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CLINICAL INVESTIGATION

Morphometric study of the displacement
of retinal ganglion cells subserving cones

within the human fovea

Abstract « Background: A study
was carried out to measure the dis-
placement of retinal ganglion cells
subserving the cones within the hu-
man fovea. « Methods. Four human
retinas were examined aong the na-
sa or vertical hemi-meridians. Total
displacement was estimated by add-
ing the displacement due to fibres of
Henle and bipolar cells, measured as
the lateral extension of the Henle fi-
bres and of the obliquely running fi-
bre bundles within the inner nuclear
layer, respectively. « Results: At the
foveal border (0.5-0.8 mm or
1.8-2.9 deg eccentricity) the mean
offset dueto fibres of Henle and
mean total lateral displacement was
at a maximum of 0.32+0.03 mm and
0.37+0.03 mm, respectively. A steep
decrease of displacement was found
outside the foveal border out to an
eccentricity of 2.0-2.5 mm. We were

able to plot displacement along the
vertical meridian in relation to ec-
centricity with good correlation be-
tween three eyes. The data were used
to establish different mathematical
functions describing the relation be-
tween eccentricity and displacement.
These functions were applied to pre-
viously presented data on densities
of retinal ganglion cells and cones.

e Conclusions: The present esti-
mates of displacement within the hu-
man central fovea offer the possibili-
ty of analysis of quantitative rela-
tions between cones and retinal gan-
glion cells. Our data provide predic-
tive guidance by establishing that
vitreo-retinal procedures causing
damage to retinal ganglion cells up
to 1 mm from the foveal centre could
have implications for loss of infor-
mation generated within the fovea.

Introduction

The centralmost area in the human adult fovea, the fove-
ola (diameter about 300-400 pm or 1.1-1.4 deg), con-
tains no retinal ganglion cells (RGC). Outside the foveo-
la the fovea increases in thickness and the number
of layers of RGC steeply increases to a maximum at
the foveal border (diameter of the fovea approximately
1.4 mm or 5.0 deg [18]). In the fovea, the inner connect-
ing fibres of cones, Henle fibres, run centrifugally from
the cone soma to the cone synapse, the pedicle. Howev-
er, detailed knowledge of the cell displacement within
the complex geometry of the human fovea is scarce. Di-
rect measurements at different eccentricities of the

length of the Henle fibres, from the body of the cone
photoreceptors to the pedicles (for discussion, see [2,
18]), together with estimates of the distance from the im-
age point at the level of the cone inner segments to the
level of the ganglion cell dendritesin the inner retina, are
largely unavailable. From developmental studies of the
human and macague retina we know that the extended fi-
bres of Henle are formed due to a pattern of movements
rearranging RGC and cones during the formation of the
fovea[12, 16, 27]. The displacements between cones and
RGC are formed by the centripetal movement of cone
cells at the same time as development forces displace
RGC away from the foveola. The inner connecting fibres
of cones in the adult fovea therefore run centrifugally
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from the cone nuclear region to the cone synapse, the
pedicle.

In macague monkeys careful measurements of dis-
placement were obtained using whole-mount Golgi prep-
arations ([14, 17]; Wassle, personal communication)
and/or vertical sections [20, 24]. Wyatt [25] used such
data for human retina, assuming similar displacements,
and others have adjusted for differences in eye axial
lengths between macaques and humans [21]. Even
though there are great similarities between the macaque
and human fovea the question has arisen whether and
how macaque data may be extrapolated to human fovea.
In previous studies of the morphology and resolution
thresholds of the human fovea [6, 21] only indirect esti-
mates of lateral displacement were presented. Sjdstrand
et al. [21] calculated displacement values from differ-
ences between the cumulative numbers of cones and
RGC and from assumptions about the number of RGC
connecting with every cone within the fovea. Curcio and
Allen [2] used a similar approach for indirect estimates.

However, directly measured human lateral displace-
ments are needed in order to improve understanding of
the connections and quantitative relationships between
cones and RGC in the human fovea. The results present-
ed by Marshall et a. [13] could offer an opportunity for
direct measurement of displacement. Argon laser lesions
were induced at different distances from the foveolain a
human eye prior to enucleation for an anterior malignant
melanoma. In cases where the cell bodies of cone photo-
receptors were damaged, pyknotic changes resulted in
darkly stained inner connecting fibres of cones (Henle fi-
bres), which could be observed extending from the le-
sion in the pigment epithelium and overlying cones to
their pedicles.

These degenerating fibres are well suited for length
measurement in sections where the distance to the foveo-
la may be measured with high accuracy. In addition,
measurements of well-stained Henle fibres in aligned
vertical sections of normal retinal specimens would give
comparable length estimates of displacements within un-
lesioned areas of the fovea. Such normal human foveas
were available from ongoing studies on the quantitative
morphometry of the fovea[21, 22].

Developments in both the surgery of macular holes
[8-10] and their imaging using optical coherence tomog-
raphy [11, 19, 23] have led to a need for a further under-
standing of the microanatomy of this region. To evaluate
the potential visual impact of foveal lesions a three-di-
mensional description of normal fovea topography and
cellular connections is needed.

The purpose of this study was to present direct mea-
surements of the axial offset produced by the fibres of
Henle and to estimate the total displacement of RGC
from cones in the human central retina. Such calcula-
tions will allow estimates of the proportion of RGC to
cones serving a specific part of the visual field; in addi-

tion, the location of disconnected cones and central
scotomas can be predicted when the centrifugaly dis-
placed RGC within the inner retina are damaged.

Materials and methods

Case descriptions

Material was obtained from two sources. The eye of case A
(63 years of age) was enucleated due to an anterior melanoma not
involving the posterior retina. This retina was irradiated with an
argon laser prior to surgery, as described in a previous study [13].
Argon laser burns were delivered via a Coherent Radiation 800
clinical laser system, using a dlit lamp, and the burns have the fol-
lowing parameters: pulse duration 200 ms, spot size 50 pm, emit-
ted power 87 mW. Three retines of norma eyes were obtained
during the course of surgery for maxillary carcinoma (case B [21],
cases C and D [22]; 39, 49 and 73 years of age, respectively).
There was no infiltration of the malignant tumours into the eyes.
The pre-enucleation therapeutic regimes had not resulted in ob-
servable changes in morphology in any of the specimens studied.
The research followed the tenets of the Declaration of Helsinki.
The laser-irradiated eye (case A) was enucleated 20 h after la-
ser irradiation and fixed by immediate immersion in 3% glutaral-
dehyde (for details see [13]). The tissue was osmicated subseguent
to glutaraldehyde fixation and awash in sucrose buffer. Specimens
were immersed for 1 h in 2% osmium tetroxide buffered in 0.2 M
sodium cacodylate buffer. They were embedded via an ascending
series of alcohol concentrations, through epoxypropane into Epon.
The three normal eyes were fixed either in 3% glutaraldehyde and
3% paraformaldehyde (case B) or in 0.5% glutaraldehyde and 2%
paraformaldehyde (cases C, D). Specimens from case B were em-
bedded in Epon following osmication as described above: For
cases C and D, specimens were rinsed, dehydrated in an ascending
series of ethanol and infiltrated with 100% acrylic resin Unicryl
overnight. The resin was then polymerized at 52°C over a maxi-
mum period of 3 days. Effects of shrinkage was controlled by
comparing size of original tissue blocks with size in sections.

M easurement techniques

Displacement due to the fibres of Henle was measured from the
exit of the inner cone fibre from the outer nuclear layer, containing
the cone cell body, to the pedicle in 1-um sections cut along the
nasal hemi-meridian through the foveal centre (laser-irradiated so-
ecimen) or along the vertica meridian out to 9 mm eccentricity
(normal specimens). Due to the pathology of the outer nuclear lay-
er within the laser lesions the initial portion of the cone fibre could
not be traced. The distance from the centre of the foveola to the
exit of the fibre of Henle from the outer nuclear layer was there-
fore taken as a measure of cone eccentricity. From this point, indi-
vidual fibres of Henle were followed to their respective cone pedi-
cles and the axial offset parallel to the outer limiting membrane
was measured.

The tracking of Henle fibres in semithin sections was per-
formed in the following way. Since these cone axons take a long
radial course, the implication is that they are running through the
layer of Henle within a thin radial slice of foveal tissue. There-
fore, radially well-aligned specimens were selected the horizon-
tal and vertical meridians in the present study. In spite of this, it
is often difficult to identify and track individual cone fibres of a
diameter of approximately 1-2 pm due to the fact that the fibres
within a section are neither perfectly straight nor perfectly
aligned at all measurement locations. In the first stage of thisin-
vestigation the sampling and measurement problems were there-
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fore evaluated as follows: The degenerating Henle fibres from
the border of the cone lesions caused by the argon laser were
studied where the degenerating fibres were well marked. In spite
of good alignment within the specimen in general, fibres from
some laser lesions could show obliquely sectioned axons where
the degenerating Henle fibres are seen as a series of oblique pro-
files. Due to the thinness of the cone axon and of the section a
small angular difference between the two, depending on the sec-
tion angle or to some bending (described by Perry and Cowey
[17] in macaque), will give rise to this phenomenon. The param-
eter measured in this study was the vectoral length parallel to the
retinal surface instead of the true running length of the Henle fi-
bre. The effect on the displacement measurements of this under-
estimation of total fibre length at some locations was therefore
minor (Fig. 1d).

A second observation was that the degenerating fibres within
the lesions and the well-stained cone axons outside the lesions
show an orderly arrangement, like tiles on a roof, from about the
border of the foveola towards periphery. Although the thickness of
the layer of Henlein radical sections changes with eccentricity, the
cone fibre descends at an angle that shows minor changes. During
the measurement of a specific cone fibre, important information
could therefore be obtained from the neighbouring ones if they
were better aligned in certain areas. At the same time it was ob-
served that several fibres outside the lesions were well stained and
adequate for displacement measurements.

A third observation was that it was difficult to obtain adequate
alignment of cone fibres within the foveola with more irregularities
within the layer of Henle. No measurements were therefore per-
formed in the foveola. In the specimens of the three normal cases
the same general observations were made and the same sampling
strategy was used. The course of a cone axon in seria sections
was judged from either a complete or nearly complete axon profile
or from the radial course of a sequence of oblique sectioned axon
profiles. By following the course of neighbouring axons extending
into the pedicle layer the final S-formed course of the cone axon
could be estimated and the positioning of the pedicle indicated.
When measuring displacements one further problem was apparent
in the semithin sections. In most sections it was not possible to
follow that short part of the cone axon which extends from the
cone soma to the axon’s entrance into the Henle layer. However,
occasional and well-aligned and well-stained cone fibres within
the outer nuclear layer were observed and used to evaluate this
portion of the total displacement.

In the sections of the laser-irradiated specimen (case A, nasal
hemi-meridian) and one normal specimen (case D, inferior vertical
hemi-meridian) the lateral displacement within the bipolar cell
layer was estimated by measuring the axial offset caused by
obliquely coursing bipolar and Muller cell processes. A linear
least squares fit to the displacement of bipolar cells (y) at various
eccentricities (x) along the inferior vertical hemi-meridian of case
D (y=—0.026-x+0.068; cf. Eq.lI, Fig. 2), was also used for the oth-
er three cases with data along the vertical meridian. In our calcula-
tions, total displacement was calculated by adding the displace-
ment due to the fibres of Henle to that within the bipolar layer.
The minor degree of lateral displacement caused by the bipolar
axons within the inner plexiform layer and the dendritic trees of
RGC is at present unknown in humans and therefore not included
in calculations of total displacement (Fig. 1d).

Shrinkage due to the dehydration process as estimated by mea-
suring the length of specimens prior to dehydration and in sections
was found to be less than 5%. This is in agreement with reports
showing that total change in tissue volume during fixation and
embedding in resinsis negligible [5]. Hence, the present data were
not compensated for this limited shrinkage.

Retinal arc lengths were converted from millimetres to degrees
according to the curve for retinal eccentricity by Drasdo and
Fowler [4].

Table 1 Cell densities versus eccentricity. Mean values from su-
perior and inferior vertical hemimeridians of cases B, C and D.
Datafrom [22]

Eccentricity Density
(mm) (deg) Cones RGC
(cellsfmm2) (cellsfmm2)

0.6 2.2 20084 43667
0.8 3.0 14599 37491
1.6 6.0 11085 19772
24 9.0 8134 8435
3.0 11.2 7615 7452
5.0 18.7 5995 3241
7.0 26.2 5435 3484
9.0 33.7 4998 2415

Cell density estimations

Calculationsin this study based on cell densities of three (original-
ly reported by Sjostrand et al. [21]; see Table 1). Cells were count-
ed using a modified disector method. The counting was made on
digital images acquired at an objective magnification of x100 (il
immersion lens) and presented in pairs on a television monitor.
Nuclei were counted only if they were seen in one (reference) but
not in the next (look-up) section. Nuclei touching “forbidden
lines’, i.e. two out of four edges of the measuring field, were ex-
cluded. The counting frame was 100 pm wide and the section
thickness was 1.0 um. Thus the area of retinal surface in each di-
sector was 100 (counting frame width) x1 (section thickness) pm?
(or 104-mm2). By using this modified disector the number of cells
per unit of retinal surface area (N/mm2) could be estimated. See
[22] for further details.

Results
Displacement

The lesions in the human fovea caused by the argon laser
(Fig. 1) were primarily characterized by damaged pig-
ment epithelial and photoreceptor cells (see [13] for de-
tails). Darkly stained fibres of Henle extending from
these lesions could be observed and easily measured
from the borders of the lesion. Well-stained sections
from normal retinal specimens, also in adequate align-
ment to the plane of cone fibres, were also used to mea-
sure displacement in unlesioned retinae.

The displacement within the layer of Henle due to the
cone fibres and within the bipolar layer is presented as a
scatter plot of all data (Fig. 2). The axia offset due to the
fibres of Henle was maximal at the foveal border. From
0.5 to 0.8 mm eccentricity (1.8-2.9 deg) the mean offset
due to the fibres of Henle along the measured hemi-me-
ridians was 0.33+0.03 mm and the total displacement
was 0.38£0.03 mm. Outside the foveal border the offset
decreases steeply out to about 2—2.4 mm (7.2-8.6 deg)
eccentricity along the nasal (laser-irradiated specimen)
and vertical hemi-meridian (normal specimens). The
gaussian squares fit (Eq. I) for the length of the fibres of
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Fig. 1la—d Photomicrographs from two human foveas. Bars=50 pm.
a Case A, nasal hemi-meridian, cone eccentricity 1.0 mm, at the
rightmost border of alaser lesion. b Case A, nasal hemi-meridian,
cone eccentricity 1.6 mm, 0.6 mm periphera to the laser lesion in
a. ¢ Case D, vertical hemi-meridian, cone eccentricity 1.7 mm.
Displacement due to fibres of Henle was measured as the axial be-
tween the point where the lesioned or unlesioned fibres exit from
the receptor or outer nuclear layer (black arrows), defined as cone
eccentricity, and the point where the fibre terminates in the pedicle
(white arrows). Total displacement was obtained by adding the ax-
ial offset due to the oblique course of bipolars, between the pedi-
cle (white arrows) and the inner limit of the bipolar cell layer
(white arrowheads), to the displacement due to fibres of Henle. d
A schematic showing the post-receptoral components of displace-
ment and demonstrating how tracing was performed. The seg-
ments omitted in the displacement measurements, from the cone
inner segment (image plane) to the exit from the receptor or outer
nuclear layer and from the inner limit of the bipolar cell layer to
the RGC, are marked with an asterisk

Henle (y) as a function of cone eccentricity (x) along the
vertica meridian was y=0.32-exp(—((x-0.73)/1.03)2)
(correlation coefficient, r=0.93). The radial offset due to
the fibres of Henle alone, or with postreceptoral dis-
placement within the bipolar layer added (Eq. I1, Fig. 2),
showed similar slopes for the different hemi-meridians
(the temporal was not studied). The displacement along
the nasal hemi-meridian is in the upper range of data (re-
gression line not shown). The measured offset due to the
fibres of Henle along the vertical meridian at a cone ec-
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centricity of 3 mm (10.8 deg) was on average 0.045
mm with amost perpendicular cone connections
through the retina at higher eccentricities, Figure 3
presents all data of total displacement as a function of
cone eccentricity and the best least squares fit for the
data along the vertical meridian (Eq. I11). At the fovea
wall (0.5-0.8 mm or 1.8-2.9 deg) aong the vertical
meridian the displacement (meantstandard error of the
mean) within the layer of Henle was 0.32+0.03 mm and
the total displacement was 0.37+0.03 mm.

RGC eccentricity could then be plotted as a function
of cone eccentricity (Fig. 4) along the vertical hemi-
meridians, where the present study derived most mea-
surements, and the equation describing their relation
was established (Eg. V).

‘Effective’ RGC density

Mathematical models of the functional microanatomy
of the human fovea are presented in Fig. 5. The calcu-
lations were based on raw RGC densities along the ver-
tical meridian of three normal retinae [22] and those of
Curcio and Allen [2], the total displacement data of the
present study (Eqg. 1V, Fig. 4) and cone data from previ-
ous studies [3, 21, 22]. Two of the effects of lateral dis-
placement are (1) that RGC at a certain eccentricity ac-
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Fig. 2 Lateral displacement as a function of cone or pedicle ec-
centricity. The upper scatterplot shows radial offset due to the fi-
bres of Henle. Data from one laser-treated human retina (case A;
nasal hemi-meridian, filled symbols) and three normal human reti-
nas (cases B, C and D; vertical hemi-meridians, open symbols) are
presented. A gaussian least squares fit to the vertical hemi-meridi-
an data is shown (Eg. I). The lower scatterplot shows displace-
ment within the bipolar or inner nuclear layer as afunction of ped-
icle eccentricity from one nasal hemi-meridian (case A) and one
inferior hemi-meridian (case D) together with a linear least squar-
esfit to the inferior hemi-meridian data (Eq. 1)

tually sample the visual image from an area closer to the
foveola and (2) that the area taken up by a group of RGC
cell bodies is larger than that allowed for their sampling
cones. By using the displacement data between RGC and
corresponding cones from this study, “effective” RGC
densities could be derived from raw RGC densities. In
Fig. 5a, such raw and effective RGC densities as a func-
tion of eccentricity within the central human retina are
compared.

RGC:C ratio and estimated receptive field

The transformation to effective RGC densities made it
possible to compare the sampling characteristics of cones
and RGC. Mathematically derived RGC:C ratios (Fig. 5b)
were established by dividing established equations for ef-
fective RGC density [22]: y=63 300-(x+0.47)-173; [2]:
y=10 200 000-(x+3.21)~410) with those of corresponding
cones [22]: y=10 920-(x+0.41)-0365[3]: y=17 300-(x+
0.02)-089), Figure 5b demonstrates that in spite of a
marked difference in RGC:C ratio at the foveal border,
both ratios decrease outside the fovea, presumably due to
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Fig. 3 Total lateral displacement (due to fibres of Henle and bipo-
lar cells, cf. Fig. 2) as a function of cone eccentricity. Data from
one laser-treated human retina (case A; nasal hemi-meridian, filled
symbols) and three normal human retinas (cases B, C and D; verti-
cal hemi-meridians, open symbols) are presented. A gaussian least
squares fit to the vertical hemi-meridian data is shown (Eg. I11)
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Fig. 4 RGC eccentricity as a function of cone eccentricity, for
specimens of vertical hemi-meridian of three human subjects
(cases B, C and D). The RGC eccentricity corresponding to a cer-
tain cone eccentricity is calculated by adding total displacement
(cf. Fig. 3, Eq. I11) to the cone eccentricity. A least squares curve
fit to the dataiis presented (Eq. |V), thereby yielding a single equa-
tion relating cone and corresponding RGC eccentricity
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Fig. 5a, b a Raw RGC density (filled circles, dotted line) and cal-
culated corresponding effective RGC density (continuous line) as
a function of eccentricity, from [22]. As a comparison we present
mean raw RGC density data (open circles) from [2] and calcul ated
effective RGC density data (interrupted line) based on our total
displacement values (Eq. 111, Fig. 3). Knowing the total displace-
ment, raw RGC densities at a certain eccentricity can be trans-
formed to effective densities by calculating the density the RGC
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b Cone eccentricity (mm)

would have if they were placed vertically above their correspond-
ing cones and compensated for areal magnification [20]. b Mathe-
matically derived RGC:C ratios. The continuous line is based on
RGC and cone data from [22] and the dashed line is based on
RGC and cone data from [2] and [3], respectively. The ratios are
calculated by dividing fitted effective RGC density functions (a)
with fitted cone density functions (mean of superior and inferior
hemi-meridians)

Fig. 6 Colour density distribu-
tion map along the vertical me-
ridian (mean of superior and in-
ferior hemi-meridians) of our
raw RGC density (top segment,
cf. Fig. 5a) and of estimated re-
ceptive field centre density
(middle segment) and of cone
density (bottom segment; func-
tion fitted to the data of [2], the
most complete data set includ-
ing the foveola available) ver-
sus eccentricity. In order to es-
timate the area from which one
RGC receives information, i.e.
the estimated receptive field,
we have divided effective RGC
density with the RGC:C ratio at
the foveal border (cf. Fig. 5b).
A number of schematic sam-
pling units, for simplicity con-
sisting of two RGC and one
connected cone, areinlaid in
the two lower segmentsillus-
trating total RGC displacement
at different eccentricities
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cone convergence. By assuming that the changes in
RGC:C ratio totally reflect this cone convergence outside
the fovea border, it is possible to calculate the area from
which one RGC receives information. This area served by
one RGC, regardless of cell type, is called the estimated
receptive field, the density of which can be calculated by
dividing effective RGC density by the central RGC:C ra-
tio at all eccentricities [22].

Diagrammatic representation of displacement

Figure 6 summarizes the findings of the present study. It
shows a colour density distribution map of raw RGC, es-
timated receptive fields [22] and cones [3] versus eccen-
tricity. A number of schematic sampling units have been
drawn in the map illustrating the effects of displacement.
The transformation of raw RGC density, which was the
highest density at the foveal border, to estimated recep-
tive field density using the functionsin Figs. 3 and 5 cre-
ates a density distribution with a steep fal from the
foveal centre towards the periphery, asis the case for the
cone density.

Eccentricity (mm)

L ocation of scotoma due to RGC damage

Calculations of the displacement of RGC subserving
more centrally located cones allow us to estimate the lo-
cation and size of a central scotoma caused by alesion of
the RGC layer within the inner retina. Figure 7 demon-
strates the size and displacement of corresponding areas
disconnected cones and RGC and the fact that an RGC
lesion just outside or at the foveal border affects vision
within the fovea where the disconnected cones are locat-
ed (approximately 1 deg central to RGC lesion).

Discussion

Precise knowledge of lateral displacement from the inner
segment of cone photo-receptors (the location of recep-
tive field centres of the fovea) to the retinal ganglion cell
is crucia in order to understand and interpret the foveal
geometry and cellular connections within the primate fo-
vea. The present study presents direct measurements of
radial offsets caused by the cone fibres within the layer
of Henle in laser-lesioned and non-lesioned fovea. Data
along the vertical meridian of normal retinas clearly
show that the displacement is maximal at the foveal bor-
der (2.5 deg eccentricity) and thereafter decreases out to
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Fig. 8 Total displacement versus cone eccentricity in the human
(continuous lines) and in the macague (interrupted lines). Data
from the present study is represented by the thick continuous line
(cf. Fig. 3, Eq. I11), and the thin continuous line represents the in-
direct estimate in one human case from [21]. The interrupted
lines show measured total displacement in macaques (dotted line
[14], temporal hemi-meridians,; dashed line [17], mean of all me-
ridians; dash-dotted line [20], mean of nasal and temporal hemi-
meridians)

approximately 8.6 deg eccentricity. The measured dis-
placement along the nasal hemi-meridian of one retina
with laser lesions show a decline with a similar profile
outside the foveal border as do displacement values
aong the vertica hemi-meridians. The findings of
Curcio and coworkers [2, 3] of eliptical isodensity con-
tours of cone and RGC densities make it important to
further study displacement within the fovea and along
the horizontal hemi-meridians outside the fovea where
the present study lacks sufficient data.

On the basis of the presented measurements of dis-
placement, it can be concluded that the RGC densities
reported by Curcio and Allen [2] are too small to alow
for a foveal RGC:cone ratio of 2 or greater. Conversely,
the indirectly obtained displacement data extracted from
RGC and cone densities and assumed RGC:cone ratios
of 2 or 3 by these authors are at least 30% higher that the
measurements reported in the present study. As previous-
ly discussed [1, 21] our data on RGC and cone densities
obtained with the dissector differ from those of Curcio
and Allen [2], who used whole-mount preparations,
mainly in the thick RGC layer inside 1,5 mm eccentricity
and show only minor differences at greater eccentricities
or for cone densities. This may well be related to prob-
lems in resolving separate nerve cell nuclei in the whole-

mount preparations due to the RGC layer thickness at the
foveal border. Yet Curcio and Allen [2] claimed to have
obtained similar cell densities in both sections and
whole-mounts. Furthermore, it is not clearly stated in the
paper by Curcio and Allen [2] whether the morphometric
principles of “forbidden lines’ for the counting frame
were correctly used [10]. “Forbidden lines’ means that
objects touching two out of four edges of a measuring
field should not be included in the measurements: if all
objects touching the edges are included the result is an
overestimate; if none of the objects touching the edges
are included the result is an underestimate. This problem
would affect counting in whole-mounts and sections in a
similar manner.

Our human data indicate that the displacement along
the vertical hemi-meridians outside 8.6 deg is of such
limited extension (<50 um) that it hardly affects compar-
isons of quantitative estimates of cone and retinal gangli-
on cell densities. The areal chage due to 50-um displace-
ment at a cone eccentricity of 8.6 deg is 4% and less out-
side this eccentricity. Therefore, for practical purposes,
the cones and their receptive field contres can be consid-
ered to be localized vertically underneath the connected
RGC outside this eccentricity.

The present estimates of total displacement versus ec-
centricity along the vertical meridian outside the human
foveal border agree well with previous indirectly esti-
mated values [21] of total lateral displacement along the
same meridian (Fig. 8). However, inside the foveal bor-
der these indirect estimates in one case were approxi-
mately 25% higher than those directly measured in the
present study.

Compared with directly measured Henle fibres and
estimated total displacements in macague monkeys [14,
17] our data are of a similar magnitude outside an eccen-
tricity of 0.6 mm (Fig. 8). Estimates of displacement
within the macaque retina based on cumulative curves of
cone inner segments and cone pedicle densities, together
with direct measurements of stained vertical sections
[20], show a similar decline outside the foveal border but
yield a total displacement in the lower range of those of
the macague studies above.

Several issues concerning our estimate of total dis-
placement have to be discussed. In the calculation of to-
tal displacement in macague monkeys the lateral dis-
placement caused by the dentritic trees of RGC has been
estimated [17]. Since the human and macague data show
limited differences it can be assumed that displacement
within the RGC layer is of asimilar magnitude to that re-
ported in macaques. To obtain the total displacement in-
cluding that within the RGC layer the macague values
from [17] may be added: approximately 20 um central to
0.5 mm, 15 pm from 0.5 to 1.0 mm and 10 pm from 1.0
to 1.6 mm eccentricity. The effect of adding RGC dis-
placement to the caculated regression curves for the total
displacement of the present study was minor. Another
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problem with semithin sections in the calculation of dis-
placement (cf. Materials and methods) is the effect of
imperfect alignment of a thin cone fibre in a section.
Since our criterion was that the specimen in general
should be well aligned an angular deviation of less than
10 deg is anticipated. The underestimation due to this er-
ror is considered to be 1% or less. In addition it has to be
further noted that our measurements of Henle fibres in
1-pm sections, in contrast to those in thick Golgi prepara-
tions, do to allow measurements of the limited distance
of displacement from the inner segment of the cone pho-
toreceptor (image plane) and the initial portion of the
cone fibre to its exit from the outer nuclear layer, here
defined as cone eccentricity. This underestimation, as
judged from a limited number of sections, ranges from a
few pum to approximately 15 um for those cone cell bod-
ies located deeply in the outer nuclear layer within the
fovea. Furthermore, this displacement within the outer
nuclear layer is varying due to the tortuous paths of the
initial parts of the cone fibres. The average displacement
for a cone fibre within the outer nuclear layer is estimat-
ed to be 10 um or less. An estimate of the combined ef-
fects of al these minor underestimations from cone soma
to RGC of the total displacement is of the order of 5%.
Recalculations of effective RGC density and the dia-
grammatic representation showed that the effect of com-
pensation for this minor underestimation was negligible.
Tissue shrinkage in this study was estimated to be less
than 5%. Assuming an additive effect of the possible
measurement errors discussed obove and a shrinkage of
5% yields a maximum total underestimate of 10%. A re-
calculation of effective RGC densities with a 10% addi-
tion to the total displacement resulted in a density in-
crease of 4% at the fovea border (0.6 mm), 3% at
0.8 mm and 1% at 1.6 mm eccentricity, none of which
bear any major influence on our conclusions.

A clinically useful implication of the present study is
that the locations of a scotoma following a lesion at
some level of the central retina may be predictable. Le-
sions at the level of the pigment epithelium (also involv-
ing the photoreceptor cells) such as in laser burns
(Fig. 1) will result in focal and coincident scotoma. A
consequence of displaced RGC subserving centripetally
located receptive fields is that lesions at the level of
RGC approximately 1 deg outside the foveal border may
involve loss of vision of a smaller area closer to the fo-
veola (Fig. 7). Such lesions of the inner retina may occur
when peeling epiretinal membranes during macular hole
surgery. During such surgery, the internal limiting mem-
brane of the retina together with epiretinal tissue overly-
ing and surrounding the hole, is often removed [15, 26].
Even though no distinct retinal neural tissue is usually
removed, the possibility still exists that stripping of the
inner limiting membrane together with surgical trauma
may induce damage to the inner retinal layers. Micrope-
rimetry might be a useful tool in ruling out the existence
of such inner retinal lesions.

In conclusion, this study presents direct measure-
ments of lateral displacement within and outside the hu-
man fovea. It shows a peak of the displacement at the
foveal border and a steep decrease outside the foveal
border. The presented results support and extend our pre-
vious analysis of the relation within the fovea between
quantitative cell distributions and psychophysical mea-
surements. Our data should prove useful for further anal-
ysis of the structural correlate for normal and impaired
central vision, as well as for predictions of scotoma size
and localization after damage to the inner retina.
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