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Abstract
Aims—Retinal nerve fibre layer photo-
graphy is a well established method to
qualitatively document early structural
changes which might be induced by
primary open angle glaucoma. The aim
was to analyse localised retinal nerve fibre
layer (RNFL) defects in a new quantitative
way with respect to surface topography,
defect width, and surface reflectivity by
means of the technique of confocal scan-
ning laser tomography.
Methods—12 eyes of 12 patients with a
localised RNFL defect documented in
RNFL photographs and a normal appear-
ance of the optic disc were enrolled in the
study. Using confocal laser scanning tomo-
graphy (Heidelberg retina tomograph,
HRT) a series of 32 optical section images
from diVerent focal planes of the retina at
the site of the RNFL defects were ob-
tained. The optical section images, the
reflectivity images, and the topographic
images were analysed regarding the vis-
ibility of the RNFL defects. The mean sur-
face height and the reflectance at the sites
of the RNFL damage were measured and
compared with the adjacent apparently
normal retina. The width of the RNFL
defect at 1 mm distance from the disc bor-
der was evaluated.
Results—RNFL defects could be detected
in nine of 12 reflectivity images (75%).
Single optical section images displayed
the RNFL defects in 12 of 12 eyes. The
defect width ranged from 0.11 to 1.0 mm.
In six of 12 eyes a surface depression (34
(SD 5) µm; range 21–47 µm) was present.
The reflectance ratio ranged from 0.68 to
0.94 at the site of the RNFL defect. In eyes
with a glaucomatous scotoma in a 6° grid
visual field (VF), the defect width was at
least 0.25 mm. Surface depression and low
reflectance ratio were found irrespective
of the presence of a scotoma in the 6° grid
VF.
Conclusion—The majority of localised
RNFL defects can be detected in reflectiv-
ity images from laser scanning tomo-
grams. Localised RNFL defects may be
diVerentiated according to surface topo-
graphy into those with and those without
a measurable surface depression. A small
but deep RNFL defect is not necessarily
associated with a scotoma in routine 6°
grid VF static perimetry.
(Br J Ophthalmol 1998;82:1112–1117)

In 1913, Alfred Vogt described the visibility of
the nerve fibre bundles by ophthalmoscopy.1

Within the past 20 years, the careful clinical
evaluation of the retinal nerve fibre layer
(RNFL) has become a cornerstone in the diag-
nosis of early glaucoma. RNFL photography
has proved to be superior to other methods in
detecting very early glaucomatous optic nerve
abnormalities and their progression.2–5 RNFL
damage may precede visual field defects by
several years.6 7

Photographs give two dimensional infor-
mation of the nerve fibre layer structure which,
at least for the time being, is qualitative. Scor-
ing systems have been developed to analyse the
defects semiquantitatively.8–10 More recently
instruments have been designed that are capa-
ble of measuring indirectly the thickness of the
RNFL at the optic disc margin (Heidelberg
retina tomograph, HRT), or provide an esti-
mate of the peripapillary RNFL thickness
using the polarisation properties of the axon
bundles (nerve fibre analyser, NFA) or other
light reflection properties of the RNFL (optical
coherence tomograph, OCT).

Owing to observations made with good
quality optic disc stereophotographs11 and to
the development of the aforementioned high
technology instruments it is of great practical
interest to determine the surface topography
and the three dimensional structure of the
RNFL at the site of an RNFL defect. We dem-
onstrate in this paper that such measurements
have now become possible with the technique
of confocal scanning laser tomography.

Methods
RETINAL NERVE FIBRE LAYER PHOTOGRAPHS

In this study, we were interested in examining
the two and three dimensional topography of
very early RNFL abnormalities. To this end, 12
eyes of 12 patients were selected by two inves-
tigators (AT, JPA) based on the presence of
localised retinal nerve layer abnormalities in
wide angle nerve fibre layer photographs.12

Nerve fibre layer photographs had been
taken as a routine screening procedure for all
glaucoma suspect and glaucoma patients in the
department of ophthalmology. The subjects
had been referred by their ophthalmologists to
rule out the possibility of damage from early
primary open angle glaucoma. Four subjects
were classified as ocular hypertensive, five were
treated because of primary open angle glau-
coma (“normal tension glaucoma”), and three
patients had relatives in their families who were
being treated for manifest glaucoma. The
mean age of the patients was 62 years (range
46–73 years). The 60° images were taken with
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a Canon CF 60 Z camera on a black and white,
low sensitivity, high resolution film (Kodak
TMAX 100) using a blue narrow band
interference filter of 495 nm wavelength. The
film was developed in Agfa “Refinal” developer
at 20° C for 10 minutes. Prints were made on
Agfa “Brovira” paper, grade 4. The picture
quality ranged from excellent to poor as
assessed from the RNFL photographs. Images
were judged to be excellent if the course of
arcuate nerve fibre bundles and small vessels
could be easily visualised. In poor images even
the large vessel trunks were more diYcult to
see because of media opacities.

VISUAL FIELD TESTS

The visual fields were obtained using compu-
terised static threshold perimetry (Humphrey
30-2). All patients had at least three visual field
examinations, learning fields not included. The
reliability criteria used for this pilot study
required no false positive and no false negative
answers. The patients had an absence of retinal
abnormalities (other than the nerve fibre layer
defect) which might have contributed towards
the field abnormalities. None of the patients
was suVering from diabetes. They were evalu-
ated according to the criteria of the Normal
Tension Glaucoma Study Group13: VF damage
was indicated by (1) at least three points in
cluster depressed 5 decibels or more from age
corrected normal value, and (2) at least one of
these points deviates more than 10 decibels
from the normal value. The visual fields had to
be reliable and the field defect was found in at
least two of three consecutive VF examina-
tions. Five of the 12 patients had a localised
defect with early VF damage (MD <5 dB) cor-
responding to the site of the RNFL damage in
the Humphrey 30-2 visual field. In seven eyes,
the Humphrey 30-2 visual fields were repeat-
edly normal in spite of the presence of RNFL
abnormalities. However, in five of these seven
eyes, a paracentral visual field defect corre-
sponding to the location of the RNFL defect
was found when the central 8°–10° visual fields
were examined with one degree resolution and
with high pass resolution perimetry. The 10°
visual field was examined first using the Hum-
phrey 10-2 oV axis program and then with a
user defined on axis 8° visual field with 2°
resolution.7 High pass resolution perimetry
was performed using the 30° ring and 8°
centring programs of the Ophtimus perimeter
(High Tech Vision, Malmö, Sweden). After
pointwise comparison of the thresholds be-
tween the superior and inferior hemifields, a
localised field defect was defined to be present
if the thresholds of at least four points in clus-
ter deviated 4 decibels or more from the corre-
sponding point in the opposite hemifield. In all
10 eyes with visual field damage the visual field
defect corresponded in location to the localised
RNFL defect which was estimated in degrees
from the fixation, when the distance between
the optic disc and the macula was defined to be
15°. The definition of normality and abnor-
mality of the high pass resolution visual fields
included agreement of all four readers in a pre-
vious study.7 In two eyes the Humphrey 30-2,

the 10° visual fields, high pass resolution
perimetry, and the optic disc appearance were
normal with the localised RNFL defect as the
only abnormality (Fig 1A). The normal clinical
appearance of the optic disc as seen with the
ophthalmoscope was judged according to the
criteria of Hitchings and Spaeth.14 Four eyes
had a history of increased intraocular pressure
over 22 mm Hg, eight eyes were always
normotensive—that is, the untreated intraocu-
lar pressure did not exceed 22 mm Hg.

From all patients who we selected to partici-
pate in the study and who met the require-
ments of the Declaration of Helsinki informed
consent was obtained after the procedure had
been fully explained.

LASER SCANNING TOMOGRAPHY: IMAGE

ACQUISITION

In each eye, tomographic series of 32 optical
section images were obtained from the para-
papillary retina at the sites of the localised
RNFL defects using laser scanning tomogra-
phy (Heidelberg retina tomograph, Heidelberg
Engineering, Heidelberg, Germany).15–17 The
procedure applied in this study was as follows:
with a 15° image size (Fig 1B), the operator
(RB) searched for the presence of a localised

Figure 1 (A) A localised nerve fibre layer defect is present
at 10’o clock and at 8’o clock in the RNFL photograph.
No functional abnormalities were detected (patient no 3;
Table 1). (B) 15° Laser scanning optical section image
(patient no 3).
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reduction of reflectivity due to localised RNFL
defects by observing the live image in grey
values on the monitor display of the instru-
ment. The area of reflectivity reduction, which
indicates the localised RNFL damage, was
found predominantly near the temporal supe-
rior or even more pronounced near the inferior
arcades (Fig 2). This area was centred within
the image after the field of view had been
reduced to 10° The scanner was adjusted to a
position where the raw images were equally
illuminated on the right and left side of the live
image (x axis) and on the upper and lower bor-
der of the life image (y axis) to achieve correc-
tion for image tilt in both axes. An attempt was
made to place the first focal plane within the
posterior vitreous just anterior to the vitreoreti-
nal interface as indicated by the first reflections
of retinal vessels. The last focal plane was cho-
sen near the site of the retinal pigment epithe-
lium as indicated by a loss of reflectivity and
visibility of retinal structure details due to a
homogeneous absorption. In five eyes, the
localised RNFL defects were present in the
temporal inferior sector, in six eyes in the
temporal superior sector. One patient had
localised defects in both temporal sectors (Fig
1A and B).

IMAGE EVALUATION

The recorded tomographic images were evalu-
ated as follows: each single optical section
image, the calculated reflectivity image and the
calculated topographic image were judged with
respect to the visibility of areas of RNFL dam-
age, indicated by a reduction of surface reflec-
tivity.

All three observers judged the tomographic
images for the visibility of RNFL damage. If

one out of three observers could not identify a
RNFL defect, the defect was classified as not
visible.

The patients had been selected on the basis
of the presence of detectable RNFL defects on
photography. All investigators had agreed that
localised RNFL defects could be detected on
careful observation of the RNFL photographs.
While the localised RNFL defects were easily
seen during the confocal scanning laser imag-
ing procedure on the real time monitor display
of the device, the evaluation of the computed
averaged images did not display RNFL defects
which would be considered to be of signifi-
cance for all three investigators in all cases,
even with the prior knowledge of the site where
areas of localised RNFL damage were to be
expected. Two observers were unmasked to the
visual field results (AT, JPA). One observer
who performed the measurements (RB) was
masked to the visual field results.

The width of the defect was measured at
1 mm distance from the border of the optic
disc (Fig 3), corrected for corneal curvature
and automatically for refractive error.16 The
latter is obtained according to the focal plane
position by the computer software. Based on
the single optical section images which dis-
played the RNFL damage, the tomographic
image series underwent further evaluation. A
user defined program was developed to meas-
ure the mean surface height in the defective
area—that is, the “area of interest”, from
approximately 1500 to 3500 voxels (volume
elements) depending on the size of the defect.
The term voxel indicates that the image
subelements are defined in three dimensions
(X, Y, and Z coordinates). To evaluate the
reproducibility of the determination of mean
height readings in the sample under investiga-
tion, the areas of interest were outlined and the
average height positions were evaluated three
times independently. In one patient with
RNFL defects in both temporal segments, only
the superior defect was randomly selected for
the analysis.

We outlined the defective area interactively
by drawing a contour line along the border of
the RNFL defect in the optical section image
which displayed the damage most clearly on
the monitor display by means of a localised
reduction of reflectivity. The optical section
image was selected by the investigator who was
masked for the visual field results. The section
images were chosen according to the best con-
trast in reflectivity between the apparently nor-
mal retinal surface and the RNFL defect on
the grey value display of the monitor. The
mean height of the RNFL defect was measured
by calculating the average of the z positions of
all voxels within the outlined area (Fig 4, left).
The mean height of the adjacent retina on both
sides with normal surface reflectivity was
measured in the same way (Fig 4, right). A dif-
ference between the mean height recordings in
the defective and normal area which exceeded
the twofold standard deviation of the mean
height estimation was called a surface depres-
sion. All measurements were repeated three
times. A prerequisite for the topographic

Figure 2 Localised RNFL defects in patients 4, 5, and 6 (Table 1) in the temporal
inferior sector.

Figure 3 Determination of the width of the defect at 1 mm distance from the optic disc
border. The profile cut displays the surface topography along the line drawn at the site of the
RNFL defect. Arrows indicate the location of large and small vessels, the arrow with the
curved head shows the upper border of the RNFL defect.
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analysis was a well shaped, single humped z
profile of the intensity profile of the reflected
light over the 32 optical section images.18 In
addition, we measured the average reflectance
at the site on the RNFL defect and the
adjacent retina and calculated the ratio of these
two measurements. This reflectance ratio gives
the percentage of surface reflectivity at the site
of the damaged area in comparison to the adja-
cent retina when multiplied by a factor of 100.

Results
The results of the topometric analysis of the
RNFL defects in regard to the visual field tests
are summarised in Tables 1 and 2.

VISIBILITY OF RNFL DEFECTS

RNFL defects were present in nine of 12
reflectivity images and were visible within
single optical section images in all eyes (Tables
1 and 2). Visibility in reflectivity images was
best when the reflectance ratio was approxi-
mately 0.8 or smaller. In contrast with the real
time images of the monitor display during the
image acquisition procedure, the defects were
hardly seen in the recorded series if the reflect-
ance ratio was >0.94.

WIDTH OF RNFL DEFECTS

The widths of the RNFL defects in the five
eyes with abnormal Humphrey 30-2 program
were 0.25 mm, 0.34 mm, 0.42 mm, 0.72 mm,

and 1.0 mm (mean 0.55 (SD 0.28) mm). In
the five eyes with abnormal Humphrey 10-2 or
centring field, but normal Humphrey 30-2
visual fields the widths were 0.1 mm, 0.16 mm,
0.20 mm, 0.25 mm, and 0.28 mm (0.2 (0.06)
mm). In two eyes in which all three methods of
visual field testing were normal, the widths of
the defects were 0.11 mm and 0.18 mm.

DEPTH OF RNFL DEFECTS

Because of bad signal to noise ratio due to
media opacities, depth measurements could
not be evaluated in one eye (AR, Table 2). In
the remaining 11 of 12 eyes, the image quality
allowed for a three dimensional topographic
analysis.19 The intraimage reproducibility of
the mean height readings in triple measure-
ments was 3.7 (SD 3.1) µm (range 0.8–10.2
µm) for the site of the RNFL defect and 3.6
(1.5) µm (0.8–6.7 µm) for the areas of adjacent
normal retina. Six of 11 eyes showed a height
diVerence between the presumably normal and
the defective retina of more than 20 µm. The
mean surface depression was 34 (5) µm (21–47
µm) at the site of the RNFL damage. The
RNFL defects in these eyes were visible in the
single optical section images, in the reflectivity
images and in the topographic images. No sig-
nificant surface depression was found in five
eyes (mean height diVerence between the areas
of interest −0.6 (1.5) µm; −5 to 7 µm).

Discussion
Based on clinical observations in stereoscopic
enlarged optic disc photographs it has been
hypothesised that axon bundles originating in
the mid peripheral fundus are located deep in
the retina while more proximally originating
fibres would be located more superficially,
closer to the vitreous.11 20 Such topographic
organisation would, in fact, be the only one to
explain why the degeneration of nerve fibres
producing the early scotomas in the nasal
visual field close to the horizontal meridian
cannot be visualised and followed all the way to
the edge of the optic disc. Furthermore, it
could be seen from the stereophotographs that
in locations where close to the optic disc a
localised RNFL defect seemed to disappear
under healthy looking axon bundles, there was
no noticeable surface depression there.11

The results of the present study are in
concert with these early clinical observations in
showing that the degeneration of the deeply
situated nerve fibres did not cause a measur-
able depression of the surface of the RNFL in
all cases. These findings are not likely to be due
to lack of resolution of the measuring device,
but due to the factual existence of a topo-
graphic organisation of the RNFL postulated
above.

The smallest defects (patients 8 to 12; Table
2) were seen only in single optical section
images suggesting that they were located
within the RNFL—that is, partial thickness
defects, probably surrounded both by more
peripherally originating fibres underneath the
defect and more proximally originating fibres
on top of the defect.

Figure 4 10° Optical section image. Outline of the areas from which the average voxel
height is calculated. Left: localised RNFL defect, right: adjacent retina with apparently
normal reflectance.

Table 1 Eyes with surface depression at the site of RNFL damage. The RNFL defects
were visible in selected single optical section images, in the reflectivity images, and in the
topographic images. Given are patient number, age (years), perimetric method that detected
visual field defects (visual field), the width of the defect at 1 mm distance from the optic disc
border (mm), the surface depression of the defect compared with the adjacent retina (depth:
µm), and the reflectance ratio (reflectivity in the damaged area/reflectivity in the normal
retina)

Number 1 2 3 4 5 6
Age 65 73 67 68 58 56
Visual field 30-2 Centring none 30-2 10-2 30-2
Width (mm) 0.25 0.20 0.11 0.34 0.28 0.42
Depth (µm) (SD) 47 (3) 30 (6) 35 (4) 21 (7) 35 (3) 35 (3)
Ratio 0.93 0.91 0.94 0.80 0.81 0.68

Table 2 Eyes without measurable surface depression at the site of RNFL damage. The
RNFL defects were visible in selected single optical section images, but not in the
topographic images. See legend of Table 1 for further information

Number 7 8 9 10 11 12
Age 73 60 58 46 60 54
Visual field 30-2 10-2 30-2 Centring 10-2 none
Width (mm) 1.0 0.25 0.72 0.16 0.10† 0.18
Depth (µm) (SD) * −5 (5) −3 (1) 5 (6) 7 (13) −1 (6)
Ratio 0.86 0.93 0.95 0.95 0.96 0.89

*Excluded from three dimensional topographic evaluation because of insuYcient signal to noise
ratio due to media opacities.
†The localised defect did not extend within 1 mm from the disc edge. It was therefore measured
at a distance of 3.0 mm from the disc border.

Laser scanning tomography of localised nerve fibre layer defects 1115
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In spite of the small sample size, there
seemed to be a trend between the width of the
RNFL defect and the visual field abnormali-
ties. In the sample under investigation, all eyes
with a scotoma in 6° grid standard perimetry
had an RNFL defect width of at least 0.25 mm.
The presence of retinal surface depressions
could not be used to predict the outcome of the
visual field test. The depth values did not differ
between eyes with and without 6° grid visual
field damage (Tables 1 and 2).

The evaluation of the reflectance ratio from
laser scanning tomograms is a new approach to
quantify the clinically well known phenom-
enon of localised nerve fibre bundle defects,
indicated by a localised reduction of surface
reflectivity. The calculation of a ratio was cho-
sen to compensate for the interindividual vari-
ability of light transmission through the optic
media. RNFL defects were hard to find when
the reflectance ratio was greater than 0.94 in
the sample under investigation.

RNFL surface depression measurements
may prove to be a good investigational tool to
diVerentiate between “full thickness” and
“partial thickness” retinal nerve fibre layer
defects. The interest in the use of computerised
image analysis techniques has increased over
the past years especially in glaucoma research.
Confocal scanning laser tomography was
designed to evaluate the three dimensional
structure of the optic disc by means of quanti-
tative variables. Our aim was to use the poten-
tial of optical sectioning by confocal scanning
laser tomography to evaluate retinal nerve fibre
layer surface defects by quantitative variables
For the topometric analysis of the optic disc,
the optic nerve head is centred within the field
of view. The scan depth is adjusted according
to the cup depth. The technique which we
applied for the present study diVered consider-
ably from the standard approach. The imaging
procedure was started using a 15° field of view,
which was reduced to a 10° viewing angle after
the RNFL defect was imaged in the centre of
the scanning laser beam. The overall scan
depth was reduced to a maximum of 1.5 mm.
These eVorts are necessary to use the full
potential of confocal laser scanning tomogra-
phy as a tool for quantitative RNFL evaluation.

The technique of image evaluation diVered
as well from the standard method to look at
laser scanning tomograms of the optic nerve
head. Normally, the averaged image is de-
scribed by means of quantitative variables once
a contour line has been drawn along the disc
border on the monitor display of the instru-
ment. For the assessment of the nerve fibre
layer images, we evaluated not only the
calculated reflectivity and topography images
but inspected the single optical section images
as well. This was necessary, because some of
the RNFL defects which were seen on the
monitor display in the real time image of the
device were much harder to detect or were not
detected at all in the calculated averaged
images. Unless single optical section images
are inspected, information regarding the
RNFL may be lost when laser scanning tomo-

grams are evaluated as usual for the optic disc
analysis.

The findings which are reported in this
paper demonstrate that further insight in the
anatomical structure of the retinal nerve fibre
layer topography might be gathered by in vivo
investigations in the living human eye.

If we compare the use of the HRT with
respect to nerve fibre layer imaging to conven-
tional nerve fibre layer photography irrespec-
tive of the possibility to generate quantitative
data, the confocal laser scanning system has
both advantages and disadvantages. The laser
wavelength of 670 nm in the near infrared
range of the visible spectrum undergoes little
absorption within the human lens in contrast
with blue or green light. This is especially ben-
eficial in cases of media opacities due to
cataract formation in early stages.

A considerable disadvantage especially with
regard to screening purposes is the small field
of view which is limited to approximately 20°.

Longitudinal studies are currently being car-
ried out to evaluate the mode of progression of
localised RNFL defects with respect to surface
reflectivity and defect depth. Because this is the
first paper to describe the assessment of the
three dimensional RNFL topography, it is not
yet known whether localised retinal nerve fibre
layer defects will simultaneously change in
depth and width or whether these factors may
show independent alterations.

Further studies will include the comparison
of the new approach for RNFL assessment
described in this paper with additional non-
invasive diagnostic tools such as scanning laser
polarimetry, scanning laser ellipsometry, and
optical coherence tomography.
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