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Abstract

PURPOSE—To compare relative reduction of retinal ganglion cell (RGC) function and retinal
nerve fiber layer (RNFL) thickness in early glaucoma by means of steady-state pattern
electroretinogram (PERG) and optical coherence tomography (OCT), respectively.

METHODS—Eighty-four persons with suspected glaucoma due to disc abnormalities (GS: mean
age 56.6 £ 13.8 years, standard automated perimetry [SAP] mean deviation [MD] -0.58 £+ 1.34 dB)
and 34 patients with early manifest glaucoma (EMG, mean age 65.9 + 10.7 years, SAP MD -2.7 +
4.5 dB) were tested with PERG and OCT. Both GS and EMG patients had small refractive errors,
corrected visual acuity >20/25, and no systemic or retinal disease other than glaucoma.

RESULTS—MDs from age-predicted normal values were larger for PERG amplitude (GS: -1.113
dB; EMG: -2.352 dB) compared with the PERG-matched RNFL thickness (GS: -0.217 dB; EMG:
-0.725 dB). Deviations exceeding the lower 95% tolerance intervals of the normal population were
more frequent for PERG amplitude (GS: 26%; EMG: 56%) than PERG-matched RNFL thickness
(GS: 6%; EMG: 29%).

CONCLUSIONS—In early glaucoma, reduction in RGC electrical activity exceeds the proportion
expected from lost RGC axons, suggesting that a population of viable RGCs in the central retina is
dysfunctional. By combining PERG and OCT it s, in principle, possible to obtain unique information
on reduced responsiveness of viable RGCs.

Glaucoma is an optic neuropathy characterized by progressive loss of retinal ganglion cells
(RGCs) and their axons, changes in optic disc topography, and associated deficits of visual
function. The current hypothesis regarding the structure-function relationship in early clinical
glaucoma is that of an RGC functional reserve or RGC redundancy. This hypothesis is
consistent with the finding that as many as half of RGCs and their axons12 may be lost before
there is detectable loss in visual function as measured by standard threshold visual field testing
(white-on-white standard automated perimetry, SAP). The hypothesis assumes that
psychophysical sensitivity is determined by the most sensitive detectors and that there is
enough redundancy of RGCs that a subpopulation of them can retain normal sensitivity, even
though many other RGCs may be dysfunctional or lost.
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Experimental studies of structure-function relationships in primate models of glaucoma may
suggest a radically different hypothesis from the “functional-reserve” model; namely, RGCs
may undergo a stage of reversible dysfunction before dying. In their seminal work in monkeys
with experimental glaucoma, Harwerth et al.34 reported progressive sensitivity losses in the
SAP, with increasing RGC loss above 50%. In some locations, however, SAP sensitivity losses
of 6 to 12 dB were found even for no or minimal RGC losses (0%-10%). In creating a model
based on the data of Harwerth et al.,3 Swanson et al.® proposed that RGC dysfunction may
play a role in addition to RGC loss. Marx et a7 compared the pattern electroretinogram
(PERG) with optic disc cupping in eight monkeys with monocular laser-induced experimental
glaucoma. Substantial PERG amplitude losses (of approximately 50% compared with the
control eye) were seen in all eyes after a sustained increase in IOP. Despite PERG amplitude
losses, no sign of disc cupping was evident in photographic pictures of optic nerves taken
during a follow-up period of 3 months in eyes with average IOP levels of 30 to 40 mm Hg. For
higher 1OP levels, however, clear increases of optic disc cupping as well as PERG amplitude
reductions were evident as early as 2 weeks after surgery, and progressed during the follow-
up period. Taken together, the results of both Harwerth et al.3 and Marx et al.6: suggest that
RGC dysfunction precedes RGC death in glaucoma, at least in glaucoma models with acutely
induced IOP elevation.

A possibility generated by this hypothesis is that RGC dysfunction is reversed with decreasing
IOP. Recent results® provide proof of concept that this may indeed be the case, since PERG
abnormalities in patients with glaucoma (with both normal and high baseline I0P) may
significantly improve after IOP reduction. By contrast, normal PERG amplitude of control
subjects is unchanged after IOP reduction. Psychophysical measurements may also improve
after 10P reduction.?

If the dysfunction-preceding-death hypothesis were correct, one would expect that in early
glaucoma, RGC dysfunction exceeds the proportion expected from lost RGCs. The present
study tests this prediction by comparing PERG amplitude and retinal nerve fiber layer (RNFL)
thickness as surrogate measures of RGC function and structure, respectively. It will be shown
that, in patients with suspected glaucoma and in patients with manifest glaucoma in the early
stages, PERG losses are relatively larger than RNFL thickness losses. This finding suggests
that reduction of RGC electrical activity exceeds the proportion expected from lost RGCs,
thereby supporting the hypothesis of RGC dysfunction preceding RGC death.

METHODS
Evaluating RGC Function with PERG

The most studied direct index of RGC function is the PERG, which is a special kind of ERG
in response to contrast-reversal of patterned stimuli, rather than uniform flashes of light. 10
RGCs are necessary for the PERG generation, because their selective loss after optic nerve
transection in mammals abolishes the response. 11,12 |y diseases that presumably dama e
RGCs selectively, such as ocular hypertensmn and glaucoma (for review, see Refs. 131 ) and
diseases of the anterior visual pathway 16 the PERG is also altered, whereas the
conventional flash-ERG is unaffected.

In experimental primate models of optic nerve transection1? and glaucoma,17 the amount of
PERG amplitude reduction is consistent with the degree of damage apparent by counting either
RGCs or optic nerve fibers. Relevant to the goals of this study are several properties of the
human PERG (for review, see Ref 18): (1) for a given retinal eccentricity, the PERG amplitude
shows linear spatial summationl (| e., the PERG amplitude doubles when the stimulus area
is doubled); (2) the PERG amplitude is band-pass spatially tuned!® (| e., the PERG
amplitude displays a maximum at a specific spatial frequency); (3) the peak spatial frequency
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decreases with increasing retinal eccentricity,lgl21 and at any eccentricity its absolute value
is consistent with the expected size of the receptive field center of RGCs?Z; and (4) for agiven
retinal eccentricity and stimulus area, the PERG amplitude to the peak spatial frequency is
linearly proportional to the expected volume of RGCs.23

An important distinguishing characteristic of the PERG is that it requires the physiological
integrity of viable RGCs to be generated. The PERG amplitude can be reversibly reduced by
intravitreal injections of tetrodotoxin which block the spiking activity in the inner retina. 24

Temporarily increasing the IOP to 30 mm Hg or above has the effect of progressively and
reversibly reducing the PERG amplitude.zel27 Pharmacological reduction of IOP may
improve the abnormal PERG amplitude of patients with ocular hypertension and glaucoma.8
Taken together, these findings indicate that reduction in PERG amplitude may reflect both the
reduced activity of dysfunctional RGCs, as well as the lack of activity of lost RGCs. By
comparing relative losses of PERG amplitude (due to both reduced activity of dysfunctional
RGCs and absent activity of lost RGCs) with those of RNFL thickness (due to absent axons
of lost RGCs) itis theoretically possible to infer the proportion of RGC dysfunction that exceeds
that expected from RGC death.

PERG Technique

The PERG has been recorded simultaneously from both eﬁles using skin electrodes according
to a user-friendly PERGLA paradigm recently described. 8 The paradigm has been
incorporated into a commercially available instrument (Glaid; Lace Elettronica, Pisa, Italy).
In brief, standard 9-mm diameter, flat-cup electrodes were taped on the lower eyelids, whereas
reference and ground electrodes were taped on the ipsilateral temples and central forehead,
respectively. The pattern stimulus consisted of horizontal gratings (1.7 cyc/deg, 25° circular
field, 95% contrast, 40 cd/m? mean luminance), reversed in counter-phase at 8.14 Hz (16.28
reversals/s). Signals were band-pass filtered (1-30 Hz), amplified (100,000-fold), and averaged
(600 sweeps). Subjects with undilated pupils were optically corrected for the viewing distance
(30 cm) and were asked to fixate on a target at the center of the stimulus. Subjects were allowed
to blink freely. Sweeps contaminated by eye blinks or gross eye movements were automatically
rejected over a threshold voltage of 25 pV. The recording time was approximately 3 minutes.
Under these conditions, the noise level obtained by recording a response to an occluded
stimulus is 0.08 £ 0.03 pV in both normal subjects and patients.28

An example of a PERG waveform is shown in Figure 1A. Since the stimulus pattern reverses
in contrast at a relatively fast rate, the wave-form (continuous tracings) has an approximately
sinusoidal shape and a frequency corresponding to the contrast-reversal rate (steady state
response). PERG waveforms are automatically analyzed by discrete Fourier transform (DFT)
to isolate the sinusoidal component at the contrast-reversal frequency (dashed tracings) from
unwanted electrical activity and measure its amplitude in microvolts and phase lag in « rad.
The PERG amplitude is evaluated as one half of peak-to-trough amplitude, and the PERG phase
is evaluated relative to the reversal period (vertical grid: 61.4 ms = 2 = rad). This steady state
paradigm differs to some extent from the more conventional PERG to slow-reversing
checkerboards that result in a transient response characterized by a P50 and N95 components.
29-32 The main advantage of the steady state paradigm is that of a more robust averaging per
unit of time éimproved reduction of the noise), thereby allowing reliable recording from skin
electrodes.28 In addition, steady state PERG is reported to be relatively more altered than the
transient PERG in glaucoma (e.g., Ref. 13) possibly because an optimally high temporal
frequency is a metabolically challenging stimulus that causes increased optic nerve head blood
flow (Logean E, et al. IOVS 2002;43:ARVO E-Abstract 3314) and RGC habituation.33
Checkerboards, compared to gratings, have a much more complex spatial structure. However,
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gratings and checkerboards generate PERGs of comparable amplitude for equivalent spatial
frequencies (i.e., Ref. 34).

Evaluating the Number of RGC Axons with OCT

Statistics

Optical coherence tomography (OCT) produces high-resolution, crosssectional images of the
retina using the optical backscattering of light produced by individual longitudinal A-scans.
35 Reduction of RNFL thickness as measured by OCT isrelated to increased severity of RNFL
damage assessed photographically?’6 as well as to histomorphometric RNFL thickness in
primates.‘?'7 OCT-determined RNFL has been shown to decrease with age,38’39 with
increasing severity of glaucoma,40'42 and with progression of glaucoma.43

Other imaging technigues such as confocal scanning laser ophthalmoscopy (CSLO) and
scanning laser polarimetry (SLP) also provide an index of decreasing RGC axons in glaucoma
with sensitivity comparable to that of OCT.#4 In this study, OCT was preferred to both CSLO
and SLP, because it seems to have a more direct relationship with the number of RGC axons.
CSLO measures the neuroretinal rim area, which has a complex relationship with the number
of RGC axons.4% In addition, changes in the rim area may reflect posterior bowing of the
connective tissue of the lamina cribrosa that are not necessarily associated with changes in the
number of RGC axons. SLP measures the birefringence due to the oriented cylindrical structure
of RGC axons, and SLP-determined RNFL thickness is roughly proportional to the thickness
of the histologically measured RNFL thickness. 46 Birefringence, however, also depends on
the density and/or composition of axonal or%anelles, which varies around the optic nerve head
and may vary in different stages of disease. 7

Peripapillary RNFL thickness was evaluated with the fast RNFL program of the Stratus OCT
(Carl Zeiss Meditec, Dublin, CA) and analyzed with software version 3.0. RNFL thickness is
determined at 256 points in a circular scan (diameter 3.4 mm) around the center of the optic
disc that is repeated three consecutive times. For each eye, RNFL scans were repeated four
times and exported on an electronic worksheet, and an average scan was computed. The scan
is shown unwrapped in a horizontal plane to (Fig. 1B). RNFL thickness was evaluated from
the average scan (Fig. 1B).

The PERG is recorded in response to a circular stimulus with a radius of 12.5° centered on the
fovea. Based on known retinal topography,48'51 axons of RGCs recruited by the PERG
stimulus are expected to enter the disc in the temporal sector which subtends approximately
60° above and 75° below the horizontal axis. The diagram shown in Figure 2 depicts the retinal
location and the relative proportions of the PERG stimulus and the RNFL scan. The RNFL
thickness of the temporal sector corresponding to 60° above and 75° below the horizontal axis
can be calculated from the appropriate portions of the average scan (PERG-matched temporal
thickness). Mean RNFL thickness and quadrant thicknesses were also evaluated.

The research adhered to the tenets of the Declaration of Helsinki. The study was approved by
the Institutional Review Board of the University of Miami. Informed written consent was
obtained by all subjects after the nature of the test and possible risks were explained in detail.

In each patient, only the right eye was analyzed. Pearson correlations between PERG
amplitudes and RNFL thicknesses for different sectors were calculated. To determine whether
PERG amplitude was relatively more altered than OCT, PERG amplitude, and RNFL thickness
were expressed as signed deviations in decibels from age-predicted normal values. Deviations
in decibels have the advantage of providing a normalized measure of change for PERG
amplitude, RNFL thickness, and SAP. For both PERG amplitude and RNFL thickness,
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observed-to-predicted ratios were calculated, log transformed to obtain equivalent numbers
independently of whether the observed or predicted value was larger, and multiplied by 10 to
convert them to decibel units [10 - log (observed/predicted)].

Age-predicted normal values for PERG amplitude, as well as one-sided 95% lower tolerance
intervals, were calculated by using previously reported datal428 obtained in a population of
114 normal control subjects of different age (range, 22-85 years; mean, 46.4 + 18.2 years)
including 14% African Americans. Age-predicted PERG amplitude was calculated according
to the formula [log (amplitude) = 0.612-0.374 - log Sage)]. Residuals around the regression of
PERG amplitude with age are normally distributed. 14 We used this relationship between PERG
amplitude and age to adjust the amplitudes of our normal control subjects to the population
average and compared this distribution with our Gaussian tolerance interval. This tolerance
interval would classify 8.6% of subjects as abnormally low, which is close to the ideal 5%.
Further, the 95% confidence interval around this proportion ranges from 4% to 16%, which
includes the ideal 5%. The age-predicted, one-sided lower 95% tolerance limit of normal PERG
amplitude was: [loglamplitude) = 0.612 — 0.374 - loglage) — 1.645 - y0.01257].

An assumption of our analysis is that the Gaussian approximation is appropriate for the OCT
data as well. Normal values for RNFL thickness, were obtained from recently published
data®2 obtained in a population of 109 normal subjects of different age (range, 23-90 years;
mean, 42.8 +14.6 years) including 27% African-Americans. The normal RNFL thickness for
the PERG-matched temporal sector was calculated by averaging appropriate clock-hour RNFL
sectors (7, 8, 9, and 10, plus one half of 11) as depicted in Figure 2. Based on this calculation,
the average RNFL thickness of the PERG-matched temporal sector was 96.3 + 13.5 um.
Because OCT-determined RNFL thickness shows a slight physiological decrease with age,
data were age-adjusted by a factor of -0.2 um/year §0.18%/year) based on recent data obtained
in a large number (n > 140) of normal subjects.38! 9 The age-predicted RNFL thickness was:
[RNFL =104.9 - 0.2 * age]. The one-sided 95% lower tolerance interval for the PERG-matched
temporal sector was: [RNFL = 104.9 - 0.2 - age -1.645 * 13.5].

Differences between PERG and RNFL deviations were calculated, and the means were
compared with two-way repeated-measures ANOVA and Holm-Sidak post hoc multiple-
comparison tests. Classification of GS and EMG patients as below the 95% limit of normal by
PERG and OCT criteria was also performed.

Results were obtained from 84 subjects with suspected glaucoma (GS, mean age 56.6 + 13.8
years, 27% of African-American descent), and 34 patients with early manifest glaucoma
(EMG, mean age 65.9 + 10.7 years, 23% of African-American descent). Eligibility was
determined by a comprehensive eye examination and medicalocular history. Eye examination
included IOP evaluation with Goldmann applanation tonometry, gonioscopy, dilated fundus
examination, and stereophotographs of the optic disc, from which vertical cup-to-disc (C/D)
ratios were evaluated. GS patients had small refractive errors (-0.68 + 2.3 spherical diopters),
normal corrected visual acuity (>20/25), normal SAP (Humphrey Visual Field Analyzer II;
Carl Zeiss Meditec, 24-2 SITA Standard: mean deviation [MD] -0.58 £1.34 dB), but optic disc
abnormalities (vertical cup-to-disc [C/D] ratio > 0.5, C/D asymmetry > 0.2, localized thinning
of the disc, splinter hemorrhages), and one or more risk factors for glaucoma (family history
positive for glaucoma, old age, African descent, increased IOP (>21 mm Hg). EMG patients
also had small refractive errors (-0.82 + 2.3 spherical diopters), normal corrected visual acuity
(>20/25) and optic disc abnormalities, but in addition had repeatable defects of SAP (glaucoma
hemifield test outside normal limits, pattern SD of P < 5%, or a cluster of >3 points in the
pattern deviation plot in the superior or inferior hemifield with P < 5%, one of which reached
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P < 1%) and/or progressive glaucomatous changes of the optic disc. The average SAP MD
was -2.7 4.5 dB.

Exclusion criteria were the presence of ocular disease other than glaucoma, and presence of
systemic disease that may cause nonspecific PERG abnormality such as diabetes, Parkinson’s
disease, and multiple sclerosis. Patients with previous intraocular surgery, except for
uncomplicated cataract extraction, were excluded. Patients with high myopia (>5 D) were also
excluded, because the ERG may be nonspecifically reduced in high myopia.5 Eight (10%) of
84 GS patients and 24 (71%) of 34 EMG patients were on various topical medications to reduce
IOP.

Raw Data—PERG amplitudes and RNFL thicknesses for the PERG-matched temporal sector
measured in the right eyes of all patients are summarized in Figure 3A as scattergrams. Despite
large data scattering, it is possible to appreciate that PERG amplitude tends to decrease with
decreasing RNFL thickness. The Pearson correlation between PERG amplitude and RNFL
thickness for age-adjusted data is reported in Table 1. Correlation is also reported for the mean
RNFL thickness.

Overall, the PERG amplitude correlated weakly with both mean RNFL thickness and PERG-
matched RNFL thickness in the GS group, and was nonsignificant in the EMG group. The
correlation coefficients are not significantly different from each other, however. (GS, r =0.285
vs. r=0.089; EMG, P = 0.33 and r = 0.309 vs. r = 0.165; P = 0.47).24 The lower correlation
in the EMG group, compared with the GS group, may reflect differences in ranges of PERG
amplitudes (GS: 0.12-1.68 pV; EMG: 0.16-0.87 uV). If PERG amplitude range in the GS group
is truncated by removing amplitudes >1.0 pV, the correlation coefficients are similar.

Group Averages—Raw data for PERG amplitude and RNFL thickness measured in the right
eyes of GS and EMG patients were averaged to calculate group means and SDs. Corresponding
means and SDs for normal control subjects (NCs) were obtained from previously published
data as detailed in the Methods section. Since GS and EMG patients and NCs have different
mean ages, mean PERG amplitude and RNFL thickness for NC and GS were age-adjusted to
the average age (50.2 years) using the correction factors described in the Methods section. The
results are depicted in Figure 3B as scattergrams showing the mean * bidirectional SDs. It can
be seen that age-adjusted average PERG amplitude and mean RNFL thickness decrease with
increasing disease severity in an approximately linear fashion. The difference in PERG
amplitude between NC and EMG is 0.645 pV, whereas the corresponding difference in RNFL
thickness is 20.9 um. This would correspond to a loss of 0.03 uV of PERG amplitude per 1.0
um loss of RNFL thickness in the severity range of our patient population. Differences between
group means (Bonferroni-corrected two-sample t-test) are significant for both PERG amplitude
and mean RNFL thickness (NC versus GS: PERG P <0.001, t = 6.48, RNFL P =< 0.001, t =
4.47; GS versus EMG: PERG P =0.001, t =4.37; RNFL P = 0.005, t = 3.07). Relative changes
are larger for the PERG than for OCT: NC versus GS, PERG -34%, RNFL -10%; NC versus
EMG: PERG -56%, RNFL -22%).

Figure 3B also shows that the variance (size of error bars) of PERG amplitude decreases
substantially with increasing severity of disease (NC: 0.45; GS: 0.33; EMG: 0.21, P < 0.001,
Levene’s test), whereas the variance of RNFL thickness does not.

Deviations from Age-Predicted Values—Signed deviation from age-predicted normal
values are summarized in Figure 3C as scattergrams. It can be noted that deviations tended to
be relatively larger for PERG amplitude compared with RNFL thickness—particularly in EMG
patients compared with GS patients. In Figure 4 average deviations are expressed as histograms
+ SE bars. Average signed deviations for GS and EMG were compared using a two-way
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repeated measures ANOVA. Results showed significant effects for severity of disease (EMG
> GS: P <0.001), difference between kind of measurement (PERG amplitude deviation >
regional RNFL thicknesses deviation: P < 0.001), and a relatively small interaction effect
between severity of disease and kind of measurement (P = 0.012). The significant interaction
is probably due to differences in deviations between EMG and GS groups. Further, Holm-
Sidak post hoc comparisons within each group demonstrated that PERG amplitude deviations
are significantly (P < 0.005) greater than deviations of all regional RNFL measurements.
Average deviations for PERG amplitude (GS: -1.113 dB; EMG: -2.352 dB) and mean RNFL
thickness (GS: -0.217 dB; EMG: -0.725 dB) were very similar to those calculated in Figure 3
by age-adjusting mean PERG amplitude and RNFL thickness. Overall, PERG amplitude
deviation significantly exceeded PERG-matched RNFL thickness deviation (by 0.896 dB in
GS patients and by 1.627 dB in EMG patients).

Frequency of Significant Abnormalities—A further comparison between PERG
amplitude and RNFL thickness may be performed by evaluating the number of abnormal
measures (i.e., those smaller than the 95% lower tolerance intervals of the normal population
obtained as detailed in the Methods section). Comparisons have been made for the PERG-
matched temporal sector and the superior sector, which is the most affected sector in our patient
population. The results are summarized in Table 2.

PERG-matched Temporal Sector: The number of GS found abnormal by PERG and not
OCT (n = 20) was significantly higher than the number found by OCT and not PERG (n =3,
P =0.001, McNemar’s exact test). The number of EMG found abnormal by PERG and not
OCT (n = 14) is also higher than the number found by OCT and not PERG (n = 5); however,
the difference is not significant (P = 0.064, Mc-Nemar’s exact test).

Superior Sector: In the GS group, OCT identified more subjects as abnormal when PERG
amplitude was normal (n = 24) than the PERG found abnormal with normal OCT (n = 13),
though the difference is not statistically significant (P = 0.099, McNemar’s test). Among the
EMG patients, there was an approximately even split of patients detected as abnormal by one
instrument but not the other (P = 0.79).

Relationship between Deviations of PERG, OCT, and SAP—Expressing deviations
of PERG amplitude and RNFL thickness in decibels allowed a straightforward comparison
with SAP MDs. Correlations (Pearson’s) between PERG and SAP and OCT and SAP are
summarized in Table 3.

Altogether, the PERG amplitude correlated significantly but weakly with SAP in the GS and
EMG subgroups.14’45 In the same subgroups, the correlation between PERG-matched RNFL
thickness and SAP was not significant. Of note, the average PERG deviations (GS: -1.13 dB;
EMG: -2.352 dB) were of the same order of magnitude of the average SAP MDs (GS: -0.58
dB; EMG: -2.7 dB). These results may suggest that, on average, RGC functional losses are
reflected to some extent in psycho-physical losses of visual sensitivity in early glaucoma.

DISCUSSION

In this study, we investigated whether, in early glaucoma, loss of electrophysiological RGC
function is relatively larger than expected from anatomic loss of RGC axons. If so, it suggests
that a population of viable RGCs respond with reduced activity, thus signaling a stage of
distress that may lead to premature death.

In subjects with suspected glaucoma (GS) and in patients with manifest glaucoma in the early
stages (EMG), we compared PERG- and OCT-determined RNFL thicknesses as surrogate

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2007 March 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ventura et al.

Page 8

measures of RGC function and structure, respectively. OCT and PERG are gross indices of
RGC structure and function; nevertheless, these techniques are noninvasive, objective, and
readily available. They may provide a powerful means of investigating structure-function
relationships of RGCs in individual patients on a large scale.

Loss of PERG Amplitude and RNFL Thickness in Early Glaucoma—Our results
confirm that both PERG amplitude and RNFL thickness significantly decrease with increasing
severity of glaucoma.13v14v40‘42 PERG amplitude correlated weakly with OCT-determined
RNFL thickness in early glaucoma, in agreement with previous reports.55’56 This further
supports the notion that the presence of RGCs and their axons is necessary for the generation
of the PERG1L:17: the lower the number of RGC axons, the smaller the PERG amplitude. The
weakness of the correlation, however, suggests that structure-function relationships of RGCs
in glaucoma may include additional terms and effects. One factor may be that reduction in
PERG amplitude is caused in part by the reduced responsiveness of RGCs rather than loss of
RGCs. Indeed, our results indicate that PERG amplitude is relatively more reduced or more
frequently reduced than PERG-matched RNFL thickness. In GS the PERG amplitude deviation
from age-predicted normal exceeded RNFL deviation by approximately 0.9 dB in GS and by
approximately 1.6 dB in EMG. These differences are consistent with the hypothesis of RGC
dysfunction preceding cell death. This hypothesis also predicts that the worse the glaucomatous
damage, the fewer the RGCs in play, and the smaller the PERG variance. Indeed, the PERG
amplitude variance, but not the RNFL variance, decreases with increasing severity of disease.

Significance of PERG Amplitude and RNFL Loss—Reduced activity of viable RGCs
is compatible with the observation that in experimental glaucoma due to chronic elevation of
IOP, visual responses may be substantially impaired in the presence of minor RGC loss3 or
loss of optic nerve head tissue.8:7 In experimental glaucoma, RGC somata and dendritic
harbors may undergo significant shrinkage,57’58 resulting in a diminished responsiveness.
Such structural changes are not likely to be detected by current OCT programs.

Interpreting the excess PERG deviation as a proportion of dysfunctional RGCs may be an
oversimplification and/or underestimation of the facts. First, it is impossible to distinguish
between the various alternatives, (1) a proportion of RGCs have responses reduced by a given
amount, (2) all RGCs are dysfunctional, and the amount of dysfunction varies with severity of
disease, (3) the amount of dysfunction varies among different cell subpopulations. Second, the
excess PERG deviation may not represent the true extent of RGC dysfunction. The difference
between PERG and OCT deviations assumes a linear decrease of measures with increasing
severity of disease, which has not been demonstrated. The problem of linearity is likely
minimized for small deviations from normal, such as those occurring on average in GS and
EMG patients. As shown in Figure 3B, PERG amplitude and RNFL thickness appear to
decrease rather linearly with increasing severity of disease in the early stages.

Dynamic Range of PERG Amplitude and RNFL Thickness—With linear
extrapolation of data to the x-y coordinates, a PERG amplitude equal to zero corresponds to
approximately 50 pm mean RNFL thickness. Little is known about the linearity of PERG and
OCT signals for more advanced stages of glaucoma, however. The lower limit of dynamic
range of the PERG amplitude is represented by the noise level. With our paradigm, advanced
glaucoma may reduce the PERG amplitude to the noise level, %9 which in our recording
conditions is 0.08 + 0.03 pV.28

In principle, the noise level for RNFL thickness should be represented by the resolution of the
system (approximately 10 um). It is likely, however, that the actual lower limit of the RNFL
dynamic range be represented by nonaxonal remnants (i.e., glia, vessels). The proportion of

gliain nerve fiber bundles in primate retina is reported to be 20% to 30% and in some locations
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as much as 42%.50 In eyes with absolute glaucoma the histologically determined mean RNFL
thickness is reported to be approximately 40 um.61 It is also possible that gliosis may replace
axons2-65 and show a thicker than expected residual RNFL thickness in advanced stages of
glaucoma, where few RGC axons are expected to be present. Assuming that in absolute
glaucoma the PERG amplitude were at the noise level14:28 and the residual mean RNFL
thickness were at 40 ;,Lm,61 the lower limits of the dynamic ranges of the PERG amplitude and
mean RNFL thickness are expected to be approximately 90% and 62%, respectively, smaller
than the agepredicted normal values (see the Methods section). If the percentage of amplitude
losses is rescaled on the corresponding dynamic range, then the PERG appears to have lost
approximately 20% of its dynamic range in GS and approximately 40% in EMG. When the
percentage of mean RNFL thickness losses are rescaled on the dynamic range, then the mean
RNFL thickness appears to have lost approximately 5% of its dynamic range in GS and
approximately 18% in EMG.

CONCLUSIONS

The present results indicate that in patients with early stages of glaucoma the total amount of
RGC electrophysiological activity is, on average, less than expected from the loss of RGC
axons. This suggests that an undefined proportion of central RGCs is dysfunctional and may
undergo premature death if the causes of dysfunction are not reduced or blocked. The
magnitude of disproportionate PERG amplitude loss ranges between ~19% in GS and ~33%
in EMG. For the reasons outlined earlier, these percentages may not represent the actual
proportion of dysfunctional RGCs. We also cannot exclude that the percentage of
disproportionate PERG amplitude loss could have been larger, given that most EMG patients
received IOP-lowering treatment. Indeed, it has been shown in an independent group of patients
with early stages of glaucoma that abnormal PERG amplitude may substantially increase after
IOP-lowering treatment.8

That the PERG amplitude is relatively more altered or more frequently altered than PERG-
matched RNFL thickness does not mean that the PERG is a clinical test more efficient than
OCT in detecting early glaucoma. RNFL thickness often shows focal defects that may not be
reflected in the summed activity of PERG generators in the central retina. Indeed, our study
shows that superior RNFL thickness may be even more altered than the PERG amplitude. In
addition, the PERG may have a high rate of false positives.13 Likewise, the fact that the patients
tested had greater functional damage (SAP MD, dB) compared with structural (OCT RNFL,
dB) damage does not contradict the published data showing evidence of greater sensitivity of
structural damage compared with functional (SAP) measures in detecting early glaucomatous
changes.66 The ability of OCT and SAP in detecting early damage also reflects the relative
variability and extent of tolerance intervals, which are known to be quite large for SAP MD
(dB) compared with RGC loss (dB) in early stages of glaucoma.67

In conclusion, this study indicates that by combining PERG and OCT it s in principle possible
to obtain unique information on reduced responsiveness of viable RGCs. Future studies will
show whether, and how much, disproportionate PERG amplitude losses may be actually
restored in individual patients.
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FIGURE 1.

(A) Example of steady state PERG recorded simultaneously from both eyes of a subject with
suspicion of glaucoma due to increased optic disc cupping (right eye: black, left eye: gray).
Dashed tracings superimposed on the PERG waveforms represent the response component at
the contrast-reversal frequency isolated by means of digital Fourier transform (DFT) analysis.
(B) Example of RNFL thickness profile recorded from the right eye of a patient with suspected
glaucoma. Thin gray lines: four consecutive scans. Thick black line: average of four scans. The
vertical grid defines different quadrants of the scan (T, temporal; S, superior; N, nasal; I,
inferior). PERG-T represents a temporal sector (60° above and 75° the horizontal meridian)
recipient of the RGC axons originating from the area subtended by the PERG stimulus.
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FIGURE 2.

Relative size of retinal area covered by the PERG stimulus (circular pattern of horizontal
bars centered on the fovea) and the RNFL scan (clock-hour circle centered on optic disc).
Axons originating from ganglion cells covered by the PERG stimulus spread over a temporal
sector of the RNFL scan approximately corresponding to clock-hour sectors 7, 8, 9, to 10 plus
one half of 11.
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~ PERG-matched temporal
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A) PERG amplitude as a function of RNFL thickness of the PERG-matched temporal sector
in GS and EMG patients. (B) Average PERG amplitude as a function of average RNFL
thickness of the PERG-matched temporal sector in NCs (o), GS, and EMG. Averages have
been adjusted to the mean age of the whole subject population. Bidirectional errors bars
represent standard deviations. (C) Signed deviations in dB from age-predicted normal values
of PERG amplitude and RNFL thickness of the PERG-matched temporal sector in GS and

EMG patients.
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FIGURE 4.

Average deviations from predicted + SEM for PERG amplitude and RNFL thickness of
different regions of the optic nerve. Note that PERG deviation is larger than RNFL deviation
for all regions of the optic nerve. Also note that deviations of both PERG amplitude and RNFL
thickness are larger in EMG than in GS subjects.
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TABLE 1
Age-Adjusted Correlations
n R P

Suspected glaucoma

PERG vs. mean RNFL 84 0.309 0.004

PERG vs. PERG-matched RNFL 84 0.285 0.009
Early manifest glaucoma

PERG vs. mean RNFL 34 0.165 0.35

PERG vs. PERG-matched RNFL 34 0.089 0.62
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TABLE 3
Correlation between Deviations from Expected of PERG Amplitude and PERG-Matched RNFL Thickness with
SAP MD
n R P
Suspected glaucoma
PERG vs. SAP 84 0.225 0.042
PERG-matched RNFL vs. SAP 84 -0.079 0.479
Early manifest glaucoma
PERG vs. SAP 34 0.390 0.025
PERG-matched RNFL vs. SAP 34 0.194 0.289
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