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Abstract

Purpose Objective assessment of visual acuity (VA)

is possible with VEP methodology, but established

with sufficient precision only for vision better than

about 1.0 logMAR. We here explore whether this can

be extended down to 2.0 logMAR, highly desirable for

low-vision evaluations.

Methods Based on the stepwise sweep algorithm

(Bach et al. in Br J Ophthalmol 92:396–403, 2008)

VEPs to monocular steady-state brief onset pattern

stimulation (7.5-Hz checkerboards, 40% contrast,

40 ms on, 93 ms off) were recorded for eight different

check sizes, from 0.5� to 9.0�, for two runs with three

occipital electrodes in a Laplace-approximating mon-

tage. We examined 22 visually normal participants

where acuity was reduced to & 2.0 logMAR with

frosted transparencies. With the established heuristic

algorithm the ‘‘VEP acuity’’ was extracted and

compared to psychophysical VA, both obtained at

57 cm distance.

Results In 20 of the 22 participants with artificially

reduced acuity the automatic analysis indicated a valid

result (1.80 logMAR on average) in at least one of the

two runs. 95% test–retest limits of agreement on

average were ± 0.09 logMAR for psychophysical,

and ± 0.21 logMAR for VEP-derived acuity. For 15

participants we obtained results in both runs and

averaged them. In 12 of these 15 the low-acuity results

stayed within the 95% confidence interval (± 0.3

logMAR) as established by Bach et al. (2008).

Conclusions The fully automated analysis yielded

good agreement of psychophysical and electrophysi-

ological VAs in 12 of 15 cases (80%) in the low-vision

range down to 2.0 logMAR. This encourages us to

further pursue this methodology and assess its value in

patients.
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Introduction

A very frequent referral diagnosis to many electrodi-

agnostic laboratories in ophthalmology is unexplained
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visual loss, possibly with a non-organic component

[1]. This represents a multifaceted and complex

gamut, from malingering to conversion syndrome

(historically called hysterical vision loss), and is

referred to neutrally as ‘‘functional visual loss.’’ While

visual evoked potentials (VEPs) were previously

employed to assist in the assessment of these cases

via the estimation of an objective visual acuity (VA)

measure (e.g., [2, 3] reviewed in [4, 5]), these were

mainly directed at an VA range better than & 1.0

logMAR, exception: [6]. However, visual acuities

markedly worse than that are of particular interest, as

VA values in this range of visual impairment include

categories with implications for legal consequences

and social support. For example (arranged by increas-

ing ‘‘laxness’’),

• In Germany the VA threshold for ‘‘legal blind-

ness’’ is B 0.02VAdecimal : B 1/50VASnellen :
C 1.7 logMAR

• The American foundation for the Blind [7] defines

‘‘legal blindness’’ as a VA of B 20/200VASnellen :
B 0.1VAdecimal : C 1.0 logMAR

• The World Health Organization (WHO) defines

the following H54.x thresholds [8]:

‘‘Moderate visual impairment’’\20/70VASnellen :
\ 0.3VAdecimal :[ 0.5 logMAR

‘‘Severe visual impairment’’\ 20/200VASnellen :
\ 0.1VAdecimal :[ 1.0 logMAR

Such classifications would benefit from an objec-

tive assessment of VA in the low-vision range, e.g.,

based on visual evoked potentials. Previously, the

Bach group devised a VEP-based VA estimation

(‘‘Freiburg Acuity VEP,’’ [5]) based on a fully

automated analysis of responses to stimuli progressing

stepwise through different check sizes that yields an

estimate of VA with confidence limits. They arrived at

an algorithm (the ‘‘stepwise heuristic algorithm’’) that

automatically selects appropriate values from the

check size tuning function which accommodates the

frequent occurrence of an ‘‘amplitude notch’’ for some

combinations of spatial and temporal frequencies

[9–12]. The algorithm derives a limiting spatial

frequency (SF0) via an appropriate scaling factor,

which serves as a surrogate measure of VA (VAdec-

imal & SF0/17.6 cpd). One important feature of their

approach is the derivation of a noise-corrected ‘‘true’’

response amplitude [13–15] and the automatic assess-

ment of the significance of each response [13]. This

removes the effect of interindividual noise variability

andmay explain that a constant scaling factor holds for

the entire range (more on this in Discussion). While

this approach covered a fairly wide VA range [from

decimal 0.2VAdecimal to 2.0VAdecimal (= 0.7 logMAR to

-0.3 logMAR)], it omitted visual acuities below

0.2VAdecimal (0.7 logMAR).

As there is a lack of systematic investigations in the

range of legal blindness, the current study was

designed to probe the possibility to obtain VEP

correlates of VA in the low-vision range, down to a

VA of 0.02VAdecimal (= 1.7 logMAR), i.e., legal

blindness in Germany. Specifically, we aimed to test

whether the range of the ‘‘Freiburg Acuity VEP’’

could be extended accordingly. For a proof of

principle the study population would ideally be

required to meet the following rather specific criteria:

(1) It should cover a narrow VA range around 1.7

logMAR, (2) the affected individuals should have the

same cause of VA reduction, in order to reduce

potentially confounding disease-specific effects, and

(3) it should have good compliance. We here

addressed this challenge by simulating reduced VA

in participants with healthy vision and normal VA by

viewing through diffusers.

Methods

Participants

In total 24 participants with normal (corrected) VA

(C 1.0VAdecimal) were included in the experiment (see

Table 1). Only one eye of each participant was

assessed, in two participants without artificial visual

acuity reduction and in the remaining 22 with acuity

reduction. The study followed the tenets of the

Declaration of Helsinki [19]. The protocol was

approved by the Ethics Committee of the University

of Magdeburg, Germany, and informed consent was

obtained from the participants.

Only two participants were measured with their

normal visual acuity as sufficient reference data were

available from our previous study [5]. For 22 partic-

ipants visual acuity was artificially reduced by scatter

transparencies [image degradation by Bangerter

occlusion foils was not sufficient, so we used frosted

document transparencies (Art Nr. 10916997, Herlitz

PBS AG, Berlin, Germany)] for part of the recordings.
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One disadvantage of scatter transparencies is some

inhomogeneity across the transparency, so care was

taken that the same head posture was kept for VA and

VEP measurements. Uncrowded psychophysical VA

was measured using the automated ‘‘Freiburg Visual

Acuity and Contrast Test (FrACT)’’ [20], a Landolt-C-

based test whose results are equivalent to ETDRS [21],

at the same distance as the VEP stimulation (114 cm

for clear vision and 57 cm for degraded vision).

Psychophysical visual acuities were measured at least

twice for each participant. For degraded vision the

decimal acuities (average across both repetitions)

ranged from 1.92 to 2.18 logMAR, average across

subjects 2.06 logMAR (0.01VAdecimal).

Stimuli

Checkerboard stimuli were presented in brief onset

mode, three frames = 40 ms on and seven fra-

mes = 93 ms off, corresponding to 7.5 Hz. Space-

averaged mean luminance was 45 cd/m2. The contrast

was set to 40% by the following rationale: The contrast

transfer function of the VEP typically saturates early

(e.g., [22]), so a medium contrast is sufficient to evoke

full amplitude. Furthermore, with this rather low

contrast the luminance values do not approach

extreme values and gamma correction of the display

[23] is easily achieved. Thus, luminance artifacts,

always a danger with onset stimuli, are more easily

avoided [24].

Two sets of check sizes were used: one for the

normal VA range (‘‘Acuity_1’’) and one for the low-

vision range (‘‘Acuity_3’’). For Acuity_1 the check

sizes were selected in six logarithmically equidistant

steps from 0.048� to 0.385�, constrained by monitor

resolution: 2 9 2 pixels for the smallest check size,

then 3 9 3, 4 9 4, 7 9 7, 10 9 10, and 16 9 16, the

latter corresponding to 0.385� at the observation

distance of 114 cm. For Acuity_3 the check sizes

were selected in eight logarithmically equidistant

steps from 0.52� to 8.9�; again the values originate

from integer pixel numbers nearest to the log scale.

For seven participants (recording numbers #195 and

higher, see Table 1) a small ninth check size was

added (0.087�), which should be invisible in low

vision. This enabled us to assess the possibility of a

luminance artifact, as no significant responses should

be obtained for this condition in low vision. The exact

check sizes are given in Fig. 1, left of the traces.

For analysis, the check size was converted to spatial

frequency, considering that the dominant spatial

frequency is at 45� to the check orientation, using

the formula [25]:

SF ¼ spatial frequency cpd½ �
¼ 1

. ffiffiffi
2

p
� check size �½ �

� �
:

Thus, the smallest check size of 0.048� contains the
dominant spatial frequency of 14.7 cpd. Each check

size was presented for ten sweeps of 1066 ms length

each; then, the next check size was followed. After the

largest check size, the stimulus sequence repeated. Six

such cycles thus resulted in 60 sweeps or 480 onsets

per check size. This interleaved presentation for the

stepwise sweep reduces the influence of sequential

artifacts (e.g., fatigue). The timing of the stimulation

frequency and the sweep length was designed to

contain only integer relations. There were an integer

number of onsets per sweep (eight onsets), and this

prevented frequency overspill in the subsequent

Fourier analysis [26].

Recording

The EEGwas recorded with gold cup electrodes at Oz,

LO and RO, referenced to FPz. LO and RO were 15%

(of the half-head circumference) left and right of Oz,

following Mackay et al. [27]. Signals were amplified

(50,0009), analog filtered in the range of 1–100 Hz,

cFig. 1 Three participants in three columns. Left per column:

VEP traces, right: frequency spectra (1–100 Hz). Check size

increases from top to bottom and is given in bold left of the

traces. The left column represents data from participant #99 with

full VA (-0.26 logMAR). For the participants in the center and

right column VA was artificially reduced to 2.09 and 2.16

logMAR. The right column is one of the seven cases, participant

#210, with an additional small check size to assess possible

luminance artifacts. Amplitude scales are constant along

columns, but differ between subjects. The vertical gray bar

between columns 1 and 2 indicates that the check sizes differ;

otherwise, the traces are aligned for check size. Significant

responses are indicated by yellow highlighting. #99 shows

strong responses (eight peaks in the 1066-ms epoch), corre-

sponding to a strong 7.5-Hz line in the spectrum for all check

sizes. For the two low-vision examples (#52 and #210) only the

three or two largest check sizes evoke significant responses. The

responses frequently contain alpha activity and some of 50-Hz

(mains) interference, which is not visible in the traces as they

have been filtered with a digital 45 Hz low pass for display

purposes
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and digitized at a rate of 1 kHz with 12-bit resolution.

Averaging was arranged to capture exactly eight

onsets in 1066-ms epochs. Stimulation and recording

employed the ‘‘EP2000’’ Evoked Potentials System

[28]. This program presented the stimuli while it

stepped through the check size sequence, acquired the

signals, displayed them online, checked for and

discarded artifacts (beyond an amplitude window of

± 140 lV), repeated discarded trials, displayed online
averages and online Fourier analysis results, and saved

the records for off-line processing. To ensure subject

alertness random digits from 0 to 9 appeared in
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random intervals of the screen and were reported via

button press by the subjects. When the VA was low,

the participants could not recognize the digit, but

could perceive an event at the fixation position, which

they reported. In order to assess the reproducibility of

the electrophysiological measures obtained the proto-

col was run twice for each participant.

Analysis

The resulting steady-state VEPs were subjected to

Fourier analysis. For each check size (spatial fre-

quency SF) the following measures were obtained: the

magnitude A(SF) at the stimulation frequency

(7.5 Hz) and a noise estimate, i.e., the average of the

response of the two neighboring frequencies (6.5 and

8.5 Hz). Based on these the noise-corrected ‘‘true’’

amplitude A*(SF) [13–15] and the significance of this

response p(SF) [13] were calculated. The resultant

data set of A*(SF) and p(SF) constitutes the input to an

algorithm that calculates a measure that can be related

to the VA obtained by psychophysical means by

means of a stepwise heuristic algorithm as described

previously [5]. This stepwise heuristic algorithm is

designed to find an optimal range for a regression of A*

versus log(SF) to be extrapolated to zero, thus yielding

SF0 (for details and the rule set for the algorithm see

[5]). It must be noted that, due to the nature of the

algorithm, there can be failures to determine SF0.

Thus, the stepwise heuristic algorithm yields a value

for SF0, or failure for each recording. The SF0 values

were previously correlated with the respective psy-

chophysically derived VA [5]. Ultimately, for VA

assessment, this correlation was applied inversely and

appropriate confidence bands were calculated. As a

consequence, VEP acuity is obtained by dividing SF0
by 17.6. Using this dimensionless number 17.6 (a

rounded value of the actual result) the resulting

dimension is ‘‘one over degrees,’’ which, expressed

in minutes of arc, immediately yields a decimal VA. In

logMAR terms the VEP acuity is calculated as

log10(17.6/SF0).

Results

For a qualitative assessment of the check size depen-

dence of the VEPs typical sets of recordings are shown

in Fig. 1. Using the 2008 acuity VEP parameters [5]

data from subject #99, i.e., with clear vision, are

depicted; for the extended acuity VEP parameters, i.e.,

with larger check sizes, data from two participants

with degraded vision (#52 and #210) are shown. The

traces on the left represent amplitude versus time, and

to their right the corresponding magnitude spectra

after Fourier transform are shown. For subject #99,

i.e., with clear vision, the response at the stimulation

frequency of 7.5 Hz is clearly visible and significant

(p\ 5%) for all check sizes. For the subjects #52 and

#210 only the three or two largest check sizes,

respectively, evoke significant responses at 7.5 Hz.

The tuning curves for the responses at 7.5 Hz from

Fig. 1 are presented in Fig. 2. In addition to the data in

Fig. 1 the tuning curves are shown for a repeat run in

each participant (run 2) to give an impression of the

reproducibility. The VEP-based visual acuities are

derived from these tuning curves as the point where

the linear regression line crosses the abscissa, SF0,

multiplied with a previously determined conversion

factor (17.6) [5]. Following the stepwise heuristic

algorithm, for #99 the regression starts on the right

with the rightmost point and extends to low spatial

frequencies. The zero crossing for #99 (clear vision) is

at SF0 = 32.1 and 28.2 cpd. Applying the above

conversion factor, as detailed in Methods, these SF0
result in a VEP visual acuity of -0.2 logMAR (1.6

VAdecimal) for both runs. For #52 and #210 (degraded

vision) the check range tested is, in adaptation to the

smaller psychophysical VA, shifted to larger checks

than for #99. The zero crossing is at SF0 = 0.3 and

0.4 cpd for #52 and at 0.2 and 0.3 cpd for #210, for

runs 1 and 2, respectively. This results in a VA of 1.75

and 1.61 logMAR (0.018 and 0.025 VAdecimal) for #52,

and a VA of and 1.92 and 1.81 logMAR (0.012 and

0.015 VAdecimal) for #210.

Beyond these examples we found the following in

our experimental group with reduced VA: In 15 of 22

(68%) participants with artificially degraded visual

acuity both runs of the heuristic algorithm indicated a

‘‘valid’’ VA, and in 20 of 22 (91%) participants at least

one run resulted in a valid VA. An account of the

reproducibility of these results and the corresponding

psychophysical VAs is given in Fig. 3, where psy-

chophysical and VEP visual acuities are plotted for the

two consecutive runs. As expected the two participants

with clear vision reached clearly better VAs for both

psychophysics and VEPs than the participants with

degraded vision. While it is evident that the
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reproducibility is greater for the psychophysical than

for the electrophysiological measures, it should be

noted that all VA measures for the degraded condition

clearly fall in the low-vision range.

Finally, the relation of the psychophysical and

electrophysiological VAs was analyzed for the 15

participants with degraded vision (i.e., VAs around 2

logMAR) for whom VEP-based VA estimates were

obtained for both repetitions. These results are based

on the average measures from both repetitions and are

given in Fig. 4. For comparison the results reported in

[5] are added (with smaller symbols). In total, 12

(80%) of the 15 reduced vision VAs lie within the 95%

confidence interval determined in [5] for their higher

VA range. There appears to be a slight overall shift to
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Fig. 2 Tuning curves for the VEPs shown in Fig. 1 (run 1) and

a repetition (run 2). The noise-corrected response magnitude at

7.5 Hz is plotted versus the logarithm of the dominant spatial

frequency of the checkerboard stimulus. A significant response

is indicated by stars, circles otherwise. The thick regression lines

are based on the ‘‘stepwise heuristic algorithm’’ [5]. In these

examples the extrapolation to zero amplitude yields a spatial

frequency (SF0) of 32.1 and 28.2 cpd for #99 (runs 1 and 2,

respectively) corresponding, in both cases, to a VA of -0.2

logMAR; for the degraded condition lower SF0s are determined,

corresponding to a VA of 1.75 and 1.61 logMAR (#52), and 0.2

and 0.3, corresponding to a VA of 1.92 and 1.81 logMAR (#210)
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higher acuities for the VEP compared to the psy-

chophysics by about 0.2 logMAR.

Discussion

We extended the Freiburg paradigm for VEP-based

objective VA assessment to lower acuity ranges by

using a set of larger check sizes without any other

changes. Indeed, even for an acuity as poor as & 2.0

logMAR a significant brief onset VEP can be evoked if

check sizes up to 9� are employed. Thus, in 20 of 22

eyes (91%) the automatic analysis procedure indicated

a ‘‘valid’’ result in at least one of the two runs per eye,

and in 15 of 22 (68%) both runs returned a valid result.

In 12 of the 15 eyes with artificially reduced acuity the

VEP result lay within the 95% confidence interval

established for the original paradigm. Those three that

lay outside represented better VA reported by the VEP

analysis than obtained psychophysically.

Operating range of the heuristic VEP algorithm

We were surprised by the robustness of the heuristic

VEP algorithm in largely coping with acuities that are

more than a factor of 10 lower than the range for which

it was originally designed (see Fig. 4). However, the

data suggest that the linear relation between log(dom-

inant spatial frequency) and logMAR acuity seen for

acuities better than 0.5 logMAR (upper right in Fig. 4)

is partially lost for really low acuities (Fig. 4, bottom

left). Maybe this is not so surprising, given that at 2.0

logMAR the corresponding optotype has a diameter of

& 8�, challenging the very concept of acuity. Obvi-

ously, given enough calibration data, the correction

factor might be made variable across the acuity range.

However, as yet we see no strong reason why the linear

relationship between check size and VA should vary

and plan further experiments to explore this region.

Nomenclature in VEP-based objective acuity

assessment and acuity calculation

The term ‘‘sweepVEP’’ seems to have been coined first

by Tyler et al. [16] where indeed a continuous sweep of

a square wave grating’s spatial frequency was

  loa(Psy) = ±0.09 logMAR

  loa(VEP) = ±0.21 logMAR

−0.5

0.0

0.5

1.0

1.5

2.0

2.5
−0.50.00.51.01.52.02.5

VA in test 1 [logMAR]

V
A

 in
 te

st
 2

 [l
og

M
A

R
]

Test type
Psy
VEP

Fig. 3 Test–retest plot for psychophysical (green dots) and

VEP-based VA (red stars). The two participants with clear

vision reached high visual acuities (smaller logMAR values,

note inverted axis) for both psychophysics and VEPs. There is

less scatter for the psychophysical than for the electrophysio-

logical measures. The lines parallel to the gray identity line

represent the 95% limits of agreement (LOA) for the two VA

approaches (psychophysical: dotted green, and VEP: dashed

red)
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Fig. 4 Relation of psychophysical and electrophysiological

VAs (large blue symbols, average of two runs; n = 15) in

comparison with previously published data [5], small gray

symbols. In total 12 of the 15 participants with a VA degraded

to & 2 logMAR lie within the 95% CI determined in [5], three

are outside, with a VEP-based VA that is better than the

psychophysical VA
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presented on an oscilloscope type of display. These and

other authors later replaced this with a ‘‘stepwise

sweep’’ of discrete spatial frequencies or check size,

usually keeping the term ‘‘sweep VEP.’’ The term still

implies a monotonous succession of the spatial

parameter. Other authors used ‘‘bracketing’’ based on

online response analysis [6] and avoided the term

‘‘sweep.’’ We here avoid the term ‘‘sweep’’ as well,

although the interleaved check size sequences are

monotonic.

Another issue in the nomenclature of VEP acuity is

the relation of the (dominant) spatial frequency of the

stimulus to the psychophysical acuity. In psy-

chophysics 30 cpd is equated to an acuity 20/20

Snellen or 1.0 decimal so that VA[logMAR]

log10(threshold spatial frequency/30 cpd) [1]. For

VEP-based thresholds using 30 cpd as denominator

sometimes seems to fit, but frequently not. For a nice

literature discussion of this aspect see [4, Fig. 4],

which shows that the factor for converting VEP

threshold to VA changes across the acuity range. The

latter is undesirable and requires extensive reference

data to determine VA acuities. In the present paper we

confirmed a roughly constant factor across the wide

range of 2.5 log units, i.e., a factor of & 17.6, clearly

smaller than 30. However, we are unsurprised that the

denominator in equation [1] is smaller than 30, and

reasons for this include:

• Lower contrast for the VEP stimulus (rationale in

Methods, Stimuli), whereas psychophysical acuity

is assessed with full contrast.

• Instability of accommodation. Accommodation

tends to vary markedly on a tenths of seconds

time scale with high interindividual variabil-

ity, ± 1–3 D were found during mfVEP recording

[17]. With a typical summation time for 100 ms

for psychophysical acuity [18] brief perfect

accommodation can serve psychophysical acuity,

whereas the prolonged recording time of several

minutes averages perfect and suboptimal accom-

modation, leading on average to a degraded

stimulus and consequent lower acuity estimates.

Transfer to patient applications

Itmust be noted that, to provide proof of principle in the

present study, we simulated low vision in the study

participants with normal vision to guarantee fully

controlled conditions. As evident from tests with the

original acuity VEP paradigm for the upper acuity

range [5], the correlation of VEP acuity and psy-

chophysical acuity becomes less tight for data from

patients as compared to healthy controls with simu-

lated acuity reductions. Consequently the next step to

establish objective low visual acuity testing for clinical

use is to test our low-vision acuity VEP adaptation in

relevant patient groups. Our pilot measurements

targeting this issue indicate that the two acuity

estimates, i.e., from VEP and from psychophysics,

might correspond better in some patients, but less in

others, with a tendency of an overestimation of the

VEP acuities in the latter. Such variabilitymight be due

to different disease mechanisms causing the visual

acuity loss as already reported for the initial acuity

VEP [29]. Finally, it must be underscored that the VEP

paradigm described here is specifically adapted to the

low-vision range. Consequently it is expected to mis-

estimate, likely underestimate, higher acuities, i.e.,

those that fall outside the low-vision range

([ 0.3VAdecimal, i.e.,\ 0.5 logMAR). Systematic stud-

ies addressing these issues will help to identify the

application spectrum of the low-vision acuity VEP and

to ultimately provide a comprehensive framework of

objective low-vision assessment.

All in all, we see our findings as a promising result,

suggesting that even around 2.0 logMAR a low VEP-

based VA outcome indeed can be taken as evidence

that acuity is low indeed, and after having made sure

that optics, especially accommodation, and fixation

are not a cause of concern.
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