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Abstract. Pattern-electroretinograms (PERG) to checkerboard reversal at 16/s. 0.8° and 15°
check size and visua fields (Octopus G1) were retrospectively analyzed in 40 eyes of 30
patients with early glaucoma. The mean visua field defect was calculated separately for
the central 26° x 34° covered by the PERG stimulus (MDc) and the more peripheral area
(MDp) surrounding the stimulus. Deeper field loss was correlated with a reduced pattern
electroretinogram amplitude (p < 0.01 for both MDp and MDc), indicating that the pattern
electroretinogram deteriorates as glaucoma advances. If the analysis was confined to those
18 eyes (16 patients) that had no field defect within the area covered by the PERG stimulus
(normal MDc but abnormal MDp), 13 of these had an abnormal PERG amplitude (p < 0.001).
The results suggest that the PERG can reveal impairment of ganglion cell function that is not
detected by conventional perimetry.

Abbreviations: MD —mean defect; MDc—mean defect over the central area; MDp—mean
defect over the peripheral area.

Introduction

The pattern electroretinogram (PERG) reflects the function of the retina
ganglion cells [1-4]. Thus, it is not surprising that the PERG is abnormal
in manifest glaucoma[5-16]. It is also reported that the PERG is abnormal
in some eyes with ocular hypertension and can even predict to some degree
which eyeswill develop field defects[17,18].

Still, thehigh sensitivity of the PERG to detect early glaucomaissurprising
when one considersthat atypical PERG stimulus coversonly asmall central
part of the visual field, usually up to an eccentricity of less than 10° [19].
It is known that visual field defects in glaucoma typically begin in the mid
periphery (Bjerrum ared). Thus, the question arises as to what degree the
PERG andthevisual field arelocally correlated: Isthe PERG abnormal only if
the stimulated area containsvisual field defects? Or doesit reflect impairment
of ganglion cell function that is not always detectable in conventional visual
field testing? To answer this question, we have calculated the mean visual
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field defects within the area covered by the PERG stimulus and outside this
area and compared these visua field measures with the PERG response in
patients with early glaucoma.

Subjectsand methods
Classification of the eyes examined

Inclusion criteria for ‘early glaucoma eyes were as follows: visual acuity
> 0.8; intraocular pressure > 25 mm Hg; or > 21 mm Hg if additional risk
factors were present (glaucomain the other eye, family history of glaucoma,
myopia >5 D, cardiovascular disease or diabetes mellitus [but without dia-
betic retinopathy]); and visual fields corresponding to stage | (only relative
scotomata) or stage Il (absolute scotomata, but without connection to the
blind spot) according to the Aulhorn classification [20]. To collect a suffi-
cient number of eyes with normal central fields (normal MDc, see below),
eyeswith ‘peripheral’ defects (defects outside the area covered by the PERG
stimulus) were preferred for inclusion in this study.

We analyzed 40 eyes of 30 patientsin an early stage of primary open-angle
glaucoma. Mean age was 59 + 11 years (range, 25-76 years). Pupils were
not pharmacologically influenced within 1 day before the examination and
were at least 2.5 mm in diameter.

As normal controls we used results from 65 eyes of 43 visually normal
subjects (mean age, 43 + 15 years; visual acuity, >0.8; intraocular pressure,
<22 mm Hg), whose data were collected in the same time range and with the
same equipment as those of the patients.

Simulation

Subjects viewed the stimuli binocularly on avideo monitor with aframe rate
of 73 Hz and a resolution of 480 x 390 pixels. The screen subtended 26°
x 34° of visual angle at a distance of 57 cm. Checkerboards with a mean
luminance of 52 cd/m? and a check size of 0.8° or 13° x 17° (='15°’) were
counterphased at 16 reversals/s, contrast was 98%. We presented the stimuli in
an interleaved block design (‘ stepwise sweep’). Each stimulus was presented
for 6 s. Inthisinterval, 10 sweepsof 500 ms duration were averaged, then the
next stimulus followed. This sequence, comprising the two stimuli, cycled at
least 12 times, resulting in atotal of 120 sweepsfor each condition. A small
cross in the center of the screen served as a fixation point. To control for
fixation and attention, subjects reported random digits that appeared every 5
to 20 sfor 300 msat the fixation point. The entire recording session, including
refraction, lasted less than hour.
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Table 1. Contingency table based on age-normalized PERG amplitude and
PERG index*

No. (%)
Normal eyes  Glaucomatous eyes

Age-normalized PERG amplitude,
all eyes evaluated (V)

>0.73 56 (86) 5(28)

<0.73 9(14) 13(72)
PERG index

>0 56 (86) 6 (33)

<0 9(14) 12 (66)

Age-normalized PERG amplitude,

eyes averaged per subject (uV)
>0.73 37 (86) 5@
<073 6 (14) 11 (69)

* All comparisons p < 0.001, Fisher's exact test.

Recording and analysis

PERG responses were recorded with DTL electrodes [21, 22] placed in the
lower limbus with a gold cup electrode at the outer ipsilateral canthus as
reference. The signal was amplified and filtered with a bandpass of 1.6—-70
Hz (first-order filter, Toennies Physiologic Amplifier). Signalswere digitized
to aresolution of 12 bits at a sampling rate of 435 Hz by a small |aboratory
computer (AT386 compatible), which simultaneously generated the stimuli.
A sweep length of 500 ms contained eight responses of the 16 reversals.
Sweeps were averaged and displayed on-line; those exceeding +100 pV
were rejected as artifacts. Evoked potential amplitude was measured in the
frequency domain as the magnitude at the reversal frequency, using Fourier
analysis. The amplitudes from 0.8° and 15° check size stimulation were
normalized for age[2].

Toevaluatethe PERG, two measureswereanayzed: (1) theage-normalized
amplitudeto 0.8° checksand (2) the ' PERG index’. The 0.8° age-normalized
amplitude was corrected for age by fitting a cumulative gaussian curve [23].
As lower limit of normal, we chose a value of 0.7 pV. With this threshold,
14% of the normal control group would be classified as abnormal (Table 1).
The odd threshold value of 0.73 1,V was chosen to yield the same number
of false positives as with a PERG index threshold of zero (see below). The
PERG index [16,18] was calcul ated by alinear combination of the amplitudes
recorded with check sizes of 0.8° and 15°:

PERGindex = —2.1+ 6.1- Ahg — 3.0 Als,
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Figure 1. Three types of field defects found in glaucoma. The gray checkerboard within the
30° G1 fieldsindicates the size of the PERG stimulus; it divides the field into acentral and a
peripheral area. Normal local thresholds (DV < 4 dB) are indicated by mean defects (DV > 5
dB) by e. Thefigures below each diagram represent the mean field defect in the central (MDc)
or peripheral (MDp) area.

whereAj g and A’} denote the age-normalized amplitudes, measured at check
sizes of 0.8° and 15°, respectively. The three constants were derived by
logistic regression analysis. The PERG index is positive in most normal
eyes and negative in most glaucomatous eyes. It is intended for diagnostic
purposesto classify individual eyesasdonein this study and hasslightly less
interindividual variability than the raw amplitude[24]. In our normal control
group, 14% had a PERG index below zero.

Visual field measures

Visua fieldswere measured with an Octopus 2000 automated perimeter using
the G1 program (+ 30 field). All patients had had prior experience with this
examination. The tabular output of the local defectswas entered into another
computer and averaged separately for two parts of the 60° x 60° field: We
define areal mean defects (MD) intwo areasasfollows. MDc (‘ ¢’ for central)
averages the local MDs over the central 26° x 34° area, and MDp (‘p’ for
peripheral) averages the loca MDs over the surrounding 60° x 60° field
without the central 26° x 34° area. The parts of the visual fields were termed
normal if the MDc or the MDp was < 2.0 dB, and abnormal if the respective
MDswere > 2.0 dB.

Figure 1 illustrates these three types of field defectsin three patients from
this study. The central checkerboard indicatesthe size of the PERG stimulus,
dividing thefield into acentral and aperipheral area. The numbersbelow each
diagram represent the MDc and MDp. The left field displays peripheral and
central defects, the middle displays only central defects and in theright field
defects are confined to the peripheral range, as common in early glaucoma.
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Figure 2. Peripheral versus central field defects. The shaded areas indicate 2 dB, here used
as the border to abnormality. Gross field defects are not confined to either the central or the
periphera region. Mild field defects are preferentially confined to the periphery and spare the
center. Theinset on theright indicatesthe area of interest; eyesfalling into that areaare further
analyzed and depicted in Figure 3b.

Results

To give an impression of the range of field defects covered in this study,
Figure 2 presents the peripheral and central field defectsin all glaucomatous
eyes studied. Obviously, gross defects are not confined solely to the central
or peripheral region. For small defects, the patternis different: there are more
eyes with abnormal peripheral fields (MDp > 2 dB) in which the central
field is till normal (MDc < 2 dB). This preferred population of the ‘area of
interest’ isin part dueto our preferential selection of eyeswith normal MDc.

Figure 3a depicts the relationship between the age-normalized PERG
amplitudes and the two visual field measuresMDc and MDp for all eyes stud-
ied. Largefield defects (MD > 5 dB) are always associated with an abnormal
PERG (normalized amplitude below 0.73 ;1V). Normal visual fields (MD <
2 dB) are associated with either normal or abnormal PERGS.

Our goa was to analyze those eyes that presented normal MD (< 2 dB)
averaged over the area covered by the PERG stimulus. Therefore, we exam-
ined the subgroup of eyesfalling into the ‘areaof interest’ of Figure 2, where
the central visual field wasconsidered normal (MD < 2 dB) andthe peripheral
field was clearly abnormal (MDp > 2 dB). Thus, Figure 3b results (note that
the abscissais rescal ed with respect to Figure 3a). Only 18 eyes (16 patients)
of the 40 eyes in Figure 3a remain, as the peripheral and central defect is
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Figure 3. PERG versus field defect. The abscissa plots the peripheral mean defect (MDp,
squares) or the central mean defect (MDc, dots); the dashed vertical line indicates 2 dB MD;
the ordinate plots the PERG amplitude. Values below the horizontal dashed line or right of
the vertical dashed line are considered abnormal. (a) Large field defects are always associated

with an abnormal PERG.
and abnormal PERGs. (b)

Normal visua fields (MD < 2 dB) are associated with both normal
Only those eyes from (8) are depicted whose central visual fields

(MDc) were normal; of the40 eyesin (a), 18 fulfilled this criterion. Thirteen of 18 eyesdisplay
an abnormal PERG, indicating that the PERG revealed ganglion cell damage not detected by
perimetry at the same location.
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to some degree correlated (see Figure 2), and eyes with normal MDp are
missing aswell. The mean MDc in this group was 0.87 + 1.02 dB; the mean
age was 59.8 + 2.1 years. Although the visua field in the PERG stimulus
areais normal, 13 eyes (11 patients) of these 18 eyes display an abnormal
PERG (normalized amplitude below 0.73; the mean age of this subgroup was
60.2 + 13.0 years). Compared with our normal control group (Table 1), the
probability is below 0.1% that this could have happened by chance (fourfold
table, Fisher’s exact test).

When the analysis is based on the PERG index, the results are similar:
here 12 of 18 eyes with a normal MDc display a pathologic PERG. This
distribution a so differs highly significantly from the control group (Table 1b,
p < 0.1%).

Discussion

We calculated the MD separately in the central area covered by the PERG
stimulus (MDc) and in the more periphera area outside the PERG stimulus
but within the 30° Octopus G1 field. We found that deep defects were always
present in both regions, while mild defects would preferentially occur for
MDp. This is expected, as MDp represents roughly both Bjerrum arcuate
scotomata and enlarged blind spots (see the defect frequency studies, e.g.
[20]). However, in the present study the relative number of visual fields with
damage confined to the periphery is not representative, as we preferentially
selected eyes (by visual inspection of the field plots) with normal MDc.

Comparing visual field defects and PERG measures, we found that deep
defectsare associated with an abnormal PERG. Thisisexpected, asboth visual
field measures and the PERG represent aspects of ganglion cell function. It
ties in with results by Marx and Zrenner [25], who found strongly reduced
PERG responses when scotomata were selectively stimulated.

Analyzing only those eyeswith anormal averagevisual field (MDc) inthe
area of the PERG stimulus, we found 13 of 18 eyes to present an abnormal
PERG. This significant finding (p < 0.001) suggests that the PERG unveils
someimpairment of the ganglion cell function that is not reveal ed by Octopus
perimetry. This may be related to results by Quigley et al. [26], who found
that half of the ganglion cells need to be missing before visual field defects
become obvious.

One possible limitation of the PERG is its age dependency. Trick [27]
and Korth et al. [28] reported a strong amplitude reduction with age, whereas
Wanger and Persson [9] and Bach and Speidel-Fiaux [16] reported no sig-
nificant age dependency. We interpret these differing findings as follows. In
principle, there should be some age dependency, but it may only start above
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a certain age and not be obviousin a linear analysis. We here modeled age
dependency by acumulative gaussian [23], where no sizabl e reduction of the
PERG amplitude occurs before 65 years of age; seven of 18 eyeswith normal
MDc fell in this group. Consequently, any age effect would affect only some
of our eyes. Furthermore, the age normalization should correct for any age
effect. We conclude that age artifacts have not played amajor role.

When results from both eyes of the subjects are analyzed, interocular
correlation needs to be considered to avoid faulty significance estimates
[29, 30]. To test to what degree our results suffer from this limitation, we
reanalyzed both our patients and control subjects, averaging over the eyes
whenever they were from the same patient. Table 1 demonstrates that the
present resultsarestill highly significant, although there are fewer data points.

Our inclusion criteria allowed diabetic patients, which might confound
our findings. However, only in one patient was blood glucose level slightly
elevated (without signs of diabetic retinopathy). In this patient, one eye had
anormal and the other a pathologic PERG index.

At the moment, there are two views about the pattern of visua field
damagein early glaucoma. Originally, the diagnosis of glaucomawas mainly
based on perimetric detection of localized field defects in the Bjerrum area
such as paracentral scotomata, arcuate defects and development of a nasal
step [31-36]. Narrowing of the isoptersin Goldmann perimetry was regarded
as an unreliable sign. However, with the widespread use of computerized
static perimetry, diffuse loss in early glaucoma stages was recognized as
well [37-39]. Caprioli and collaborators [40] were able to detect two distinct
groups of glaucoma patients: the first group showed diffuse depression of
light sensitivity throughout the entire visual field, while the second group had
localized, deep scotomata without depression of the remaining field. Thefirst
group was associated with higher intraocular pressures than the group with
more localized visual field loss.

Wethink that our present results are compatiblewith all these findingsand
could support the following hypothesis [41]: Glaucoma starts with ‘ subclin-
ical’ panretinal damage of the ganglion cells, reflected in the PERG, but not
necessarily in conventional visual field examination [8]. In the progress of
the disease, measurable scotomata appear preferentially in the Bjerrum area,
showing focally pronounced damage.

A morphologic study [26] suggested that a sensitivity loss of 5 dB in
static perimetry within the central 30° of the retina corresponds to a loss of
20% of the retinal ganglion cells. These authors also concluded that a 5-dB
loss within the central 10° corresponded to about 50% loss of ganglion cells.
However, their data were not conclusive as to whether thislossis similar in
the central and paracentral areas and whether cell lossisfocal or diffuse.
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In conclusion, the present results suggest that the PERG reveals begin-

ning ganglion cell damage in incipient glaucomathat may not be evident in
conventional visual field testing. Thus, PERG recording may be of use in
counseling patients with ocular hypertension. This hypothesis needs to be
tested in alongitudinal study of patients with ocular hypertension.

Acknowledgments

This work was supported by the Deutsche Forschungsgemeinschaft (SFB
325, Tp B3) and by the Meyer-Schwarting-Stiftung. We thank Wolf Lagreze
and Jorg Meyer for helpful critical comments on the manuscript.

References

10.

11

12.

13.

14.

Groneberg A, Teping C. Topodiagnostik von Sehstdrungen durch Ableitung retinal er und
kortikaler Antworten auf Umkehr-K ontrastmuster. Ber Dtsch Ophthalmol Ges 1980; 77:
409-15.

Maffei L, Fiorentini A. Electroretinographic responses to alternating gratings before and
after section of the optic nerve. Science 1981; 211: 953-5.

Zrenner E. Physiological basis of the pattern el ectroretinogram. Prog Retinal Res 1989;
9: 427-64.

Bach M, Gerling J, Geiger K. Optic atrophy reduces the pattern-el ectroretinogram for
both fine and coarse stimulus patterns. Clin Vision Sci 1992; 7: 327-33.

Papst N, Bopp M, Schnaudigel O. The pattern evoked electroretinogram associated with
elevated intraocular pressure. Graefe's Arch Clin Exp Ophthalmol 1984; 222; 34-7.
Wanger P, Persson H. Pattern-reversal electroretinograms in ocular hypertension. Doc
Ophthalmol 1985; 61: 27-31.

Porciatti V, Falsini B, Brunori S, Colotto A, Moretti G. Pattern electroretinogram as a
function of spatial frequency in ocular hypertension and early glaucoma. Doc Ophthalmol
1987; 65: 349-55.

Marx M, BodisWollner |, Lustgarten J, Podos S. Electrophysiological evidence that
early glaucoma affects foveal vision. Doc Ophthalmol 1987; 67: 281-301.

Wanger P, Persson H. Pattern-reversal electroretinograms from normotensive, hyperten-
sive and glaucomatous eyes. Ophthal mologica 1987; 195: 205-8.

Trick G. Pattern reversal retinal potentials in ocular hypertensives at high and low risk
of developing glaucoma. Doc Ophthalmol 1987; 65: 79-85.

PriceM, DranceS, PriceM, Schulzer M, Douglas G, Tansley B. Thepattern el ectroretino-
gram and visual-evoked potentia in glaucoma. Graefes Arch Clin Exp Ophthalmol 1988;
226: 542-7.

Trick G, Bicklerbluth M, Cooper D, Kolker A, Nesher R. Pattern reversal electroretino-
gram (PRERG) abnormalities in ccular hypertension; correlation with glaucoma risk
factors. Curr Eye Res 1988; 7: 201-6.

Bach M, Hiss P, Rover J. Check-size specific changes of pattern electroretinogram in
patients with early open-angle glaucoma. Doc Ophthalmol 1988; 69: 315-22.
Weinstein G, Arden G, Hitchings R, Ryan S, Calthorpe C, Odom V. The pattern elec-
troretinogram (PERG) in ocular hypertension and glaucoma. Arch Ophthalmol 1988;
106: 923-8.



262

15.
16.
17.
18.

19.

20.
21
22.
23.
24.

25,

26.

27.
28.
29.
30.
31.

32.
33.

35.
36.
37.
38.

39.

Zrenner E, Ziegler R, Voss B. Clinical applications of pattern electroretinography:
melanoma, retinal detachment and glaucoma. Doc Ophthalmol 1988; 68: 283-92.

Bach M, Speidel-Fiaux A. Pattern electroretinogram in glaucoma and ocular hyperten-
sion. Doc Ophthamol 1989; 73: 173-81.

Wanger P, Persson H. Pattern-reversal electroretinograms and high-pass resolution
perimetry in suspected or early glaucoma. Ophthalmology 1987; 94: 1098-103.

Pfeiffer N, Tillmon B, Bach M. Predictive value of the pattern-electroretinogram in
high-risk ocular hypertension. Invest Ophthalmol Vis Sci 1993; 34: 1710-5.

Marmor M, Holder G, Porciatti V, Trick G, Zrenner E. Guidelines for basic pattern
electroretinography: recommendations by the International Society for Clinica Electro-
physiology of Vision. Doc Ophthalmol 1996; 91: 291-8.

Aulhorn E, Karmeyer H. Frequency distribution in early glaucomatous visua field
defects. Doc Ophthalmol Proc Ser 1976; 14: 75-83.

Dawson W, Trick G, Litzkow C. Improved electrode for electroretinography. Invest
Ophthalmol Vis Sci 1979; 18: 988-91.

Thompson D, Drasdo N. An improved method for using the DTL fibre in electroretino-
graphy. Ophthalmic Physiol Opt 1987; 7: 315-9.

Pfeiffer N, Bach M. The pattern electroretinogram in glaucoma and ocular hypertension:
across-sectional and longitudinal study. Ger J Ophthalmol 1992; 1: 35-40.

Otto T, Bach M. Re-test variability and diurnal effects in the pattern electroretinogram
(PERG). Doc Ophthalmol 1997; 92: 311-23.

Marx R, Zrenner E. Sensitivity distribution in the central and midperipheral visual field
determined by pattern el ectroretinography and harmonic analysis. Doc Ophthalmol 1989;
73: 347-57.

Quigley H, Dunkelberger G, Green W. Retinal ganglion cell atrophy correlated with
automated perimetry in human eyes with glaucoma. Am J Ophthalmol 1988; 107: 453—
64.

Trick L. Age-related dterationsin retinal function. Doc Ophthalmol 1987; 65: 35-44.
Korth M, Horn F, Storck B, Jonas J. The pattern-evoked electroretinogram (PERG):
age-related alterations and changes in glaucoma. Graefes Arch Clin Exp Ophthamol
1989; 227: 123-30.

Ederer F. Shall we count numbers of eyes or numbers of subjects? Arch Ophthalmol
1993; 89: 1-2.

Katz J, Zeger S, Liang K. Appropriate statistical methods to account for similaritiesin
binary outcome between fellow eyes. Invest Ophthalmol Vis Sci 1994; 35: 2461-5.
Aulhorn E, Harms H. Early visua field defects in glaucoma. In: Leydhecker W, ed.
Glaucoma; Tutzing Symposium. Basel: Karger,1967: 151-86.

Drance S. The early field defectsin glaucoma. Invest Ophthalmol Vis Sci 1969; 8: 84-91.
Armaly M. Selective perimetry for glaucomatous defects in ocular hypertension. Arch
Ophthalmol 1972; 87: 518-24.

Werner E, Drance S. Early visual field disturbances in glaucoma. Ann Ophthalmol 1977;
85: 1173-5.

Heijl A. Lack of diffuse loss of differential light sensitivity in early glaucoma. Acta
Ophthalmol 1989; 67: 353-60.

Hart W, Becker B. The onset and evolution of glaucomatous visual field defects. Oph-
thalmology 1982; 89: 268-79.

Anctil JL, Anderson DR. Early foveal involvement and generalized depression of the
visua field in glaucoma. Arch Ophthalmol 1984; 102: 363-70.

Airaksinen PJ, Drance SM, Douglas GR, Schulzer M, Wijsman K. Visual field and retinal
nerve fiber layer comparisons in glaucoma. Arch Ophthalmol 1985; 103: 205-7.
Glowatzki A, Flammer J. Is there a difference between glaucoma patients with rather
localized visual field damage and patients with more diffuse visua field damage? Doc
Ophthalmol Proc Ser 1987; 49: 317-20.



263

40. Caprioli J, Sears M, Miller J. Patterns of early visual field loss in open-angle glaucoma
Am JOphthalmol 1987; 103: 512-7.

41. Bach M, Pfeiffer N, Birkner-Binder D. Pattern-electroretinogram reflects diffuse retinal
damage in early glaucoma. Clin Vision Sci 1992; 7: 335-40.

Address for correspondence: M. Bach, Universitats-Augenklinik, Killianstr. 5, D-79106

Freiburg, Germany
Phone: ++49 (761) 270-4060; Fax: ++49 (761) 270-4052; e-mail:bach@uni-freiburg.de



