than for RNFL thickness, reflectance may be able to 
add additional information to clinical evaluation.

Most studies of RNFL reflectance have been performed 
near the optic disc.12– 16,19,24,25 Some key factors that affect 
variability in clinical measures used in patients with glau-
coma are axial length and location of major blood vessels 
for RNFL thickness, age and within- subject variability for 
perimetry. Age has been found to cause a decline in AC,15 
and within- subject variability in AC has been noted for 
locations around the optic disc.15,19 This study compared 
within- eye and between- eye variability in a region tempo-
ral to the disc, and explored the effects of age and axial 
length. Effect sizes were evaluated in terms of logarithmic 
differences in means and SD, and the square of the cor-
relation coefficient. There were no tests of statistical sig-
nificance, so sample size was set to 30 per group to allow 
relatively unbiased estimates of SD in groups small enough 
to allow ready replication.11

M ETH O DS

Participants

Volume scans were analysed for two groups of 30 people 
each. The first group had been chosen as age- similar sex- 
matched controls for a separate study26 of 30 patients with 

glaucoma, resulting in 17 males and 13 females in the age 
range of 52 to 78 years. Each person in this group had been 
imaged on one eye only, which had been selected as their 
study eye in the original investigation. Then 17 males and 
13 females were selected from a pool of 60 young adults 
imaged for a published study.11 The age range for this 
group was 22 to 33 years, and that study imaged both eyes. 
See Table  1 for descriptive statistics for age, axial length 
and circumpapillary RFNL thickness.

Inclusion and exclusion criteria

Common inclusion criteria for both groups were best- 
corrected visual acuity of logMAR 0.30 (6/12) or better, 
refractive corrections between +3.00 and −6.00 dioptre 
spherical equivalent, cylinder no more than 3.00 dioptres, 
clear ocular media and the absence of known eye disease 
during a comprehensive eye examination within the past 
2 years.

Key points

• En face maps of retinal nerve fibre layer reflec-
tance are relatively unaffected by factors that 
have a substantial impact on measures of retinal 
nerve fibre layer thickness.

• Reflectance maps have potential to provide a 
clinically useful addition to measures of retinal 
nerve fibre layer thickness, so population norms 
should be valuable.

• Key factors when gathering population norms 
for retinal nerve fibre layer reflectance are ef-
fects of the shape of the eye, retinal region stud-
ied and the diversity of the subjects recruited.

T A B L E  1  Age, axial length and circumpapillary RNFL thickness for 
younger and older groups

Younger 
left

Younger  
right Older

n 30 30 30

Age in years
(mean ± SD)

27 ± 2.7 Same as  
left eye

68 ± 8.3

Axial length in mm
(mean ± SD)

24.2 ± 1.0 24.3 ± 1.0 24.2 ± 1.1

Axial length range 22.5 to 27.0 22.5 to 27.2 22.2 to 26.5

RNFL thickness in μm (mean ± SD)

Global 99 ± 9 99 ± 10 96 ± 7

Superior temporal 134 ± 19 141 ± 20 135 ± 14

Inferior temporal 140 ± 19 141 ± 22 138 ± 15
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Common exclusion criteria for both groups were ocu-
lar or systemic disease that was currently affecting visual 
function (e.g., diabetic retinopathy, prior arterial or vein 
occlusion, macular degeneration, glaucoma); a history 
of intraocular surgery (except uncomplicated cataract 
surgery more than 1  year before enrolment); usage of 
medications known to affect vision; recent intraocular 
pressure (IOP) greater than 20 mmHg; narrow angles; 
OCT scans with low image quality or high segmentation 
errors and eyes with epiretinal membranes seen on en 
face imaging.

Imaging protocol

Informed consent was obtained from each participant 
after an explanation of the procedures and goals of the 
study and prior to testing. This study adhered to the ten-
ets of the Declaration of Helsinki and was approved by 
the Institutional Review Board at Indiana University. Scans 
of our subjects were acquired for other studies using 
a spectral domain OCT system (Spectralis; Heidelberg 
Engineering, heide lberg engin eering.com). A 30° × 15° ver-
tical rectangular scan centred on the optic disc was ac-
quired using high- speed mode, vertical b- scans with 30 μm 
spacing and automatic real- time function (ART) averaging 
across 9 images, see Figure 1. Axial length measurements 
were also collected previously (IOLMaster 500; Carl Zeiss 
Meditec, zeiss.com).

Selection of the retinal region for evaluation

A pilot study measured AC as a function of depth below 
the ILM at a wide range of locations across the retina 
within 15° from fixation in five older adults free of eye 
disease. The same pattern was seen in all five eyes, an ex-
ample is shown in Figure 1 (upper panels). For all regions 
of interest (ROIs), AC had an initial steep increase from 
the ILM to 12 μm below it, then increased more slowly 
before declining after reaching the bottom of the RNFL. 
The AC at 16 μm below the ILM (indicated by the vertical 
dashed line in the upper right panel) was lowest at the 
fovea where the RNFL is absent. The next lowest values 
were in the temporal raphe where fibres are less densely 
packed. Peak AC was greatest in the parafoveal region, 
the arcades and near the optic disc. Only for regions near 
the disc was the RNFL thick enough that AC had not al-
ways begun to decline by 60 μm below the ILM. The AC at 
16 μm below the ILM showed a 5- fold range with location 
across the central retina, compared to a 2- fold range near 
the optic disc. Therefore, in order to look at the great-
est range of distances below the ILM and reduce within- 
subject variability, for this study the emphasis was on 
locations near the optic disc as shown in the lower panels 
of Figure 1.

Image processing and data extraction

Methods for generating AC maps and local logAC val-
ues have been published previously.25 Briefly, scans were 
 processed using custom MATLAB (R2018a; MathWorks, 
mathw orks.com) software to generate AC maps using 
Equation 17 in Vermeer et al.22 The initial analysis was for a 
vertical column of 14 circular ROIs with a radius of 15 pixels 
(0.6° of visual angle) near the temporal edge of the image 
(between the fovea and the optic disc), ensuring that both 
superior and inferior temporal bundles were included. Care 
was taken to avoid parts of the image that may cause po-
tential artefacts, such as major blood vessels or noise in the 
image. The four ROIs overlying the papillomacular bundles 
fell below the RNFL at deeper depths and were excluded 
from analysis of within- eye differences, leaving five ROIs 
each sampling the superior temporal and inferior temporal 
RNFL bundles.

The manual method of placement can avoid blood ves-
sels and other sources of artefacts, but could introduce a 
source of bias, even something as subtle as the amount of 
displacement left and right when choosing a column to 
avoid blood vessels. To assess effects of such bias, a sec-
ond method used spatial filters to segment out the major 
blood vessels and automated placement of a grid of loca-
tions. Each grid element was a square 30 by 30 pixels, so 
that the width of a square was the same as the diameter 
of the circles in the manual method. Two 7 × 3 rectangular 
sets of grid elements for superior and inferior disc sectors 
were used to assess within- subject differences, which cor-
responded to regions sampled by the two sets of five ROIs 
for the manual method. The lower left panel of Figure  1 
shows the two rectangles superimposed on an example 
of 14 ROIs. The three horizontal positions span the range 
of horizontal positions used in the manual placement. This 
method has a potential source of artefact: insufficiently 
avoiding blood vessels would yield an increase in the AC.

For each circular ROI or grid element, the arithme-
tic mean for AC across voxels was computed, shown as a 
function of depth below the ILM in the lower right panel of 
Figure 1 for the 14 circular ROIs. The arithmetic mean was 
chosen for averaging across voxels, because a few voxels 
with extreme values for AC would have a smaller impact 
for an arithmetic mean (averaged in linear units) than for a 
geometric mean (averaged in log units). However, the de-
scriptive statistics for the ROIs and grid elements were per-
formed in log units because SD in log units is independent 
of the mean and our primary goal was to compare within- 
eye and between- subject variability.

Analysis

In order to assess the extent to which logAC and RNFL 
thickness are independent measures, we estimated the av-
erage thickness for each ROI by finding the depth at which 

http://heidelbergengineering.com
http://zeiss.com
http://mathworks.com
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AC declined from the peak at prior depths by a criterion 
amount that was varied from 0.0 to 0.3 log unit in 0.1 log 
unit steps. The criterion of 0.0 log unit identified the depth 
with peak AC value, the criterion of 0.3 log unit identified 
the depth at which AC fell to half of the peak and the other 
two criteria identified the depths at which AC fell to 79% 
and 63% of the peak value. For each criterion amount, the 

correlation was computed between log AC and thickness 
across all 420 ROIs (14 each for 30 eyes). Then, R2 was used 
as a measure of dependence.

Variability and age effects were evaluated in terms of 
slabs (AC averaged across a range of depths below the ILM) 
and at individual depths. Slabs averaged AC at depths 0– 
52, 24– 52, 24– 36 and 36– 60 μm below the ILM. Individual 

F I G U R E  1  Examples of measurement of attenuation coefficient (AC) for individual eyes of older controls. Upper left: AC values at 40 μm below 
the inner limiting membrane (ILM) at 41 locations within 15° of the fovea for one older control. Higher AC is found at retinal areas with higher retinal 
nerve fibre layer (RNFL) density and lower AC is found in the temporal raphe where distinct spaces between fibre bundles can be seen as darker, less 
reflective areas. Upper right: AC versus depth below the ILM for these 41 locations in this one older control, grouped by retinal region as indicated in 
the legend. The parafoveal function shown with dotted black lines and small black circles indicates the AC values for location 38 (with the red circle to 
the left). The vertical dashed line indicates a depth of 16 μm. Lower left: Regions of interest (ROIs) near the disc evaluated in this study in another older 
control, on a 30° × 15° AC map at 76 μm below the ILM where the vasculature can be readily visualised. Circles show 14 ROIs manually placed near the 
temporal edge of the image while avoiding large- calibre vessels, numbered from top to bottom. The blue and red arrows indicate ROIs 2 and 8, data 
for which are highlighted in the lower right panel. Blue rectangles show the corresponding regions analysed with the automated method. Lower right: 
AC plotted as a function of depth from the ILM for the ROIs numbered on the lower left. Solid symbols are for the two ROIs with the smallest  
(8, red circles) and greatest (2, blue squares) RNFL thickness. Vertical dashed lines indicate depths of 24, 36 and 52 μm from the ILM, which were used 
for computing slabs. The curves shown in red are for the locations that were not used in analysis of within- subject variability because they typically 
fell below the RNFL by 60 μm below the ILM.
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depths ranged from 24 to 60 μm below the ILM in 4  μm 
steps. We noted previously that superficial gliosis occur-
ring in older eyes usually disappears by 24 μm below the 
ILM.27 Likewise, specular reflections occurring in younger 
healthy eyes usually disappear by the same depth. Mean 
and SD for logAC were calculated for the four slabs and 10 
depths. Data were analysed separately for left and right 
eyes for the younger adults, with the expectation that the 
means and SD would be very similar. Data for one eye per 
person were analysed for the older adults. The separate 
analyses for two eyes for the younger group provide a way 
to assess the effective magnitude of any age effect. If the 
difference in a measure between the younger and older 
groups is smaller than the difference in the measure be-
tween the two eyes of the younger group, then any age 
effect on the measure is not likely to be substantial.

For each slab and depth, the within- eye difference for 
each eye was computed as the difference in mean logAC 
for the superior and inferior regions and the average 
logAC  value for the eye was computed by averaging the 
logAC values for these two regions. Within- eye variability 
in each group of eyes was computed as the SD of the dif-
ference across the 30 eyes in the group. Between- subject 
variability was computed as the SD for average logAC value 
across the 30 eyes. Age effect was evaluated by comparing 
the average logAC values for younger and older eyes. The 
correlation between axial length and average logAC values 
was used to assess the impact of axial length, with R2 as a 
measure of effect size. Data were also evaluated when dis-
aggregated by sex because of the United States National 

Institutes of Health (NIH) requirement to consider sex as a 
biological variable, even though there is no evidence of sex 
differences in the literature.

R ESULTS

Manual placement of regions of interest

Results for the left eyes of the younger adults for all 14 ROIs 
are shown in Figure 2. Across all eyes and circles, individual 
values for AC ranged from −0.4 to +0.7 log unit, as illus-
trated in the left panel. When averaged across individuals 
in a group, mean AC differed by about 0.1 log unit across 
circle locations, as shown in the middle panel; for most lo-
cations, AC was about 0.1 log unit lower for the older eyes. 
When averaged across all circles for an individual, mean AC 
differed across individuals by ~0.5 log unit, as shown in the 
right panel.

The comparison of logAC and RNFL thickness found that 
they were relatively independent, with R2 < 1% for all four 
criteria, for both left and right eyes of the younger controls.

To compare standard deviations (SDs) for within- eye and 
between- subject differences, analysis was restricted to the 
10 ROIs used for the superior and inferior retina. SDs are 
shown for all depths and slabs in Table 2; Figure 3 shows 
an example for a depth of 24 μm below the ILM. Means for 
within- eye differences were 0.01 to 0.03 log unit, as illus-
trated by the horizontal dashed lines. There was an 0.4– 0.5 
log unit range of differences across most of the range of 

F I G U R E  2  Results from manual placement of the 14 ROIs at 24 μm below the inner limiting membrane (ILM). Left panel illustrates the variability 
for the left eyes of the younger adults by showing results for every circle. (Refer to supplementary material) Coloured symbols show examples as 
indicated in the legend, illustrating extremes for between- subject variability (04 and 21) and within- subject variability (07 and 13). Middle panel 
shows the means for each of the circles for the three groups; error bars show ± one standard error of the mean. Right panel shows box and whisker 
plots for the mean of the 14 circles for each subject per group, where the box shows the interquartile interval and whiskers show the full range.
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mean values. For all three groups of eyes, SDs were sim-
ilar for within- eye and between- subject differences. For 
all depths and slabs, the median differences between SDs 
were 0.02 to 0.03 log unit. SDs were not higher for the older 
eyes.

As shown in Figure  4 and Table  3, the effects of axial 
length were minor, with values of R2 for the 10 depths rang-
ing from 1% to 16% for the younger eyes and not greater 

than 1% for the older eyes. The effects of sex as a biolog-
ical variable were minor. Differences in average logAC be-
tween males and females were no greater than 0.06 log 
unit across all slabs and depths, and were not consistent 
across groups. Mean log AC was slightly lower for males 
for the older eyes and the left eyes of the younger group, 
but was slightly higher for males for the right eyes of the 
younger group.

Automated removal of blood vessels

Across all depths and slabs, the within- eye SDs for the au-
tomated method were 0.00 to 0.03 log unit larger than for 

T A B L E  2  Standard deviations in log units for between- subject differences and within- eye differences for the three groups

Younger left Younger right Older

Between Within Between Within Between Within

Slab

0– 52 μm 0.14 0.13 0.16 0.15 0.14 0.13

24– 52 μm 0.15 0.12 0.16 0.14 0.14 0.13

24– 36 μm 0.15 0.13 0.16 0.14 0.15 0.13

36– 60 μm 0.16 0.13 0.16 0.16 0.15 0.13

Depth

24 μm 0.14 0.12 0.16 0.14 0.14 0.13

28 μm 0.15 0.12 0.16 0.13 0.15 0.13

32 μm 0.15 0.13 0.16 0.13 0.15 0.13

36 μm 0.15 0.12 0.17 0.14 0.15 0.13

40 μm 0.15 0.12 0.17 0.14 0.15 0.13

44 μm 0.15 0.12 0.17 0.15 0.15 0.13

48 μm 0.16 0.12 0.17 0.16 0.15 0.13

52 μm 0.19 0.13 0.18 0.18 0.16 0.13

56 μm 0.24 0.14 0.21 0.20 0.18 0.15

60 μm 0.29 0.16 0.26 0.21 0.22 0.16

F I G U R E  3  Within- eye variability at 24 μm below the inner 
limiting membrane (ILM). The difference in logAC values for circles 1– 5 
(superior) and for circles 10– 14 (inferior) is shown versus the mean of 
these values. Horizontal dashed lines show the mean differences for the 
three groups.

F I G U R E  4  Mean logAC at 24 μm below the inner limiting 
membrane (ILM) as a function of axial length. Mean values are for the 10 
circles used in Figure 3.
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the manual method, and the between- subject SDs were 
within ±0.03 log unit for the two methods. For the means, 
the values for the automated method were 0.03 to 0.15 
log unit larger than for the manual method; as shown in 
Table 4, the largest differences were for the 0– 52 μm slab 
and the 60 μm depth. The primary findings were almost 
identical to results with the manual method: mean log 
AC was ~0.1 log unit lower for the older eyes than the 
younger eyes, and the within- eye SDs were similar to the 
between- eye SDs.

The automated method was used to assess age effects 
in terms of the measured reflectance for a voxel and an esti-
mate of the total amount of light arriving at the voxel based 
on reflectance measured at depths below the voxel. The 
AC is computed from the reflectance divided by the total 
amount of light. This means that log AC equals log reflec-
tance minus log total amount of light. Figure 5 shows the log 
values at 24 μm below the ILM for reflectance, total amount 
of light and AC, both for means (horizontal lines) and for in-
dividual eyes (symbols) plotted against age. For measured 
reflectance (top graph), the mean values for the left and 
right eyes of the younger adsults were 0.02 and 0.03 log 
unit lower than for the older eyes. For the estimate of the 
total amount of light (middle graph), means were 0.12 and 
0.13 log unit lower than for the older eyes while AC (bottom 
graph) was 0.11 and 0.10 log unit larger than for the older 
eyes. This indicates that the age effect seen for AC is due to 
an age effect on the estimate of total amount of light. The 
SD for the measured reflectance was 0.19 log unit for both 
left and right eyes of the younger adults and 0.15 log unit 
for the older adults. The SD for the total amount of light 
was 0.19 and 0.16 log unit for the left and right eyes of the 
younger adults, respectively, and 0.08 log unit for the older 
adults.

D ISCUSSIO N

En face RNFL reflectance maps have been found to have 
potentially good diagnostic ability for glaucomatous 

T A B L E  3  R2 values for correlation of logAC with axial length

Younger left 
(%)

Younger right 
(%)

Older 
(%)

Slab

0– 52 μm 1 18 0

24– 52 μm 1 15 0

24– 36 μm 1 17 1

36– 60 μm 4 10 0

Depth

24 μm 1 16 1

28 μm 1 16 1

32 μm 0 15 1

36 μm 0 14 0

40 μm 1 14 0

44 μm 1 13 0

48 μm 2 11 0

52 μm 3 8 0

56 μm 6 4 0

60 μm 9 4 0

T A B L E  4  Amount in log units by which mean logAC was larger for 
the automated method than the manual method

Younger left Younger right Older

Slab

0– 52 μm 0.13 0.13 0.15

24– 52 μm 0.05 0.05 0.05

24– 36 μm 0.05 0.06 0.06

36– 60 μm 0.07 0.05 0.05

Depth

24 μm 0.04 0.06 0.06

28 μm 0.04 0.06 0.06

32 μm 0.03 0.06 0.06

36 μm 0.03 0.05 0.05

40 μm 0.03 0.04 0.05

44 μm 0.04 0.04 0.04

48 μm 0.04 0.05 0.03

52 μm 0.05 0.05 0.03

56 μm 0.07 0.06 0.03

60 μm 0.09 0.09 0.05

F I G U R E  5  Log values for reflectance (top), total amount of light 
(middle) and attenuation coefficient (AC) (bottom) for younger and 
older controls at 24 μm below the inner limiting membrane (ILM) plotted 
against age. Horizontal lines show the means for the three groups.
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damage,12- 20 and good agreement with patterns of pe-
rimetric loss.20,21 Because measured reflectance varies 
with the amount of light hitting the retina, measures of 
AC have been developed by using the ratio of measured 
reflectances for different layers within the retina.22– 24 The 
purpose of this study was to better understand the sources 
of variability in AC for en face RNFL reflectance maps from 
healthy eyes. Biological variability in ganglion cell number 
and in the location of the major blood vessels did not seem 
to have much effect on RNFL reflectance at 24 μm below 
the ILM; as shown in Figures 1 and 2, there is relatively little 
change in AC between ROIs with large differences in RNFL 
thickness. Furthermore, RNFL thickness explained less than 
1% of the variance on logAC. Age had a small impact on 
AC, and as seen in Figure 5, this seems to reflect an artefact 
due to the choice of measurement: computation of AC as-
sumes that there is random scattering at levels below the 
RNFL reflectance, and this may not hold for older eyes. The 
effect of axial length on between- subject variability of AC 
was modest, with R2 values from 0% to 17%. For a sample 
size of 30, the 95% confidence interval for R2 includes val-
ues as high as 19% when the measured value is 1%, and as 
small as 0% when the measured value is 17%.

This means that en face RNFL reflectance maps show 
little effect of biological factors that are known to affect 
RNFL thickness maps, making it likely that maps of reflec-
tance could be a useful clinical addition to measurements 
of RNFL thickness. For instance, what appears as an arcuate 
defect on an RNFL thickness deviation map in a healthy 
eye9– 11 would not appear as an arcuate defect on a reflec-
tance map. On the other hand, when an arcuate pattern in 
a thickness deviation map truly reflects glaucomatous dam-
age, it is very likely that it would appear as an arcuate defect 
in an en face reflectance map. Given this substantial clinical 
potential, the remainder of this discussion focuses on limita-
tions of what can be concluded from the current data and 
discussion of what new types of data would be useful.

We found an artefact from choice of measurement: a 
small decline in mean logAC with age, which was not due 
to a decrease in the reflectance of RNFL but to an increase 
in reflectance from deeper layers. A potential explanation 
is that age- related changes to retinal layers underneath 
the RNFL increase scattering. For example, the reflectance 
of the RPE is known to increase with age, presumably due 
to increasing thickness and decreasing concentration of 
melanin.28,29 An increase in reflectance contributed from 
outer retinal layers with age would increase the denomina-
tor and thereby lower AC. Another factor that could affect 
AC is defocus, which reduces the reflectance from layers 
deeper in the retina.22 Such artefacts for depth- resolved 
AC should be explored in more detail, over wider retinal 
regions. However, the effect is small and variability did not 
increase with age. We infer that this issue should be dealt 
with by measuring age norms for mean AC.

Within- eye and between- subject variability in AC were 
similar at most depths, with an increase starting at 52 μm, as 
shown in Table 2. This could be due to individual differences 

in RNFL thickness so that for some individuals these deeper 
depths were at the border between RNFL and the ganglion 
cell layer. The non- RNFL tissue in these eyes would have 
lower reflectance and decrease the mean for logAC while 
increasing the SD. This is the very reason why regions in 
the papillomacular bundle were removed, to be able to use 
deeper depths as recommended in a prior study.25 Use of 
even deeper depths is likely to introduce artefacts due to 
biological variability in RNFL thickness and the distance 
from the fovea to the arcades. We infer that it may not be 
useful to assess reflectance at depths below 52 μm.

We found that AC modestly decreased between- subject 
variability in mean reflectance (Figure  5), but there was 
still a range of ~0.5 log unit in each group (Figure 2, right 
panel). Prior studies have compensated for this by using a 
within- eye reference value below the RNFL in the tempo-
ral raphe to adjust for differences in overall reflectance.17,30 
This study found that such adjustments may not be suffi-
cient, because of substantial variation across subjects for 
the magnitude of the within- eye differences among reti-
nal locations for which the mean differences between ACs 
were small (see Figure  3). A better understanding of the 
sources of within- eye variability may be useful to identify 
ways of reducing the effect of artefacts.

A recent study used azimuthal filtering around the disc 
to account for individual differences in effects of retinal 
 location on RNFL reflectance, which resulted in an average 
between- subject SD of 0.18 log unit.19 This is comparable 
to the median SD of 0.15 log unit that we obtained using AC 
as a method for individualising reflectance for an eye. Their 
method accounted for variations in reflectance due to the 
angle at which the imaging beam strikes the RNFL, so ac-
counting for effects of shape of the eye could potentially 
reduce within- subject variability. The effect of axial length 
was small, with less than 16% of the variance for logAC 
 explained by axial length at any given depth across all eyes. 
However, the refractive error of our subjects was restricted 
to between +3.00 and −6.00 dioptre spherical equivalent as 
part of the inclusion criteria. Within this limited range, high 
myopes and ultimately eyes with long axial lengths were 
excluded. Furthermore, axial length does not fully charac-
terise differences in the shape of the eye.31 Therefore, we 
have not assessed the full effects of eye shape in relation 
to logAC, and future studies should include a wider range 
of axial lengths.

This study used two different measures, manual place-
ment of ROIs to avoid blood vessels and an automated 
method that removed pixels affected by blood vessels. 
Both have different sources of potential bias, yet yielded 
similar results for the primary findings: within- eye SDs 
were similar to between- eye SDs, and there was a small 
age effect for mean logAC. This indicates that the main 
results are not due to bias in one of the methods. The 
average values for logAC were slightly larger for the au-
tomated method (Table 4), which is consistent with the 
latter method not always properly excluding vasculature. 
Blood absorbs light, which causes the depth- resolved AC 
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to be over- estimated because it assumes that all light loss 
is due to scatter. This means that grid elements which in-
cluded vasculature would have a higher value for AC than 
other regions, which would cause a modest increase in 
the mean across the different regions. The fact that the 
largest difference between the two methods was 0.15 
log unit indicates that the automated method is only 
modestly biased by failing to detect vasculature, and yet 
there is room for improvement.

This study only looked at ROIs from a vertical column 
temporal to the optic disc, due to the goal of evaluating 
within- subject variability at a range of depths within the 
RNFL. As shown in Figure 2, the mean logAC for each group 
of eyes showed a relatively small variation across these 
ROIs. These are also locations where RNFL defects are often 
found in patients with glaucoma. As shown in Figure 1, a 
pilot study found that AC at 24 μm below the ILM showed 
lower variation in regions near the optic disc and provided 
the greatest range of depths to analyse. Assessment of 
variability of RNFL reflectance across wider regions of 
the posterior pole may reveal regions with lower within- 
subject variability than in the region studied, or perhaps 
help identify the sources of variability.

This study was not designed to look for the effect of 
sex; we reported it because the analysis of sex as a biolog-
ical variable is requested by the US National Institutes of 
Health. For all depths and slabs, mean logAC for females 
was slightly higher than for males in the older eyes, but only 
for the left eyes of the younger group. A much larger sam-
ple size would be needed before drawing any conclusions 
about an interaction between sex and age effects on logAC.

An additional factor to consider in future studies is re-
lated to the recruitment of subjects. Most younger adults 
recruited were students in the optometry or vision science 
graduate programmes, and older adults were recruited in 
and around Bloomington, Indiana. Most of our subjects 
classified themselves ‘White, Not Hispanic’ with few mem-
bers of other racial/ethnic groups being represented in this 
sample. Subjects classified as White have been reported 
to have slightly lower mean values for RNFL thickness, rim 
area and disc size than other groups,32– 35 but there have 
not been reports on effects on RNFL reflectance. Future 
studies should include a wider range of socioeconomic 
groups and increase ethnic diversity.

In summary, we found that RNFL reflectance shows rel-
atively minor impact of the major factors which cause arte-
facts in RNFL thickness deviation maps, which supports the 
use of RNFL reflectance as a clinical measure. We have also 
identified factors that should be addressed when develop-
ing population norms to be used clinically: factors affect-
ing within- eye variability such as the shape of the eye and 
retina region studied, automated removal of blood vessels 
and a more diverse range of subjects across the lifespan.
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