






stretching method, which makes it more immune to the
effects of high frequency noise than the sliding method.

Amplitude
The retinal topographies of N1-P1 amplitude were also
similar in the two channels (fig 5A). The relations of
amplitude and eccentricity one fitted well by power functions
(R2 .0.99: y = 70.60 x20.55 for 10–100 Hz and y = 72.40 x–0.55

for 10–300 Hz). However, as was the case for implicit time,
filtering affected the topography of amplitude standard
deviation: the 10–100 Hz channel had smaller standard
deviations in 50 locations, compared to two locations for
the 10–300 Hz channel (fig 5B).

Consistent with our initial SNR observations, the implicit
times and amplitudes of the normal mfERGs had less
intersubject variability in the 10–100 Hz channel than the
10–300 Hz channel. Since the means and standard deviations
of normative values define the boundaries between normal
and abnormal, we can expect that the 10–100 Hz filter setting
will classify a greater number of patient mfERGs as abnormal
than the 10–300 Hz setting. To test this idea, we examined
diabetics with and without diabetic retinopathy.

Detection of abnormalities in diabetics with NPDR
Implicit t ime
The 10–100 Hz filter setting detected a significantly greater
number of abnormal implicit times than the 10–300 Hz
setting in individual NPDR subjects (paired t test, p ,0.004).
Twelve of the 17 NPDR patients (70%) had a greater number

of implicit time abnormalities detected with the 10–100 Hz
filter setting, only one patient had more detected with the
10–300 Hz setting, and four patients had equal numbers of
abnormalities detected with the two settings (table 1). The
total number of abnormal implicit times detected with the
10–100 Hz filter setting was approximately 18% greater than
with the 10–300 Hz channel (513 v 435). Moreover, the
difference between the channels was more apparent in the
diabetics with less dysfunction. For example, after excluding
the four eyes with the most abnormalities, the 10–100 Hz
setting detected 51.8% more abnormalities than the 10–
300 Hz setting. Although the total number of implicit time
abnormalities detected by the sliding method (396 for 10–
100 Hz; 330 for 10–300 Hz) was less than the number
detected by the stretching method, the difference between
the channels remained: 12 NPDR subjects (70%) had more
abnormalities in the 10–100 Hz channel (paired t test, p
,0.003; table 1).

We next analysed the frequency of implicit time abnorm-
alities at each retinal location. This analysis was performed
on the implicit times measured with the stretching method
because this method is sensitive to localised retinal dysfunc-
tion associated with diabetes and NPDR.9–12 19 The results are
plotted in figure 6 as retinal maps where, in the left and
centre columns, the shading of each hexagonal patch
represents the percentage of subjects with abnormal implicit
times at that retinal location. As expected, for normal
subjects the two channels were very similar and the
maximum frequency of abnormality for each channel was

Figure 4 (A) Normal mean implicit
times. For both stretching and sliding
methods the 10–100 Hz (solid line) and
10–300 Hz (broken line) channels
produce similar mean implicit times at
each eccentricity, although the 10–
100 Hz values are slightly longer. (B)
Comparison of normal implicit time
standard deviations. For both
techniques, the standard deviation of
the 10–300 Hz channel is larger than
that in the 10–100 Hz channel. The
solid hexagons indicate retinal locations
where standard deviations of the 10–
100 Hz responses are smaller than the
10–300 Hz channel by more than 5%,
whereas grey hexagons show where
those of the 10–300 Hz channel are
smaller than the 10–100 Hz by more
than 5%. Open hexagons indicate the
difference between the two channels is
less than 5%.
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,5% (fig 6A). In contrast, there were 23 retinal locations
where ,50% of the NPDR subjects had abnormal implicit
times with the 10–100 Hz filter setting but only 11 locations
with the 10–300 Hz setting (fig 6B). The 10–100 Hz setting
detected abnormalities in a greater number of retinal
locations than the 10–300 Hz setting (x2 test, p ,0.005). In
addition, the distribution of abnormalities differed between
the two filter settings: In the 10–100 Hz channel, implicit
time abnormalities were especially frequent in the inferior
temporal quadrant, whereas the abnormalities were more
diffusely distributed in the 10–300 Hz channel. As can be
seen in the right column of figure 6B, at most retinal

locations the 10–100 Hz filter setting detected implicit time
abnormalities more frequently (solid hexagons) than did the
10–300 Hz setting (shaded hexagons). In the inferior
temporal retinal quadrant, the 10–100 Hz channel produced
both smaller implicit time standard deviations in the normal
subject group (fig 4A) and more abnormalities in the NPDR
subjects (fig 6B) than the 10–300 Hz setting.

Amplitude
The two filter settings also differed in the detection of
abnormal mfERG amplitudes, although the effect of filtering
on amplitude was not as consistent across observers as the
effect on implicit time. The 10–100 Hz setting identified a
total of 339 abnormal amplitudes among the 17 NPDR
subjects, while the 10–300 Hz setting identified 285 (19%
fewer) abnormalities. Eight (47%) of the NPDR subjects had
more amplitude abnormalities in the 10–100 Hz channel
than in the 10–300 Hz channel, whereas only two had more
amplitude abnormalities in the 10–300 Hz channel (table 1).
The paired t test indicated that the 10–100 Hz channel
identified significantly more mfERG abnormalities than the
10–300 Hz setting (p = 0.035).

Detection of abnormalities in diabetics without
retinopathy
Implicit t ime
Despite no evidence of retinopathy, six subjects (50%) had
abnormal implicit times with the 10–100 Hz filter setting,
and this setting identified a greater number of abnormalities
in each of them than the 10–300 Hz setting (table 1). The 10–
100 Hz setting detected 214 implicit time abnormalities,
significantly more than the 175 detected with 10–300 Hz
(paired t test, p = 0.043). A similar pattern of results was
found for the implicit times measured by the sliding method
(table 1).

Figure 6C shows the percentage of the diabetic eyes
without retinopathy that were identified as having abnormal
implicit times at each retinal location. The highest percentage
for both filter settings was 33%. The 10–100 Hz filter setting
produced a higher overall frequency of implicit time
abnormalities than 10–300 Hz (fig 6C, right column and
table 1). For example, there were 42 retinal locations with
frequencies of abnormality >25% in the 10–100 Hz channel
but only 31 locations in the 10–300 Hz channel (x2 test, p
,0.01). On the other hand, the distributions of abnormal
implicit times in the two channels were similar, with
abnormalities usually occurring at the edge of the stimulus
field.

Amplitude
Abnormal mfERG amplitudes were found in 50% of the
diabetics without retinopathy. Five of these subjects had
more abnormalities in the 10–100 Hz channel while only one
had more in the 10–300 Hz channel (table 1). Although there
was a greater total number of abnormal amplitudes in the
10–100 Hz channel (131 v 96 in the 10–300 Hz channel), the
difference within subjects was not significant (paired t test,
p = 0.11). In both channels, amplitudes were most frequently
abnormal in the inferior nasal retina approximately 18
degrees away from the fovea. This quadrant was also affected
most frequently in the amplitude measures for NPDR
subjects, albeit more centrally.

DISCUSSION
The purpose of our study was to examine how two commonly
used amplifier filter settings, 10–100 Hz and 10–300 Hz,
affect standard mfERGs recorded from normal subjects and
patients. In the normal subjects, we compared SNR and
intersubject variability of responses recorded with the two

Figure 5 (A) Normal mfERG amplitude topographies in each channel.
The two channels had nearly identical mean amplitudes at each
eccentricity. The curves fit well (R2 .0.99) by power functions with the
same exponent. (B) Comparison of the amplitude standard deviations
(retinal views): open hexagons indicate where standard deviation of the
10–100 Hz is smaller than the 10–100 Hz channel by more than 5%.
Shaded hexagons show where the standard deviations of the 10–
300 Hz channel are smaller than the 10–100 Hz by more than 5%.
Open hexagons indicate the difference between the two channels is less
than 5%.
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Table 1 Number of diabetic subjects with a greater number of response abnormalities
detected by each pre-amplifier filter setting and mfERG measurement

Number of subjects

100.300 Hz* 100,300 Hz

NPDR (n = 17)
Implicit time Stretching method 12 (70.6%) 1 (5.9%)

Sliding method 12 (70.6%) 1 (5.9%)
Amplitude Stretching method 8 (47.1%) 2 (11.8%)
No diabetic retinopathy (n = 12)
Implicit time Stretching method 6 (50.0%) 0 (0.0%)

Sliding method 5 (41.7%) 0 (0.0%)
Amplitude Stretching method 5 (41.7%) 1 (8.3%)

*In this column, the number of abnormal mfERGs in each eye was greater in the 10–100 Hz channel than in the
10–300 Hz channel.

Figure 6 Frequency plots of abnormal implicit times (retinal views, left eye orientations): For the left and middle columns, the shading in each stimulus
location represents the percentage of subjects with abnormal implicit times. The darker the shading, the greater the percentage of subjects with
abnormalities. The right column indicates the difference in frequency of abnormalities between the two channels. Solid hexagons indicate retinal
locations where more patients had abnormalities in the 10–100 Hz channel than the 10–300 Hz channel. Shaded hexagons show more patients with
abnormalities in the 10–300 Hz channel than the 10–100 Hz channel. (A) For the normal subjects, the maximum frequency is 5% for both channels. (B)
For the NPDR patients, the maximum frequency is 52.9% in the 10–100 Hz channel and 47% in the 10–300 Hz channel. Broader retinal areas in the
10–100 Hz map have high frequencies of abnormalities than in the 10–300 Hz channel, especially in the inferior temporal quadrant. (C) For the
diabetics without retinopathy, in both channels the maximal frequency is 33.3%. The 10–100 Hz channel also has broader retinal areas associated
with high frequency of abnormalities. N = nasal retina; T = temporal retina.
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settings and found that the 10–100 Hz setting provided lower
noise, higher SNR and lower intersubject variability. Using
diabetes and diabetic retinopathy as examples, we then
studied the effect of the two filter settings on detection of
retinal dysfunction and found that the 10–100 Hz setting was
superior for both sliding and stretching implicit time
measurement techniques, regardless of whether implicit time
or amplitude was used to define local functional abnormality.

The small amplitudes of standard mfERGs (in the nV
range) make it essential to minimise noise contamination of
recordings, especially when local responses are analysed to
map retinal function. Noise can be generated by environ-
mental sources such as the 60 Hz mains frequency, switching
transients and electric motors, and also by biological sources
associated with muscle tension and movement. While subject
comfort (muscle relaxation) and low electrode impedance
can reduce noise contamination, our results show that the
choice of pre-amplifier band pass setting is also important.
The results indicate that frequencies above approximately
100 Hz do not contribute significantly to the ‘‘true’’ standard
first order mfERG signal but, rather, they are primarily noise
that contributes to random variability of the response.
Indeed, frequency analysis has shown that first order
mfERG kernel frequencies are concentrated primarily
between 19–47 Hz.7 A study by Keating, et al20 argued that
addition of 15% noise significantly changed mfERG implicit
time and addition of 25% noise significantly changed
amplitude. This suggests that implicit time, a sensitive
measure of retinal dysfunction in many eye diseases, may
be more susceptible to noise contamination than response
amplitude.

Our results suggest that the low noise and high SNR
obtained with the 10–100 Hz setting reduce intersubject
variability in normal subjects and thereby improve the ability
to detect functional retinal abnormalities in patients com-
pared to the 10–300 Hz setting. These findings are especially
interesting when one considers the conservative nature of our
study. The sliding and stretching methods used to measure
the local mfERG implicit times and amplitudes utilise
waveform templates. Because of this, these methods are
much less influenced by noise contamination than measure-
ments of peak implicit time and peak to peak amplitude that
depend only on one or two points on the response waveform.
Another consideration is the fact that diabetes is a relatively
conservative disease example because previous conventional
ERG studies reported preferential losses of high frequency
response components in diabetes21–25 and the standard
mfERG technique does not elicit those frequencies effectively,
even in normal eyes.

In the diabetics with early NPDR, implicit time was most
frequently abnormal in the inferior temporal quadrant. This
finding might be related to ocular blood flow dynamics
because the inferior temporal retina, which is relatively
insensitive to vascular dilation, may be more susceptible to
hypoxia than other areas. Confocal scanning laser Doppler
flowmetry in young healthy people has shown that the
inferior temporal quadrant of the peripapillary retina is less
responsive to vasodilation and more responsive to vasocon-
striction.26 Diabetic retinopathy is a disease of small retinal
vessels, and early characteristic changes in the retinal
vasculature of diabetics are pericyte apoptosis and basement
membrane thickening, resulting in acellular capillaries.27–31 In
diabetics before the development of retinopathy, and in those
with early diabetic retinopathy, retinal capillaries have the
ability to increase ocular blood flow in order to compensate
for the reduced oxygen tension by autoregulation mechan-
isms.32 33 Our results confirm earlier studies showing that
measurement of implicit time is more sensitive to diabetic
retinal dysfunction than measurement of amplitude.9–11 This

finding is independent of the pre-amplifier filter setting. Our
results also indicate that the stretching method of implicit
time measurement is more sensitive to diabetic retinal
dysfunction than the sliding method, confirming our earlier
report.19

In summary, the two band pass filter settings most
frequently used to record the standard mfERG differ
significantly in their noise content, intersubject variability,
and the ability to detect retinal function. These differences
have important implications for clinical application of the
mfERG. Our results suggest that, although high frequency
response components may be valuable when non-standard
mfERG paradigms are used or higher order kernels are
studied,7 16 34–38 the standard first order mfERG should be
recorded using 10–100 Hz rather than 10–300 Hz band pass
filtering.
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