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PURPOSE. The validity of clinical perimetry for evaluation of the
pathology of glaucoma is based on correlated losses in retinal
ganglion cells and visual sensitivity, but procedures to quantify
neural losses from visual field defects have not been developed. The purpose of the present study was to investigate the
neural and sensitivity losses from experimental glaucoma to
establish the framework for a quantitative model for the structure–function relationships of standard clinical perimetry.
METHODS. Perimetry, by behavioral testing, and retinal histology data were obtained from rhesus monkeys with significant
visual field defects caused by experimental glaucoma. Ganglion
cell densities were obtained from sections of retina that corresponded to 16 perimetry test locations. Perimetry sensitivity as
a function of ganglion cell density at corresponding retina/
visual field locations was analyzed.
RESULTS. The structure–function relationships were linear on
log–log coordinates, with parameters that varied systematically
with eccentricity. The slope value varied from 1.25 dB/dB at
4.2° from fixation to a value of 2.32 dB/dB at 24° from fixation,
whereas the intercept value varied from ⫺25.2 dB to ⫺55.7 dB
over the same range of eccentricities. The structure–function
relationships produced a model to predict the ganglion cell
density underlying a given level of visual sensitivity and location in the visual field. The model, with no free parameters,
produced an accurate and relatively precise quantification of
retinal ganglion cell losses caused by experimental glaucoma in
monkeys. However, because the early detection of glaucoma is
limited by intersubject variability, ganglion cell losses of 40% to
50% were necessary before visual sensitivity losses exceeded
the normal 95% confidence limits.
CONCLUSIONS. With retinal eccentricity as a factor, the neural
losses from glaucoma are predictable from visual sensitivity
measurements by clinical perimetry. The relationships derived
from experimental glaucoma in monkeys also accurately predict the rate of age-related losses of retinal ganglion cells in

humans, based on the normative perimetry data for age-related
reductions in visual sensitivity. The success of the model in this
study suggested that it is potentially applicable to the clinical
interpretation of the state of glaucomatous optic neuropathy.
(Invest Ophthalmol Vis Sci. 2004;45:3152–3160) DOI:10.1167/
iovs.04-0227
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omputer-automated perimetry, using white-light test targets that are superimposed on a white background, has
become the standard test for the assessment of vision loss and
the evaluation of clinical stages of glaucoma.1– 6 Although the
use of perimetry for the initial diagnosis and follow-up of
glaucoma is generally accepted,7–9 documentation of the stage
of the disease by visual field defects is not straightforward
because visual losses are secondary to the primary pathologic
effect of ganglion cell dysfunction and/or death. Thus, the
clinical interpretation of perimetry data requires an accurate
translation between the level of visual sensitivity and the population of retinal ganglion cells at each of the sites tested.
However, the quantitative structure–function relationships required for translating visual losses to neural losses have not
been determined and, therefore, the purpose of the present
investigation was to develop a model to predict point-wise
neural losses from clinical perimetry measurements of visual
sensitivity across the visual field.
The primary reason that a quantitative structure–function
relationship for clinical perimetry has not been developed is
because of the considerable imprecision and inaccuracy in the
relationship between losses of visual sensitivity and losses of
retinal ganglion cells that have been reported previously.10 –13
For example, the initial studies by Quigley et al.9 indicated that,
on average, statistically significant visual field defects required
neural losses of 20% to 50%, depending on the retinal eccentricity, but for any given level of neural loss there was a very
large range of visual field defects. Subsequent studies, using a
model of experimental glaucoma in macaque monkeys,10 confirmed those results and also demonstrated that the structure–
function relationship was more systematic, although still quite
variable, when the neural losses exceed 50%. More recently,
Kerrigan-Baumrind et al.12 reported on a study of a relatively
large number of glaucoma patients that showed a very low
point-wise correlation between visual sensitivity and ganglion
cell losses, but the relationship was improved if global measures of sensitivity, such as average sensitivity loss or mean
deviation (MD), were used to assess vision loss.
There are many factors that may have limited the accuracy
and precision of translating clinical visual fields to ganglion cell
losses, but two seem especially important: 1) the appropriate
measurement scales for sensitivity and neural losses; and 2) the
inclusion of retinal eccentricity as an independent parameter.
First, the prior studies have presented the data on scales in
different units, for example, visual loss on a decibel (dB) scale
and the neural loss as a percentage. The use of unequal scales
for sensory and neural losses affects the accuracy of the relationship, but the correct scale is not certain and both linear and
logarithmic transformations have been advocated.13–16 The use
of a log–log coordinate system has strong theoretical support
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from the statistical description of probability summation for
the detection of a stimulus that is imaged on a retinal area with
multiple detectors.17–21 The fundamental principle of probability summation is that an observer will detect a stimulus
whenever at least one of the potential detectors in the population actually detects the stimulus. By this principle, visual
thresholds are not determined by linearly summed responses
of all the detectors in the total population, but rather by
nonlinear pooling among neural detectors.
The general relationship for sensory versus neural substrates derived from probability summation is an exponential
function of the number of detectors and the probability of
detection for each of the available mechanisms. It is more
desirable to have linear relationships for the quantitative model
of the structure–function relationship for clinical perimetry,
and the exponential function for visual sensitivity versus ganglion cell density becomes linear via logarithmic transforms on
both variables. The utility of logarithmic scaling has been
confirmed for experimental glaucoma in monkeys,13 which
demonstrated that the empiric relationship between visual
sensitivity, in dB (the threshold value from a given test location
for the 24 –2 program of the Humphrey Visual Field Analyzer;
Carl Zeiss-Meditec, Dublin, CA), as a function of ganglion cell
density, in dB (10-times the logarithm of the histologic count of
ganglion cells at the corresponding retinal location), was welldescribed by linear regression. The parameters for the linear
regression (i.e., a y-intercept value of near zero and a correlation coefficient of 0.97) indicated that the general relationship
was accurate; although the accuracy was accomplished by
compression of the neural losses associated with small losses of
visual sensitivity.
Although the data for experimental glaucoma demonstrate
that the utilization of measurement scales based on specific
psychophysiological links can improve the accuracy of the
structure–function relationship, the data transform does not
improve the precision of the empiric relationship. The primary
source of significant imprecision is likely to be related to the
second factor in the translation of clinical visual fields to
ganglion cell losses, that is, variations in the structure–function
relationship with retinal eccentricity. Eccentricity factors have
not been considered in previous reports of neural-sensitivity
losses from glaucoma, although in retrospect, retinal eccentricity as an independent parameter should have been intuitive.
The inclusion of an eccentricity parameter for glaucomatous
vision loss could have been anticipated because both of the
variables of the structure–function relationship are eccentricity
dependent. For example, studies of retinal ganglion cell density
with retinal eccentricity in both humans22–24 and monkeys25–28 have documented nonuniform distributions with the
highest concentrations of cells near the fovea and a ten-fold
reduction in cell density in the midperiphery. Similarly, perimetric sensitivity is highest near the fovea and falls in the
midperiphery by a factor of approximately 5,29 –32 and in this
case, intersubject variability of sensitivity also varies, being
lowest in the central field with systematic increases across the
peripheral visual field.33,34
Based on these variations in normal neural and sensitivity
functions, it seems reasonable that point-wise predictions of
neural losses from clinical perimetry measurements of visual
sensitivity should include a parameter for retinal eccentricity,
and for each eccentricity the neural and visual measurements
should be specified in logarithmic units. Thus, the present
studies were undertaken to develop a quantitative model for
the structure–function relationship for clinical perimetry by
the incorporation of these factors. The data to construct the
model were an extension and re-analysis of data from earlier
investigations of the ganglion cell losses underlying visual field
defects from experimental glaucoma in macaque mon-
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keys.11,13 An empiric model was developed by linear regression analysis, which provided accurate and precise estimates of
ganglion cell densities from perimetry sensitivity measures. In
addition, in an application to clinical data, the model also
accurately predicted the normal age-related loss of retinal ganglion cells from the normal age-related reduction in perimetric
visual sensitivity and, therefore, even though developed from
data of experimental glaucoma, the results also should be
generally applicable to clinical patients. Some of the results of
these studies have been presented briefly elsewhere (Harwerth
RS, et al. IOVS 2003;44:ARVO Abstract 1040) and portions of
the raw data have been published in other forms.13

MATERIALS

AND

METHODS

Subjects
The subjects for the investigations were 16 adult rhesus monkeys
(Macaca mulatta) that had been behaviorally trained for standard
clinical perimetry measurements. The experimental and animal care
procedures were reviewed and approved by the Institutional Animal
Care and Use Committees of the University of Houston and the University of Texas–Houston. The use of animals for these experiments
adhered to the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.
Experimental glaucoma was induced unilaterally in 14 of the monkeys and bilaterally in the other two. Their intraocular pressures were
elevated by argon laser treatment of the trabecular meshwork, using
energy levels that destroy the trabecular meshwork and obliterate
Schlemm’s canal in the vicinity of the laser burn. Multiple sessions,
separated by several weeks, were used to treat the full 360° of the
trabecular meshwork to create sustained elevated pressures that were
generally greater than 40 mm Hg. Other details of the protocol for laser
treatments and intraocular pressure measurements have been published previously.35 The protocol for bilaterally treated animals required close monitoring of visual fields to terminate the experiment
before bilateral blindness occurred. In both animals the visual fields
defects were asymmetric with only mild visual field losses in one eye
at the time the retinal tissues were collected.

Behavioral Perimetry
The visual field defects caused by experimental glaucoma were assessed by static threshold perimetry using standard clinical instrumentation. A Humphrey Field Analyzer (HFA) was attached to a primatetesting cubicle and the monkeys were trained to fixate and perform a
psychophysical detection task that was essentially the same as used for
standard clinical perimetry. The testing procedures, which have been
described in detail,32 provided highly reliable data throughout the
course of experimental glaucomatous neuropathy. For the present
experiments, each monkey’s visual fields were followed until the
development of reliable visual defects, and then retinal tissues were
collected for histologic analysis.

Histological Analysis
Within 2 days after the final visual fields test, the monkey was deeply
anesthetized, the eyes were enucleated, and the posterior segments
were fixed for histology. Retinal tissue samples were collected from
retinal locations that correspond to 16 of the test locations for the
C24 –2 program of the Humphrey Field Analyzer. The retina samples
were sectioned and stained for quantification of ganglion cell densities
using methods for tissue preparation and cell measurements that have
been published.13 Data from all 16 test locations were collected for 11
of the subjects, but only partial data (two–six samples) were available
for five of the unilaterally treated subjects.

RESULTS
The general approach to the development of a model to predict ganglion cell densities from visual sensitivity measure-
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FIGURE 1. Structure–function relationships for clinical perimetry.
(A–D) The relationships between visual sensitivity and ganglion cell density are presented for four visual field
eccentricities (indicated on the
graphs). The data are from six monkeys with unilateral experimental
glaucoma for the control and treated
eyes (open and closed symbols, respectively). The best-fit functions by
linear regression are shown for each
set of data, with the correlation coefficients (r) and mean absolute deviations (MAD) of the linear regression
indicated on each graph. The parameters for the linear functions and
other details of the structure–function relationships are presented in
Table 1.

ments was to analyze the data from a selected group of monkeys to develop the parameters for the model and then test the
model against data from other animals that were not in the
initial set. Thus, the parameters for the model were derived
from the data for six monkeys with stable, unilateral visual field
defects that covered a range of mild to severe sensitivity losses.
The correlated visual and neural data from the 16 sample
locations for the control and treated eyes were analyzed for
each eccentricity (designated by the radius from fixation, in
arcdeg). The data for these six monkeys, presented in Figures
1A–D, were scaled in equivalent decibel (dB) units, with the
visual sensitivities from perimetry measurements in standard
dB units and the ganglion cell densities converted to dB units
by multiplying the logarithm of the histological cell count by
10. In each plot, the data for the control and treated eyes are
represented by open and solid symbols, respectively. The parameters for the structure–function relationships were determined by the best-fit linear regression of the sensitivity to the
ganglion cell data in these log–log coordinates. In each case,
the linear function provided an excellent description of the
data, as is shown by the two statistical indices (r, the correlation coefficient, and MAD, the mean absolute deviation) that
are noted on each plot. The low MAD’s (i.e., measures of the

goodness-of-fit of the data that are derived from the average
absolute difference between the empiric sensitivity and the
sensitivity predicted by the linear function) and high correlation coefficients indicate a high precision and accuracy of the
linear relationships. Consequently, these data produce the
framework for a model to predict ganglion cell densities from
the corresponding visual sensitivities by clinical perimetry.
The numerical values for the sensitivity–neural parameters
are presented in Table 1. The first three rows of the table
present the data from the control eyes that describe a normal
decrease in ganglion cell density of approximately 10 dB over
the sampled range of eccentricities and a normal decrease in
visual sensitivity of approximately 5 dB. The next three rows
present data on the effects of visual sensitivities from reduced
ganglion cell densities for the treated eyes. The parameters for
linearity between sensitivity and neural losses (both in dB
units) show an increase in slope and a decrease in the intercept
with eccentricity, while the coefficient of determination remains essentially constant, with approximately 80% of the
variance explained by the linear functions. The final two rows
of Table 1 present an estimate of the minimum density of
ganglion cells required for a sensitivity measurement by the
clinical procedure. The minimum cell density, below which

TABLE 1. Eccentricity-Dependent Parameters for Structure–Function Relationships for Standard Clinical Perimetry
Eccentricity

Normal density (cells/mm2)
Normal density log (cells/mm2)
Normal sensitivity (dB)
Slope (dB/dB)
Y-intercept (dB)
Coefficient of determination
Cell density @ 0-dB sensitivity (cells/mm2)
Percent normal cell density @ 0-dB sensitivity

4.2°

12.8°

21.2°

24°

48,982 ⫾ 4,906
46.9 ⫾ 0.4
34.58 ⫾ 1.36
1.25
⫺25.2
0.76
100
0.2%

11,188 ⫾ 1,290
40.2 ⫾ 0.6
32.79 ⫾ 2.10
1.47
⫺32.3
0.77
160
1.4%

4,986 ⫾ 1,016
36.9 ⫾ 0.9
29.87 ⫾ 2.96
2.08
⫺46.2
0.83
170
3.4%

4,458 ⫾ 898
36.4 ⫾ 0.9
29.42 ⫾ 3.20
2.32
⫺55.7
0.79
250
5.6%
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FIGURE 2. Eccentricity functions for
the parameters of the structure–function relationships. (A) The normal
retinal ganglion cell density as a function of retinal eccentricity (note that
eccentricity is on a logarithmic scale).
Data from the control eyes of monkeys
are represented by the filled symbols
and solid line. The parameters of the
fitted linear function (m: slope, b: intercept, and r: correlation coefficient)
are shown as an inset. For comparison
to the monkey’s data, Curcio and
Drucker’s23 data from young (diamonds and dot-dash line) and aged
(squares and dashed line) human subjects are presented. (B, C) The slope
and intercept parameters for the linear
structure–function relationships (see
Fig. 1) as a function of retinal eccentricity. The parameters of the fitted linear functions (m: slope, b: intercept,
and r: correlation coefficient) are
shown as an inset on each graph. The
three functions (A–C) constitute the
model for predicting ganglion cell loss
from visual field data.

the perimetric sensitivity is zero, varies with eccentricity from
0.2% near fixation to 5.6% in the peripheral nasal field. Thus,
the point of failure for clinical perimetry is eccentricity-dependent, with an inverse relationship to the normal ganglion cell
density.
The data presented in Figure 1 and Table 1 demonstrate that
the relationships between sensitivity and ganglion cell losses
are systematic at any given eccentricity and that the variables
of the neural–sensitivity functions vary across eccentricities.
The eccentricity effects for the normal retinal ganglion cell
density and the slope and intercept parameters of the structure–function model are illustrated in Figure 2. In each case,
the appropriate choice of the scale for the ordinate creates a
linear relationship, with the normal ganglion cell density varying linearly with eccentricity (Fig. 2A) when both variables are
in logarithmic units, whereas the slope (Fig. 2B) and intercept
(Fig. 2C) parameters vary with eccentricity in linear units. The
correlation coefficients were 0.94, or higher, indicating an
accurate relationship for each of the model’s parameters for
prediction of the amount of neural loss from a visual sensitivity
measurement. Accordingly, the parameters for the linear functions, noted on each graph of Figure 2, provide the quantitative
linear model for the structure–function relationship for clinical
perimetry.
A test of the model is shown by the data in Figure 3A, which
presents the point-by-point relationship between the measured, histological ganglion cell density and the ganglion cell
density predicted from visual sensitivity by the functions
shown in Figures 2B and 2C. Data are presented from eight
monkeys that were not used to develop the model parameters;
two of the monkeys were bilaterally treated, and only partial
data were available for five of the unilaterally treated subjects.
The data for each retinal eccentricity are represented by different symbols, with data from control eyes shown by open
symbols and data from treated eyes by filled symbols. A solid
line has been superimposed on the data to delineate the model’s optimal performance of a unity correlation between predicted and measured cell densities. It is apparent that the
deviations of empiric data from the one-to-one line are nonsystematic, with a MAD of 1.84 dB and a coefficient of determination of 0.77. Hence, the statistical indices demonstrate that
the model provides relatively precise and accurate predictions

of ganglion cell density from visual sensitivity measurements
for both the control and treated eyes of monkeys with experimental glaucoma. The densities for the control and treated
eyes follow a single function and overlap considerably, even
though the data for different retinal eccentricities fall into
separate ranges that are set, primarily, by the normal cell
densities at each eccentricity. For example, the test locations
near fixation (4.2 arcdeg from fixation; circles in Fig. 3A) have
the highest normal cell densities (open circles) and the cell
densities associated with loss of visual sensitivity (filled circles)
are at the higher end of the scale. Consequently, although the
data confirm that the calculation of ganglion cell density from
visual sensitivity requires an eccentricity factor, the different
ranges of effects complicate the analysis of normal versus
abnormal ganglion cell densities. For this reason, the clinical
interpretation of the data may be facilitated by following the
precedent of total deviation plots for visual sensitivity used in
clinical perimetry, that is, the relative loss of ganglion cell
density with respect to the expected normal density at each
retinal location.
The quantitative performance of the structure–function
model to predict relative losses of retinal ganglion cell density
during glaucomatous neuropathy is illustrated in Figure 3B. For
this test of the model, the predicted ganglion cell losses were
derived from the difference between the normal cell density at
a given eccentricity (Fig. 2A) and the cell density based on the
visual sensitivity data and the test eccentricity (Figs. 2B and
2C). Data for the empiric (measured) values of cell losses for
the treated eyes were determined by the differences in histologic cell counts for retinal samples at corresponding locations
in the treated and control eyes. For the control eyes, the
measured losses were the difference between the histologic
cell count for a given sample and the mean normal cell density
at the same eccentricity (Table 1). Data are presented from all
the unilaterally treated monkeys in a general format of data
presentation that is the same as Figure 3A, with the data for
each retinal eccentricity represented by different symbols
(control eyes, open symbols; treated eyes, filled symbols), and
a solid line to delineate the model’s optimal performance of a
unity correlation between predicted and measured cell losses.
The re-analysis of the data as cell-loss functions accomplished normalization across visual field locations, with the
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tant that the extra step of normalization did not affect the
accuracy or precision of the model, as indicated by the clustering of the data around the solid line (Fig. 3B) representing a
one-to-one relation between measured and predicted ganglion
cell densities. The degrees of accuracy and precision are also
indicated by the goodness-of-fit statistics for a unity correlation
(i.e., the MAD of 1.75 dB and a coefficient of determination of
0.79) that were similar to the non-normalized data (Fig. 3A). It
is important to note, however, that although the statistics
indicate that the one-to-one line accounts for a high proportion
of the variance, a larger proportion of the data fall below the
line than above. The greater predicted than measured cell loss
is consistent with sensitivity losses caused by cell dysfunction,
in addition to cell loss, which has been suggested as a component of experimental glaucoma.11,16
The final results of the model for structure–function relationships in clinical perimetry are illustrated in Figure 4. The
diagram is based on model calculations for the relative losses of
ganglion cells underlying the losses of visual sensitivity for test
locations either near fixation (4.2° eccentricity) or more peripheral (24° eccentricity). Each function represents the full
extent of visual field defects from the earliest defect to the limit
of visual sensitivity measurement with deeper losses. To illustrate the structure–function relationships for early glaucoma,
the origins of the functions have been enclosed in boxes that
represent the 95% confidence limits for cell density or sensitivity losses at each eccentricity. In both cases, the confidence
limits derived from intersubject variability of ganglion cell
densities are much smaller than the confidence limits for sensitivity losses, and the confidence limits for both variables are
considerably smaller for the central test sites (cross-hatched
area) compared to the peripheral test sites (oblique hatching).
However, because of the difference in the slopes of the functions, the initial appearance of clinically significant visual field
defects occurs with similar amounts of ganglion cell loss at
either eccentricity. For example at an eccentricity of 24°, the
95% confidence limit for visual sensitivity is 6.4 dB, which

FIGURE 3. Point-wise predictions of retinal ganglion cell density from
perimetric measurements of visual sensitivity. (A) The point-by-point
comparison of ganglion cell density measured by histology versus the
ganglion cell density predicted from the corresponding visual field
sensitivity. Data for each eccentricity are represented by the symbols
indicated in the inset, with open and filled symbols representing the
control and treated eyes, respectively. The line superimposed on the
data represents the one-to-one relationship between measured and
predicted ganglion cell densities, and the r2 and MAD values, shown on
the graph, were calculated from the variance of the data with respect
to the one-to-one correlation. (B) The relative measured loss of retinal
ganglion cells (difference in histological cell counts for the control and
treated eyes) versus the predicted loss of ganglion cells (difference in
the predicted normal cell density and the cell density predicted from
the visual sensitivity). The conventions for data symbols and statistical
analysis data are the same as for (A).

data for the control eyes clustered near the origin of the
function and the data for the treated eyes distributed across
similar ranges of cell loss at all eccentricities. It is also impor-

FIGURE 4. The quantitative model for structure–function relationships for clinical perimetry. The lines represent the calculations for the
relative losses of ganglion cells underlying the losses of visual sensitivity for test locations near fixation (4.2° eccentricity) or more peripheral
(24° eccentricity). The boxes at the origin of the functions represent
the 95% confidence limits of neural and visual losses for the central
(cross hatching) or peripheral (oblique hatching) functions. The numbers placed near the upper limits of the functions represent the relative
loss in ganglion cells (GC) that results in the maximum detectable loss
of sensitivity (S) with the standard perimetry stimulus.
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corresponds to a ganglion cell loss of approximately 3 dB, or
50% loss of ganglion cells before the visual field defect becomes statistically significant. In comparison, at the central test
location, to exceed the 95% confidence limit of 2.7 dB requires
a ganglion cell loss of 2.2 dB, or a 40% loss of ganglion cells.
The differences in the slopes of the function across retinal
eccentricities not only explains the similarities in cell losses
underlying early visual field defects, but also accounts for the
substantial differences in ganglion cell densities at the upper
limit of measurable visual sensitivity by standard clinical perimetry. The slopes of the functions are attributable to the variation in normal ganglion cell density from central to peripheral
retina and, therefore, the limit of measurable visual sensitivity
loss represents considerably greater losses of retinal ganglion
cells in the central retina than in the periphery. These differences are detailed in Figure 4 by the relative losses in ganglion
cell density and visual sensitivity, noted beside each function,
that are associated with immeasurable visual sensitivity using
the standard, Size III, perimetry test target. It is especially
interesting that the clinical procedure requires only one-fifth of
a percent of normal ganglion cells for central field measurements, but ⬎5% normal ganglion cells for peripheral visual
field measurements (Table 1). Thus, for the full range of visual
field defects caused by glaucoma, the functions illustrated in
Figure 4 demonstrate the general importance of including
retinal eccentricity as an independent parameter in quantifying
the structure–function relationship for clinical perimetry.

DISCUSSION
The intent of the present study was to develop a model for the
accurate and precise prediction of the structural (neural) defects caused by glaucoma from measurements of visual function by clinical perimetry. Although the purpose of the investigation was to derive a general clinical application for
structure–function relationships, it was a necessary first-step to
conduct controlled investigations on animal subjects to determine the feasibility and framework. The research method involved the induction of experimental glaucoma in macaque
monkeys to produce a progressive optic neuropathy that was
assessed by behavioral perimetry. Our previous investigations,11,13,35– 40 using these methods, have demonstrated that
experimental glaucoma is an excellent preparation for evaluating the psychophysical and histopathological effects associated with the death of retinal ganglion cells. For the present
investigation, the research method has important benefits in
reducing experimental variability for measurements of both
visual and neural effects which, if not controlled, would have
obscured the critical trends that define the model. Examples of
the principal controls of variability are: 1) experimental glaucoma generally is unilateral, which allows sensitivity versus
neural losses to be assessed by differences between the treated
and control eyes of a single subject; 2) the condition may be
allowed to progress to analyze neural–visual relationships from
the full range of glaucomatous neuropathy; and 3) at any stage,
monkeys produce highly reliable perimetry data because of
daily practice with rigorous behavioral control and the final
visual fields data and collection of histologic tissue are essentially simultaneous, with the retinal tissue fixed and processed
immediately. Therefore, in contrast to the experimental difficulties related to obtaining accurate perimetry data and postmortem retinal tissue from aged patients, the methods and
control afforded by experimental glaucoma provided the quality of data that was required to develop a quantitative structure–function model for standard clinical perimetry.
The structure–function model is a linear regression for a
point-wise analysis of the degree of retinal ganglion cell loss
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from single measurements of visual sensitivity by standard
clinical perimetry. The model, with no free parameters, produces relatively precise and accurate quantification of retinal
ganglion cell losses caused by experimental glaucoma in macaque monkeys. In principle, the model could be applied
directly to clinical patients on the basis of the close similarities
in the anatomic and functional properties of the monkey and
human visual systems,41 including clinical perimetry.32 However, none of the prior studies have directly compared the
structure–function relationships for visual field defects caused
by the loss of retinal ganglion cells and, therefore, an empiric
test of the present model against data from humans is important. Although the most direct test would be with glaucoma
patients, those data were not available to us at the time and,
instead, the model was tested against published data from
humans on the normal variation of ganglion cell density with
eccentricity and the normal age-related losses in retinal ganglion cell density.
One of the most fundamental variables of the model is the
expected normal ganglion cell density at any location in the
retina. For the control eyes of monkeys, the ganglion cell
density as a function of eccentricity is linear in log–log coordinates (see Fig. 2A, filled circles) with a coefficient of determination of 0.98. The function for ganglion cell density versus
eccentricity for humans is similar, as demonstrated by the data
from Curcio and Drucker24 for subjects in two age groups.
These data are presented in Fig. 2A, with the data for young
subjects (age, 27–37 years) shown by the open diamonds and
a dot-dash line and the data for aged subjects (age, 66 – 82
years) shown by the open squares and a dashed line. The
parameters for the fitted functions for the monkey and human
data are very similar, that is, the slopes for all three functions
are within 1 dB/deg (monkeys: ⫺14.0 dB/deg; young humans:
⫺14.4 dB/deg; aged humans: ⫺15.0 dB/deg) and the intercepts
are within 2 dB (monkeys: 55.8 dB, young humans: 54.6 dB;
aged humans: 54.0 dB). The small displacements of the data,
indicated by the intercept values, are consistent with the normal age-related loss of retinal ganglion cells.12,42,43 The humanequivalent ages of the monkeys were 24 –28 years, slightly
younger than the young humans for Curcio and Drucker’s
study, and they show the highest ganglion cell densities at each
eccentricity. The data for the two groups of human subjects are
then ordered by systematic reductions with increasing age. It is
also important to note that the age-related changes are essentially uniform across eccentricities, that is, there are no regional differences, which is also consistent with other published data for humans.42,43 Thus, the function for the variation
in retinal ganglion cell density with eccentricity can be applied
to clinical data, although to maintain the accuracy of the model
for the expected normal ganglion cell densities there will need
to be a factor for normal age-related cell losses.
The rate and magnitude of the age-related ganglion cell
losses were investigated further by determining whether the
model that was derived from monkeys could accurately predict
the normal age-related losses of retinal ganglion cells in humans. This evaluation may be considered a stringent test of the
model because the normal loss of ganglion cells over a lifetime
is relatively small, ⬍50% (Fig. 5). The elemental data for the
test were the age-related losses of visual sensitivity that are
incorporated into the HFA StatPac (Carl Zeiss-Meditec) for
statistical analysis of clinical perimetry data.30,31 The perimetry
data for the expected normal visual sensitivity as a function of
age at each of four eccentricities are presented in Figure 5A.
The characteristics of these data are well known and, as expected, they show an overall reduction in sensitivity with
increasing eccentricity and an age-related loss of sensitivity that
is more rapid for more peripheral than central test locations
(i.e., slopes ⫽ ⫺0.06 dB/year at 4.2° eccentricity, ⫺0.07 dB/
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FIGURE 5. The normal age-related losses in retinal ganglion cells in
humans predicted from age-related losses in visual sensitivity. (A) The
data represent the normal age-related reduction in visual sensitivity for
the four visual field eccentricities indicated on the graph. The data
were obtained from the HFA StatPac database. (B) The predicted
age-related losses of retinal ganglion cells that are predicted from the
age-related losses in visual sensitivity (A) using the structure–function
relationships illustrated in Figure 2. (C) The histological ganglion cell
losses as a function of age from three studies, Harman et al.,43 (circles),
Kerrigan-Baumrind et al.,12 (triangles), and Blanks et al.,42 (diamonds)
with rates of age-related losses that are similar to the predicted rates in
(B).

year at 12.8° eccentricity, and ⫺0.09 dB/year at 21.2° or 24°
eccentricity). The results of the model, using the normative
sensitivity values as input data to predict ganglion cell densities, are presented in Figure 5B. It is apparent that, although
the age-related functions are separated by the normal variation
in ganglion cell density with eccentricity, the slopes of the
functions have become uniform across eccentricities. Thus,
the model predictions are that a constant proportion of retinal
ganglion cells are lost each year as a part of normal aging
(about ⫺0.046 dB/year) and that the rate of loss is similar at all
retinal locations. Both predictions are consistent with published data. For example, the rate of age-related ganglion cell
losses that were predicted from visual sensitivities (Fig. 5B) is
remarkably similar to the rate found in histologic studies. This
result is illustrated by data from three recent studies,12,42,43
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presented in Figure 5C, for the normal retinal ganglion cell
density (in dB units) as a function of age. The slopes of the
fitted functions, which vary between ⫺0.047 and ⫺0.052 dB/
year, are compatible with the rate of cell loss predicted by the
model. Thus, these data demonstrate the potential application
of the structure–function model and also provide confirmation
that the age-related losses in visual sensitivity are primarily
caused by retinal neural losses rather than preretinal light
losses from crystalline lens opacities or pupillary miosis.44
The combined evidence obtained from accurately predicting retinal ganglion cell losses from both experimental glaucoma in monkeys and normal ageing in humans provides
strong proof of the principle for a quantitative model for
structure–function relationships for standard clinical perimetry. Obviously, the final formulation of the model will require
data from human glaucoma patients, but the present approach
of behavioral control in animals and group data for humans was
necessary to reduce experimental variability and define the
basic parameters of the model. However, some forms of variability cannot be eliminated. For example, visual sensitivity
losses must precede ganglion cell death and psychophysical
measures include a component of cell dysfunction as well as
cell death. In this respect, visual sensitivity may represent the
truer evaluation of functional status because it includes both
components.
Another source of inherent variability that cannot be reduced by data modeling is the normal variation of psychophysical measures of thresholds. The normal variability in threshold
measurements, when the thresholds are determined by probability summation, is an especially important factor in the early
detection of glaucoma. Because the relationship between the
visual threshold and number of neural mechanisms is logarithmic, a relatively large proportion of ganglion cells (40%–50%)
must be lost before the threshold measurement exceeds the
normal variability and reaches statistical significance. Consequently, the sensitivity of perimetry for early detection should
be higher in visual field locations with lower variability, but the
slope of the structure–function relationship also varies with
eccentricity and offsets the benefit of reduced variability. For
this reason, the initial diagnosis of significant visual field defects with standard perimetry is associated with approximately
equal proportions of ganglion cells death in all retinal locations. However, it may be possible to take advantage of reduced measurement variance with alternative methods of perimetry based on ganglion cell-specific stimuli, such as
frequency-doubling technology or motion stimuli,45– 49 that
reduce measurement variance at all test locations and/or reduce the number in the pool of potential stimulus detectors.
The use of alternative methods of perimetry stimuli, with
ganglion cell-specific stimuli, can be more efficient than whitelight stimuli for detecting the initial losses of ganglion
cells,46,47,50 but these stimuli may not be more effective in
following the progression of established visual field defects.
Once the neuropathy has progressed to the level of clinical
significance, then there is a high correlation between different
perimetry procedures that have been designed to selectively
test very different ganglion cell populations.37,50 –58 It is likely,
therefore, that the characteristics for structure–function relationships with alternative methods of perimetry will be very
similar to those of standard clinical perimetry.
In summary, the present study has shown that neural losses
from experimental glaucoma are well correlated with visual
losses in standard clinical perimetry when eccentricity factors
are included. The structure–function relationships at each eccentricity are linear on log–log coordinates and the parameters
from linear regression vary systematically across eccentricity.
The orderly behavior of each of the variables of the structure–
function relationships provided the framework for a model to

Downloaded From: http://iovs.arvojournals.org/pdfaccess.ashx?url=/data/journals/iovs/933229/ on 06/24/2017

IOVS, September 2004, Vol. 45, No. 9
predict the ganglion cell density underlying a given level of
visual sensitivity and location in the visual field. The model’s
success in predicting retinal ganglion cell losses from both
experimental glaucoma in monkeys and normal aging in humans suggests that it has potential for application for the
clinical interpretation of the state of glaucomatous optic neuropathy. However, before the clinical application can be instituted, further development may be necessary using data from
human glaucoma patients.
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