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Abstract
Purpose—To determine whether a structure-function model developed for normal age-related
losses of retinal ganglion cells also models the retinal ganglion cell losses in glaucomatous optic
neuropathy.

Methods—The model to relate age-related loss of retinal nerve fiber layer thickness and reduced
sensitivity for standard automated perimetry was evaluated with data from thirty glaucoma
patients and forty normal subjects. Perimetry thresholds were translated into separate retinal
ganglion cell body estimates for test locations in the superior and inferior visual field. The retinal
nerve fiber layer thickness from optical coherence tomography was also divided into regions
representing the superior and inferior hemifields to obtain the nerve fiber layer area for estimates
of the axons in each hemifield. The two estimates of retinal ganglion cell populations were
compared for corresponding regions.

Results—Agreement between neural estimates was good for normal subjects and patients with
early glaucomatous damage. Results for subjects with advanced glaucoma showed disparities
between neural estimates that were proportional to the stage of disease. A correction factor for the
stage of disease was introduced for the derivation of retinal ganglion cell axon populations from
the retinal nerve fiber layer thickness measurements which produced agreement between the
optical coherence tomography and perimetric estimates for all patients.

Conclusions—The modified structure-function model provided well-correlated relationships
between the subjective measures of visual sensitivity and the objective measures of retinal nerve
fiber layer thickness when parameters for the patient’s age and the severity of the disease were
included. The results suggest constitutive relationships between structure and function for the full
spectrum of normal eyes to eyes with advanced glaucomatous neuropathy.
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Introduction
Glaucomatous disease is usually diagnosed and managed with measurements of the
structural and functional alterations associated with the losses of retinal ganglion cells
(RGCs) and their axons. Although, functional measures, such as standard automated
perimetry (SAP), have been the gold-standard for glaucomatous neuropathy, high-resolution
imaging has excellent accuracy and precision for assessment of structural defects caused by
glaucoma, especially the thinning of the RNFL.1–4 In theory, the clinical procedures should
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provide complementary assessments of glaucomatous neuropathy but comparisons of the
two approaches have reported discrepancies in the time-courses of structural and functional
defects.5–7 In some instances, it appears that structural losses precede functional losses (pre-
perimetric glaucoma),4, 8–10 while other investigations have suggested a period of RGC
dysfunction prior to detectable structural alterations caused by RGC death.11–13 However, it
seems more likely that there is an overall correlation between structure and function in
glaucomatous disease because the underlying changes in both are caused by losses of
RGCs.9, 10, 14

A number of factors might confound the direct comparison of SAP sensitivity to RNFL
thickness. First, the two instruments have very different dynamic ranges of measurements:
SAP measures visual sensitivity over a 4 log unit range,15 whereas RNFL thickness is
measured over a linear range of approximately 25 to 200 microns in normal
individuals.16–18 Second, in order to compare localized defects in the RNFL thickness with
SAP threshold values, one must adopt a topographical map that relates the perimetric test
location’s origin in the retina to the corresponding location where it would have its axons
enter the optic nerve head.7, 19–21 Few investigations into the structure-function relationship
between SAP and RNFL measurements have formulated quantitative models. 7,13,22–25,28,29

One such model proposes that particular regions of SAP sensitivities are linearly related to
RNFL measurements when one considers a given thickness of the RNFL is unchanged at
zero sensitivity (a residual RNFL thickness).13,22,25 Another model that was initially
developed for experimental glaucoma in macaque monkeys7 and, subsequently, modified for
normal age-related losses of RGCs in human subjects,28,29 demonstrated that the neuronal
constructs for visual sensitivity for SAP and RNFL thickness from OCT measurements were
well correlated when related in terms of ganglion cell populations. However, it must be
determined whether the model for RGC losses from normal aging can be applied directly to
RGC losses from glaucoma and the present study was an assessment of the nonlinear model
relating SAP sensitivity to RNFL thickness to structure-function relationships of patients
with glaucoma.

The structure-function model, which has been described previously, is based on the principle
that both SAP sensitivity and RNFL thickness are dependent on RGC densities,7, 26, 27 and
can be related directly by a common parameter of RGC numbers. Specifically, visual
sensitivity measurements by SAP are considered a reflection of point wise RGC densities
and, thus, dependent on retinal eccentricity but not age, while RNFL thicknesses are a
function of the RGC axon densities in an age-dependent manner. The prior application of the
model produced consistent estimates of RGC populations from SAP and OCT measurements
for normal eyes of subjects across five decades of life, with equal accuracy and precision for
each decade. Consequently, the normal age-dependent variations in neuronal populations set
baselines for the evaluation of pathological alterations caused by glaucoma. This purpose of
this experiment is to apply this structure-function relationship model developed in the
normative population and tested on normal controls to a group of participants with varying
degrees of glaucoma.

Methods
Subjects

Seventy-one subjects from the University Eye Institute, Houston, Texas were included in the
study. Control subjects were selected among patient populations, faculty, and students.
Glaucoma and glaucoma suspect participants were selected based on having one of the two
diagnoses at the time of entrance into the study. The control group was a subset of subjects
for the development of the model29,who were included in the present study to compare to
glaucoma-suspects and to determine whether modifications for glaucoma will also affect the
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results for normal subjects. For the present study, the control group was comprised of one
eye from each of forty subjects (age: 44.8 ± 16.6 years) with no known history of ocular
disease or visual field loss and demonstrated no evidence or suspicion of glaucomatous
damage with either visual field testing (MD: −0.01 ± 0.08 dB) or OCT measurements of the
RNFL (Global thickness: 96.7 ± 10.1 mμ). The glaucomatous group was composed of the
worse eye by mean deviation on SAP from thirty-one participants (age: 62.5 ± 15.5 years)
diagnosed as either glaucoma or glaucoma suspects by their clinicians (for all patients –
MD: −6.74 ± 8.66 dB, global thickness: 77.1 ± 19.4 mμ, Figure 2). In both groups, subjects
exhibiting significant media opacity (best corrected visual acuity < 20/40), any visible or
past retinal pathology in the posterior pole, or known visual field loss not secondary to
glaucoma were excluded from the study. The research adhered to the tenets of the
Declaration of Helsinki and the experimental protocol was reviewed and approved by the
University of Houston’s Committee for the Protection of Human Subjects. Informed consent
was obtained from each of the subjects and they were remunerated for their participation.

Clinical Testing
Visual sensitivity was determined for each eye using static threshold perimetry with the
Humphrey Visual Field Analyzer II (model 750, Carl Zeiss Meditec, Inc., Dublin, CA).
Subjects were tested with 24–2 test pattern using the SITA standard thresholding strategy.
Subjects performed two sets of visual fields in one session, with a break between sets, and
the second measurements were used for the study. Testing was performed with the standard
protocol for visual field testing and only visual field data with reliable test indices (fixation
losses < 33% and false positives < 15%) were included in the analysis.

Quantitative measurements of the retinal nerve fiber layer were obtained for each eye using
the StratusOCT III (software version 4.0.1 and version 4.0.4, Carl Zeiss Meditec, Inc.,
Dublin, CA) by one of the authors (NR or JW for control measurements, and JW for
glaucoma and glaucoma suspects). The standard 3.4 mm diameter scan for retinal nerve
fiber layer thickness was used to obtain 512 measurements along a 10.87 mm circumference
scan centered on the optic nerve head. Subjects’ pupils were dilated with 1.0% tropicamide
prior to OCT testing to ensure adequate image quality (≥6 on all scans). All 512 tomogram
measurements from each OCT RNFL thickness scan were then exported for analysis.

Translation of SAP and OCT to ganglion cell estimates
Translation of Perimetry Data to Ganglion Cell Quantities—The methods for
conversions of SAP sensitivity to RGC density have been described. 27–30 In brief, the
correlation of RGC densities and SAP sensitivities showed that ganglion cell quantity, (gc),
in decibels at a given retinal location is dependent on the eccentricity from the fovea, ( e ),
and the corresponding sensitivity at that visual field test location, ( s ).27, 30 The equations,
as adapted for the human axial length (1.34× longer than the macaque eye), are as follows:

1

2

3

Where (m) is the slope and (b) the y-intercept for each eccentricity tested. These functions
give the point-location RGC density for each location in the visual field test pattern. In order
to find a quantity for a given area, it was assumed that ganglion cell density was uniform for
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a given area (6° × 6°) centered on the visual field test location. Therefore, the number of
ganglion cells for a given area would be equivalent to the ganglion cell estimate for the test
location (unlogged) multiplied by 2.94 (based on the conversion factor that 1 mm retinal
distance = 3.5° visual angle for the human eye). One decibel was subtracted from the
original sensitivity value for each test location to account for the difference between full
threshold testing used in the experimental setting and SITA threshold testing used in the
clinical setting.31, 32

Translation of OCT measures to Ganglion Cell Axon Quantities—The methods
for estimating axonal numbers from RNFL thickness were derived from analyses of the
normative rates of decline for SAP sensitivity and RNFL thickness and subsequently applied
to normal subjects. The conversion from OCT measures of RNFL thickness to an estimate of
RGC axons (a) is a linear transformation from the area of RNFL (μm2) and the density of
axons (a/μm2), where the area is determined from the OCT thickness measurement and the
axon density is a function of the subject’s age. 28,29

4

5

The total number of axons (a) in an OCT scan over a region of pixels from (x) to (x+n) is
determined by the RNFL area, i.e., the height (hx) of the scan (in μm) at tomogram (x) times
a constant of 21.2 μm (10.87 mm scan length / 512 pixels per scan) summed across the
number of tomograms in the inferior, nasal, or superior region (see Figure 1A), and
multiplied by the axon density (d) in axons/ μm2.

Mapping corresponding SAP and OCT locations—Although the previous
application of the model mapped the visual field into 10 sectors of the ONH, for this study a
more simple approach was used in which the RNFL and visual field were divided into only
three regions. The inferior and superior hemifields, each of which encompassed half of the
temporal side of the optic nerve head, and a nasal region, which corresponded to the area
falling between 144° to 216°.(Figure 1A).7, 28, 29 In this map, SAP test locations are
assigned to one of three areas (Figure 1B), based on the inferior, superior, or nasal region
where they would have their axons enter the optic nerve head, but because of the limited
SAP data for the nasal sector only the superior and inferior hemifield data were analyzed.

Results
Comparison of SAP and OCT derived estimates

The relationships between the OCT and SAP estimates of neuronal populations for all of the
subjects are presented for the superior (Figure 3A) and inferior (Figure 3B) hemifields and
both hemifields totaled (Figure 3C). The data for control subjects, glaucoma suspects and
glaucoma patients with minimal field loss (i.e., a SAP mean deviation ≥ −3.00 dB) are
clustered around the 1:1 line, showing good agreement between the structural and functional
estimates. In contrast, the data for patients with more advanced glaucomatous disease show
increasing discordance between SAP- and OCT-derived estimates, with the OCT-derived
estimates predicting larger RGC populations than the SAP-derived estimates.
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Reconciling the discordance between SAP and OCT derived estimates
The discrepancy between OCT and SAP estimates with increasing severity of glaucomatous
disease is similar to that observed when a fixed axon density was used and the data were
analyzed by age;28, 29 that is, the difference between estimates is directly proportional to the
increase in age or the severity of glaucomatous disease, with the OCT-derived RGC
estimates being larger. In the case of aging, the normative data bases for SAP and OCT
measurements were used to derive a compensation factor for senescence by opposing
changes in the RNFL structure (a decrease in the number of axons with a concurrent
decrease in axon density with age). Following a similar strategy, a third quantity,
glaucomatous neural loss, was used to make comparisons between the OCT-derived
estimates and those derived from SAP. Glaucomatous neural loss is the amount of loss
proposed to be lost solely from glaucomatous disease and not from the aging process. Age-
expected SAP and OCT estimates were calculated with the following formulas, which were
developed in previous experiments relating OCT rates of decline from aging with those from
SAP 28, 29:

7)

8)

8)

Comparison of SAP glaucomatous neural loss and OCT mean neural loss to the mean
deviation (MD) index from SAP for each subject demonstrates systematic differences
between estimates of neurons as a function of the stage of glaucoma (Figure 3A) Although
the calculated glaucomatous neural losses by both structural and functional measurements
are directly proportional to the stage of disease as quantified by the perimetric MD, the slope
of the function for neuronal losses based on SAP measurements is steeper than for losses
determined from OCT estimates. The relationship for the difference in structural and
functional estimates as a function of SAP MD gives a correction factor for estimating neural
loss from OCT derived measurements for all stages of disease.

9)

Where (sc) is the final correction applied to final total estimates from the OCT estimates (in
dBs). Figure 3B plots the total estimates from each subject from OCT and SAP for all
subjects with the stage-dependent parameter incorporated into the model. With this factor
included, the estimates of neuronal populations from SAP and OCT are well correlated with
a slope of approximately 1.0.

Discussion
The present study demonstrates that the model developed to relate the systematic changes in
SAP and OCT measurements during normal aging was found to applicable to patients with
an early stage of glaucoma, but an additional parameter defined by the stage of disease was
required to model more advanced disease. Relating SAP sensitivity to OCT RNFL thickness
in this model requires that the measurements be compared in terms of their common neural
elements, RGCs, by using equations developed in previous experiments.7, 26–29 RGC
quantities as determined by perimetry have been verified histologically in previous
experiments, so it seems likely the source of the discrepancy in terms of axonal estimates is
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a result of the structural measurement. Given the model’s ability to predict equivalent neural
elements in the control population when axon density changes as a function of age, the
logical choice in determining the discrepancy is to examine the axon density as a function of
stage of disease. In both cases, it appears that a decrease in axon density with age and from
glaucomatous disease can explain the slower rate of loss from RNFL thickness derived axon
estimates when a constant axon density is used. When age and stage of disease are variables
incorporated into the OCT-derived estimates, there is excellent agreement with SAP-derived
estimates for all subjects.

In a previous investigation,7 experimental glaucoma was allowed to progress in macaque
monkeys in order to develop a quantitative structure-function relationship between OCT
RNFL thickness and SAP sensitivity measurements. However, there are important
differences in experimental, compared to clinical glaucoma and studies based on the
normative databases and non-diseased eyes demonstrated that the age of the subject is an
important parameter in calculating axon estimates for OCT RNFL thickness values.28, 29

Those studies did not address the need for a factor to account for the stage of glaucoma,
though, in retrospect, it may have improved agreement in SAP and OCT data for the more
advanced field defects in experimental glaucoma, as was demonstrated with the glaucoma
patients in this study.

The incorporation of the stage-dependent factor improved the accuracy of the structure-
function relationship for moderate to advanced stages of glaucoma. In the present case, the
analysis was based on data from entire hemifields in order to reduce inter-subject variability.
Previously, the analysis of structural and functional data with a smaller sector-by-sector
relationship resulted in greater variability, which would be expected from inter-subject
differences in the locations of the regions of maximum thickness in the RNFL.13 It has also
been suggested that SAP is not capable of reliably measuring glaucomatous damage across
the entire SAP range due to variability of sensitivity below a certain range47, 48, and that the
dynamic range of measurements from SAP is much smaller, which would negate the need
for a stage correction in the later stages of disease since the SAP measurements would be
inaccurate in the lower ranges. The inter-subject differences in the RNFL thickness
characteristics may also cause variability in mapping the visual field onto the optic nerve
head and, thus, greater variability in the analysis of small sections compared to a whole-field
analysis. The inter-subject variability of the relationships between visual field and optic
nerve data has also been illustrated by recent investigations of the regional
relationships.20, 21, 49, 50

One possible explanation for the need of a stage corrective factor in the model is glial
remodeling of the retinal nerve fiber layer in during the disease process. There is support of
remodeling from histological evidence for increased glial tissue found in glaucomatous eyes
compared to age-matched control eyes.51, 52 Gliosis may result in masking the expected rate
of decline of RNFL thickness in normal individuals when compared to age-related loss of
RGCs, which can help explain the residual RNFL thickness observed in individuals with
end-stage glaucomatous visual fields and other optic nerve conditions resulting in death of
the axons. Although the model proposes an increase in the non-neural composition of the
RNFL both with increasing age and glaucomatous disease, the exact changes that occur need
histologic verification.

As an alternative to the model described here, the simple linear model proposed by Hood et.
al., 13, 22, 25 relates sensitivity averaged in linear units to RNFL thickness in a corresponding
region when the non-axonal elements of the RNFL thickness are held constant (roughly 1/3
of the original thickness value). By this model, a sensitivity of half the normal value on SAP
would correspond to a 50% loss of RGCs and their axons, and a 50% loss of RNFL
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thickness in the axonal portion of the total thickness, leaving the constant non-axonal
portion of thickness the same. The present model predicts that the amount of sensitivity that
would correspond with a 50% loss of RGCs and their axons would depend on the
eccentricity, but would vary from sensitivity in a logarithmic relationship (i.e., it would take
a 3–6 dB loss of sensitivity to account for 50% loss of the ganglion cells), depending on the
eccentricity. The nonlinear model also proposes that there would be an increase in the non-
axonal components of the RNFL thickness to contribute to the overall thickness of the
RNFL as measured by the OCT with both age and increasing stage of disease. Other
differences between the linear and nonlinear models have been described in some detail, and
although the simple linear model is based on different assumptions, there is support for it in
the literature.53–55

In conclusion, the study has supported the methods for quantitatively comparing the
structural elements of OCT with the functional measurements of SAP in normal subjects and
patients with varying stages of glaucomatous disease. At this point, the modifications to
account for the stage of glaucoma were developed and tested with data from same
population. It is a necessary first step, but it noteworthy that the utility of the model recently
was demonstrated for an independent group of patients. The model accurately related
structure-function relationships for control subjects, glaucoma suspects, and glaucoma
patients with early- to late-stage disease and, therefore, argues against the concepts of
perimetric defects preceding anatomical defects, or vice versa. Future development will be
undertaken for applying the stage of disease correction to individual test locations and
sectors as they are likely to vary at different locations around the optic nerve head. This
structure-function model might also be strengthened by correlating these measurements with
other structural measurements (particularly scanning laser polarimetry of the retinal nerve
fiber layer). Lastly, histological studies are needed to determine whether RNFL composition
changes in response to both the aging process and to glaucomatous disease.
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Figure 1.
Sector assignment for SAP test locations and the OCT RNFL scan. Figure 1 shows the
visual field test locations and the corresponding RNFL assignment.
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Figure 2.
Inferior visual field vs. Superior OCT derived RGC estimates (A), Superior visual fields and
Inferior OCT estimates (B), and total estimates (C) of RGC’s/axons from SAP and OCT
measurements for all subjects. The solid line represents the one-to-one line. All appear to
reveal agreement in normal and early glaucomatous damage, with increasing discordance
between estimates with increasing glaucomatous damage.
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Figure 3.
Glaucomatous neural loss as a function of SAP Mean Deviation (A) and SAP Totals versus
OCT totals with stage of disease compensation for OCT estimates(B). (A) shows the
relationships between disease severity (measured from Mean Deviation with SAP) and
glaucomatous neural loss (Observed OCT estimate – expected OCT estimate for OCT-
derived measures and Observed SAP estimate – expected age SAP estimate for SAP-derived
measures) for each subject. (B) shows the total estimates with stage of disease correction,
revealing conformity for all subjects, when the correction for stage of disease is applied to
the final estimates.
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