Misrouting of the Optic Nerves in Albinism: Estimation
of the Extent with Visual Evoked Potentials
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Purpose. In human albinism a part of the temporal retina
projects abnormally to the contralateral hemisphere. An objec-
tive VEP procedure to quantify the extent of the abnormality
was devised.

MEtHODS. Monocular VEPs were recorded in 16 subjects with
albinism and in 16 controls from occipital electrodes to pat-
tern-onset stimulation in 1 of 10 adjacent rectangular apertures
along the horizontal meridian covering a total of *=27°. For
each eye interhemispheric difference potentials were calcu-
lated and correlated with each other to assess the lateralization
of the responses: positive and negative correlations indicate
lateralization on same or opposing hemispheres, respectively.
Different stimulus conditions were compared to assess the
sensitivity and specificity of the procedure for the detection of
the misrouting of visual projections in albinism.

Resurts. Locations that were affected by the projection abnor-
mality were detected with a specificity of 100% and an average
sensitivity of 97%. In the 16 subjects with albinism tested, the
abnormal projection was confined to the central retina and
varied in extent between subjects (2°-15°; median, 8°). The
extent did not appear to be correlated with horizontal nystag-
mus amplitude or visual acuity.

Concrusions. Because of the great interindividual variability of
the projection abnormality, studies of the contribution of the
abnormally projecting retina to visual perception must be pre-
ceded by the localization of the abnormality. This VEP proce-
dure allowed the authors to identify, with high sensitivity and
specificity, visual field locations that are affected by the pro-
jection abnormality. (Invest Opbthalmol Vis Sci. 2005;46:
3892-3898) DOI:10.1167/i0vs.05-0491

In humans, the nasal retina projects to the contralateral hemi-
sphere, whereas the temporal retina projects ipsilaterally.
Consequently, the line of decussation that divides crossed from
uncrossed fibers normally coincides with the vertical meridian
through the fovea. This normal projection of visual fibers from
the retina is severely disrupted in albinism, where the line of
decussation is shifted into the temporal retina. As a conse-
quence, a great number of fibers from the temporal retina cross
the midline at the optic chiasm and project contralaterally.'™”
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Because of this projection abnormality, the primary visual cor-
tex receives—in addition to the normal input from the con-
tralateral hemifield—abnormal input from the ipsilateral hemi-
field. This abnormal visual field representation makes albinism
a promising model to examine cortical self-organization in
humans, and it is important to understand how and to what
extent visual function of the abnormal cortical visual field
representation is preserved. Before these questions can be
addressed, it is vital to determine whether a distinct visual field
location is actually affected by the projection abnormality. This
is particularly relevant because some early VEP reports on
albinism indicate that only part of the temporal retina is
misrouted.® Moreover, they indicate the possibility of a great
interindividual variability of the extent by which the line of
decussation is shifted to the temporal retina.”

The refinement of VEP paradigms to detect the misrouting
of visual projections in combination with objective analysis
procedures has made the VEP a valuable tool to assist the
detection of albinism in clinical routine. Apkarian et al.'"® com-
pared the interhemispheric activation differences obtained
from occipital derivations for left and right eye stimulation
after simultaneous central stimulation in both hemifields. They
reported a sensitivity and a specificity of 100% for this proce-
dure in the detection of the misrouting of the optic nerves
associated with albinism. This paradigm, which we will refer to
as the standard albino-VEP paradigm, is based on the rationale
that in albinism, the polarities of the interhemispheric differ-
ence VEPs obtained for left and right eye stimulation are in-
verted because each eye predominantly projects to the con-
tralateral hemisphere. In controls, however, the polarities of
the respective interhemispheric difference VEPs are not in-
verted because both eyes project to both hemispheres. Soong
et al."' recently supplemented this approach with a simple
objective analysis. They showed that, as a result of the polarity
inversion, the interhemispheric activation differences for the
two stimulation conditions (left and right eye) are likely to be
negatively correlated in albinism. In control subjects—that is,
in the absence of such a polarity inversion—the differences are
likely to be positively correlated. In their study, Soong et al.'!
detected misrouting in subjects with albinism with a similarly
high accuracy for the Apkarian et al.'® approach and the
correlation approach.

These procedures allow one to detect the misrouting of the
optic nerves objectively with great sensitivity and specificity,
but they do not allow one to differentiate between parts of the
visual field that are misrepresented and parts that are not. We
adapted these procedures to detect the projection abnormality
in a spatially resolved manner, evaluated the specificity and
sensitivity of this approach, and determined the interocular
and intersubject variability of the extent of misrouting. Further,
we tested whether the intersubject variability was related to
visual function and to the VEP asymmetry determined with the
standard albino-VEP paradigm for the detection of misrouted
optic nerves.

METHODS

Within the same recording session, we conducted two VEP experi-
ments in subjects with albinism and in control subjects. In experiment
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1, we recorded VEPs to stimulation in the left or right hemifield and
thus determined the extent of the abnormal representation of the
visual field along the horizontal meridian. In experiment 2, we re-
corded VEPs to simultaneous stimulation in both hemifields and thus
assessed whether the standard albino-VEP paradigm'®'" would reveal
abnormal or normal routing in subjects with and without albinism,
respectively. Apart from stimulus layout and sequence, both experi-
ments were performed under identical conditions.

Subjects

Sixteen subjects with albinism (age range, 22-71 years; 12 men, 4
women) and 16 age- (within 2 years) and sex-matched controls with
normal visual acuity (if necessary, with refractive correction) gave their
informed written consent before the study. The procedures followed
the tenets of the Declaration of Helsinki,'> and the protocol was
approved by the ethics committee of the University of Freiburg in
Germany. Patients with albinism were included after the clinical diag-
nosis of albinism. We determined monocular visual acuity,"® binocular
visual function (Titmus stereo test, TNO test for stereoscopic vision),
and horizontal nystagmus amplitude (with electro-oculography) in
these patients.

Visual Stimulation

Stimuli were generated on a personal computer (Power Macintosh G4;
Apple, Cupertino, CA) with a program based on game sprockets
(Apple)'* and were presented on a cathode-ray tube with a frame rate
of 75 Hz. Left and right eyes were stimulated monocularly in separate
blocks at a viewing distance of 30 cm. Visual stimuli (black-and-white
checkerboard patterns; 98% contrast; mean luminance, 22 cd/m?)
were presented in pattern onset-offset mode (40 ms on, 440 ms off)
because this has been shown to be an effective stimulus in patients
with nystagmus and in those with albinism.'>'® In experiment 1,
stimuli were presented in a randomized order in 1 of 10 adjacent
rectangular apertures along the horizontal meridian (Fig. 1). The ran-
domized presentation order ensured that the participants could not
systematically divert fixation from the fixation target to look at the
presented stimulus patterns. The sizes of the square checks and the
horizontal extents of the stimuli increased with increasing eccentricity
(horizontal extent in left or right hemifield (check size): 0° to 2.5°
(1.2°), 2.5° to 6° (1.2°), 6° to 11.5° (1.4°), 11.5° to 17° (1.8°), 17° to
27° (2.5°); vertical extent: £12°). In experiment 2, both hemifields
were stimulated simultaneously either with a uniform checkerboard
(1.2° check size; check size with high efficiency in the detection of
albinism'®) or with a checkerboard whose check sizes were identical
to those in experiment 1. For the latter, the pattern consequently
consisted of different check sizes, depending on eccentricity along the
horizontal meridian (a composite of the stimulus stripes depicted in
Fig. 1). Both patterns were presented in one of three apertures (hori-
zontal and vertical extent, respectively: =27° and *27°; *27° and
*+12° *=12° and *£12°), resulting in a total of six stimuli. These six
stimuli thus differed in the selectiveness with which they stimulated
the central visual field. In experiments 1 and 2, subjects were in-
structed to look at the center of a red fixation cross that spanned the
entire display.

Electrophysiologic Recordings

VEP Recordings. Electrodes were placed and labeled according
to the international 10-20 System.'” Potentials were recorded from the
four scalp electrodes (O,, O,, PO, and POy) referenced to F,. The
ground electrode was attached to the right wrist. Signals were ampli-
fied, filtered (first-order bandpass, 0.3-70 Hz; Toennies Physiologic
Amplifier, Hochberg, Germany), and digitized to a resolution of 12 bits
at a sampling frequency of 1 kHz on a personal computer (Macintosh
7100; Apple). Using LabView (National Instruments, Austin, TX), sig-
nals were “streamed to disk” and averaged on-line so that recordings
could be monitored.
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FIGURE 1. VEP difference traces indicate the interhemispheric activa-
tion differences for stimulation in the nasal (gray) and temporal retinas
(black) in three subjects with albinism (A; stimulation in the left visual
hemifield) and in one control (B; both hemifields). Opposite polarities
for nasal and temporal stimulation indicate an abnormal representation
(extent is indicated by open arrows), and similar polarities indicate a
normal representation (extent is indicated by filled arrows) of the
respective visual field location. In albinism, the abnormality affected
the central visual field and differed in extent between subjects. In the
control, the polarity did not invert for right (OD) and left (OS) eye
stimulation at the same visual field locations but did invert for stimu-
lation at corresponding locations in opposing hemifields.

EOG Recordings. Spontaneous nystagmus was evident in most
subjects with albinism. We recorded the horizontal electro-oculogram
(EOG) bitemporally to assess the amplitude of the nystagmus during
the VEP recordings and the vertical EOG of the left eye for blink
detection. EOGs were amplified, filtered (first-order bandpass, 0.3-70
Hz; Toennies Physiologic Amplifier), and digitized at a sampling rate of
1 kHz. Horizontal EOGs were calibrated just before the beginning and
at the end of each VEP recording.

Procedure

An entire recording session lasted approximately 3 hours, including
preparation and breaks. Stimuli for experiments 1 and 2 were pre-
sented monocularly in interleaved blocks. Ten (experiment 1 [E1]) or
six stimuli (experiment 2 [E2]) were repetitively presented in random-
ized order in the same block to either the left eye (OS) or the right eye
(OD), 50 (E1) or 62 (E2) repetitions per condition in each block. The
succession of blocks was counterbalanced (a-b-b-a scheme: El g, Elqg,
E205 Elon, Elon, E200, 200, Elon, Elon, E20s, Elos, Elog). A total of
200 or 124 stimuli per condition and eye were presented for E1 and E2,
respectively.

Data Analysis

VEP Analysis. Trials were analyzed offline with Igor Pro (Wave-
metrics, Lake Oswego, OR). Trials with blinks detected with a thresh-
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FIGURE 2. Dependence of the visual
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field representation on eccentricity
along the horizontal meridian for 16
subjects with albinism and 16 controls.
Positive correlation of left and right
eye responses indicates a normal rep-
resentation, and negative correlation
indicates an abnormal representation.
Open symbols indicate values for sub-
jects with albinism for each eccentric-
ity stimulated. Vertical lines along the
zero-line indicate the eccentricity be-
yond which a normal visual field rep-
resentation prevailed. Subjects 1 to 3
are the examples given in Figure 1.
The hatched gray area indicates the
97.5% confidence interval (c.i.) for the
control population (mean and c.i.
were calculated with z-transformed
data and were transformed back for
the illustration). In albinism, the pro-
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old criterion of 100 wV applied to the vertical EOG and the EEG
recordings were discarded. Sweeps were pooled according to stimulus
conditions and were digitally filtered (0 - 40 Hz) before averaging. VEPs
from neighboring electrodes over the same hemisphere were averaged
(O, and PO-; O, and POy) to increase the signal-to-noise ratio. Differ-
ences of the averaged VEPs recorded over opposing hemispheres were
calculated to assess the lateralization of the responses. Difference
traces obtained for each eye were correlated with each other to obtain
Pearson correlation coefficient (r; range, —1 to 1). Thus normal and
abnormal projections of the optic nerves can be distinguished. Posi-
tively correlated traces indicate that both eyes project to the same
cortical regions, and negatively correlated traces indicate that both
eyes project to opposing hemispheres.'" It should be noted that this is
a more objective approach than a single peak analysis, which allows
one to deal with small signal amplitudes. We adjusted the time window
used by Soong et al.'' (from 0 to 200 ms after stimulus onset) for the
correlation of the traces to cover most of the response in the difference
VEP; thus, the window spanned 50 to 250 ms after stimulus onset.

For comparison, we also conducted conventional analysis of the
individual difference VEPs and assessed the peak at approximately 100
ms after stimulus onset. We compared the peak polarity of the differ-
ence VEPs of the left eye and the right eye obtained after stimulation
at the same stimulus location. The same polarity indicated normal
projection, whereas the opposite polarity indicated abnormal projec-
tion. For this analysis, baseline was defined as the mean value of the
averaged trace from 100 ms before to 70 ms after stimulus onset and
was used as zero reference for peak measurements.

EOG Analysis. EOG traces were analyzed offline with Igor Pro
(Wavemetrics). Recordings were digitally filtered (0-40 Hz) and rein-
tegrated to compensate the high-pass filtering (cut-off frequency, 0.3
Hz). Amplitude of the horizontal nystagmus during the VEP recordings
was determined for each eye from the EOG traces recorded during the
stimulation of the respective eye.

Statistical Analysis

Because Pearson’s correlation coefficient () is not normally distrib-
uted, we converted 7 to a normally distributed variable using Fisher
z-transformation for averaging and for determination of the confidence
intervals. We back-transformed the obtained values for the illustrations,
if not otherwise stated. Multiple regression analysis was applied to
assess the correlation of the extent of misrouting determined in ex-
periments 1 and 2. Regressions were subsequently tested for signifi-
cance with Student #test, and the obtained values were a-adjusted for
multiple testing using the Bonferroni correction.

| |

jection abnormality affects the central
10 20

visual field and extends for a variable
extent into the periphery.

RESULTS

Determining the Shift of the Line of Decussation

Examples of the VEP traces for subjects with albinism with
differing degrees of misrouting and for a control subject are
depicted in Figure 1A and 1B, respectively. In the three sub-
jects with albinism, a reversal of the polarity of the interhemi-
spheric activation difference for left compared with right eye
stimulation can be observed in the visual field center. This
polarity reversal indicates the misrouting of the optic nerves,
specifically of the fibers from the central temporal retina. In the
periphery there is an absence of such a polarity reversal,
indicating that with increasing eccentricity the projection of
the optic nerve reverts to the normal pattern (Fig. 1A). For the
control subject, an absence of a polarity reversal is evident for
all eccentricities, demonstrating the normal projection pattern
expected in the control. Although the normal projection pat-
tern does not lead to a polarity reversal for left compared with
right eye stimulation, it does lead to a polarity reversal for
stimulation in the left compared with the right hemifield be-
cause opposing hemifields are represented on opposing hemi-
spheres (Fig. 1B).

Quantification of the Shift of the Line
of Decussation

The polarity of the interhemispheric activation differences for
different stimulus conditions can be quantified objectively by
correlating the differences obtained for stimulation of the left
eye and the right eye with each other.'' The absence of a
polarity reversal (i.e., normal projection) causes the activation
differences to be positively correlated, whereas the presence
of a polarity reversal (i.e., abnormal projection) causes them to
be negatively correlated. In Figure 2, the correlation coeffi-
cients for 16 subjects with albinism are depicted as a function
of stimulus eccentricity. The correspondence of correlation
coefficients and raw traces can be appreciated by comparing
the difference traces of the examples in Figure 1 with their
respective correlation coefficients in Figure 2. For the subject
with a restriction of the polarity reversal to the visual field
center, negative correlation coefficients were only obtained in
the center. For the other two subjects, negative correlations
could be obtained for more peripheral stimuli. The eccentricity
beyond which the normal projection prevails can be deter-
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mined as the eccentricity at which the correlation coefficient
obtains a value of zero (i.e., as the zero crossing of the function
correlation coefficient versus eccentricity). In Figure 2, these
zero crossings are indicated for each of the 16 subjects with
albinism by vertical lines at zero correlation. The distribution of
the data is detailed in the Interocular and Interindividual Vari-
ability of the Shift of the Line of Decussation section.

For comparison, we also determined the projection abnor-
mality with a single peak analysis of the difference VEPs, as
detailed in the Methods section. We did not expect both
approaches to yield exactly the same results because single
peak analysis is particularly error prone in the absence of
pronounced signals. Still we report a remarkably high correla-
tion of the results obtained with these two techniques (P <
0.00001; » = 0.73).

Specificity and Sensitivity of the
Correlation-Based Detection Procedure

The accuracy of the detection procedure was assessed by
determining its specificity from control data and its sensitivity
both from control data and from subjects with albinism. The
specificity of the detection of the misrouting of the optic
nerves is indicated in Figure 2, where the mean correlation
coefficients = 2 SD (97.5% confidence interval) of the 16
control subjects are depicted. It is evident that a correlation
coefficient threshold of 0 allows one to detect the misrouting
with a specificity of 100% (i.e., without false alarms).? To assess
the sensitivity of the detection procedure, one has to deter-
mine the proportion of negative correlation coefficients ob-
tained for a pair of cortical responses that are known to be
localized on opposite hemispheres. Such a measure can be
derived from the control data. In controls, responses to stimuli
in opposing visual hemifields are lateralized on opposing hemi-
spheres. Thus, sensitivity can be estimated for each stimulated
eccentricity by correlating the difference VEPs obtained for
stimulation in the left and the right hemifields at the same
absolute eccentricity. We determined the proportion of nega-
tive correlation coefficients as a measure for the sensitivity
from the control data for the respective eccentricities (0°-2.5°,
2.5°6.0°, 6.0°-11.5°, 11.5°-17.0°, and 17.0°-27.0°): 96.5%,
100%, 100%, 91%, and 88%. The decrease of sensitivity toward
the periphery is likely to be associated with a decrease of the
signal-to-noise ratio of the signals in the periphery. Further,
interhemispheric asymmetries of cortical morphology are
likely to contribute to a reduction of the sensitivities. While the
above sensitivity estimate is derived from control data, a similar
approach can be taken directly with the data from the subjects
with albinism. In albinism, the nasal retinas of both eyes follow
the normal projection pattern and are represented on oppos-
ing hemispheres. A correlation of the interhemispheric activa-
tion differences for stimulation at the same eccentricities of the
nasal retina of both eyes is, therefore, expected to yield nega-
tive correlation coefficients. Indeed, we obtained, in all sub-
jects with albinism and for the 5 visual field positions tested,
negative correlation coefficients (i.e., 100% sensitivity). These
results underscore the high sensitivity of our approach and
indicate that interocular differences within a subject do not
corrupt the correlation analysis. Taking the results for controls
and subjects with albinism together, the data indicate the
following sensitivities for the respective eccentricities (0°-2.5°,
2.5°6.0°, 6.0°-11.5°, 11.5°-17.0°, and 17.0°-27.0°): 98%, 100%,
100%, 94%, and 92% (average sensitivity, 97%).

Interocular and Interindividual Variability of the
Shift of the Line of Decussation

To assess the interocular variability of the shift of the line of
decussation within a subject, we calculated the coefficient of
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variation (SD/mean) for the measured shifts of both eyes and
obtained 23% * 13% as the average coefficient of variation for
the 16 subjects with albinism (for comparison, the coefficient
of variation across all subjects with albinism was 38%). In one
of these subjects, we were able to detect pronounced monoc-
ular eccentric fixation in association with strabismus and ob-
tained a coefficient of variation as high as 43%, which implies
that eccentric fixation might underlie the residual interocular
variability of the extent of misrouting observed in our data. To
reduce the influence of such eccentric fixation on further
analysis, we used the position of the line of decussation as
determined for the habitually fixating eye for further evaluation
of the data set. Obtained values ranged from 2.4° to 15.4°, with
a median of 8°. In 2 (13%) subjects, the line of decussation
shifted by <5° into the temporal retina; in 9 (56%) subjects, it
shifted by 5° to 10°; in 5 (31%) subjects, it shifted by 10° to
15.5°; in no subjects did it shift by >15.5°.

Most of our subjects were identified to have OCA1 albinism.
For these 8 subjects, the shift of the line of decussation ranged
from 5.9° to 12.1° (median, 7.2°). In none of these subjects did
the shift fall short of 5°, indicating the possibility that genotype
might influence the magnitude by which the line of decussa-
tion shifted into the temporal retina. For one of the two
subjects identified as having ocular albinism, the shift did not
exceed 5° (4.9°), whereas it was 13° for the other subject.

Relation between the Shift of the Line of
Decussation and the Detection of Misrouting in
the Standard Albino-VEP Paradigm

The same subjects in whom we quantified the shift of the line
of decussation (experiment 1) were also assessed with the
standard albino-VEP paradigm (experiment 2). In experiment
2, we compared the interhemispheric activation difference
obtained for right and left eyes during simultaneous stimula-
tion in both hemifields applying the same correlation proce-
dure used in experiment 1. We report that in all subjects with
albinism, the difference traces obtained for right and left eye
stimulation were negatively correlated (indicative of misrouted
pathways), whereas the difference traces were positively cor-
related in all control subjects (indicative of normal pathways).
These results confirm previous findings obtained with flash
VEPs in children'' and highlight their relevance for pattern-
onset responses in adults. The effect was robust across the
different stimulus patterns and apertures used (Fig. 3A). In
subjects with albinism, the correlation coefficients were
slightly, but significantly, more negative for the largest aperture
than for the other two apertures used (r: -0.90 vs -0.86; P =
0.002; repeated-measures ANOVA).

These results prompted us to test whether the correlation
coefficients obtained with the standard albino-VEP paradigm
(experiment 2) already indicated the size of the shift of the line
of decussation determined in experiment 1. We tested for such
a correlation between the results of experiments 1 and 2 by
using multiple regression analysis (Fig. 3B) and obtained a
significant negative correlation of the z-transformed correla-
tions for the standard albino-VEP paradigm and the size of the
shift of the line of decussation (P = 0.028). The relationship
was greatest for the unscaled horizontal stripe (a-adjusted, P =
0.012; » = -0.524) and was weakest for the scaled full-field
stimulus (P = n.s.; 7 = -0.316). Hence, there was a correlation
between the results of experiment 1 and those of experiment
2, but this correlation was not strong enough to predict, on a
case-by-case basis, the result of experiment 1 from the results
of experiment 2.
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FIGURE 3. (A) Correlations of left and right eye responses obtained for
simultaneous stimulation in both hemifields (standard albino-VEP par-
adigm) within three apertures (center and periphery, horizontal stripe,
and center; detailed in the Visual Stimulation section) and two test
patterns (unscaled, or uniform checkerboard pattern; scaled, as in
experiment 1) for 16 subjects and 16 controls (mean * 1 SD; data were
z-transformed before averaging and were transformed back for the
illustration). Correlations did not differ across stimulus conditions, but
between subject groups, they were positive for controls and negative
for albinism. (B) The z-transformed correlation coefficients obtained
with the standard albino-VEP paradigm versus the shift of the line of
decussation, as determined in experiment 1 (16 subjects with albinism;
6 different stimulus conditions for the standard albino-VEP paradigm).
The strongest correlation was obtained for the unscaled horizontal
stripe condition (black regression line; regression lines for the other
conditions are dotted).

Relation between the Shift of the Line of
Decussation and Visual Function

Next, we tested for a relationship between the shift of the line
of decussation and visual function. We determined horizontal
nystagmus amplitude, visual acuity, and binocular vision in the
subjects with albinism. As evident from Figure 4, there was no
significant correlation between the extent of misrouting and
the horizontal nystagmus amplitude (» = -0.36) or the loga-
rithmic visual acuity ( = -0.09). For the Titmus stereo test, 6
of 16 subjects tested positive (number of subjects positive for
Titmus fly: 6; for circles of 800" and 400", 4 and 0, respec-
tively), but, because this test contains monocular cues,'® ste-
reovision was also tested with the TNO test for stereoscopic
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vision, which failed to reveal stereovision in any of the 16
patients. The outcome of the Titmus stereo test was not related
to the extent by which the line of decussation was shifted.

Di1sCUSSION

Correlation-based interocular comparison of the interhemi-
spheric VEP differences allows detection of the projection
abnormality typical for albinism in a spatially resolved manner
with 100% specificity and an average sensitivity of 97%. We
report a projection abnormality predominantly in the central
retina and a high degree of interindividual variability of 13°
(i.e., a range of 2° to 15°).

Correlation-Based Interocular Comparison of the
Interhemispheric Activation Difference

The detection of albinism with the interocular comparison of
interhemispheric VEP differences, as initially introduced by
Apkarian et al.,'® requires a single peak analysis and is, there-
fore, error prone in the absence of pronounced signals. An
alternative, more objective analysis to assess whether differ-
ence traces for left and right eye stimulation invert polarity is
the calculation of Pearson’s correlation coefficient, which is
positive in the absence and negative in the presence of the
projection abnormality typical for albinism. Song et al.'' com-
pared the technique of Apkarian et al.'® with the correlation
approach and reported both approaches to have similarly high
accuracy for detecting albinism, thus validating the correlation
approach. In the present study, we used the more objective
analysis with Pearson’s correlation coefficient primarily be-
cause we expected signals to be small, especially for stimula-
tion of the peripheral retina.

There is one potential caveat to the detection of projection
abnormalities with a correlation-based approach. Interocular
latency differences, such as attributed to amblyopia, might shift
the peaks of the difference VEPs obtained for the two eyes
with respect to each other and might thus lead to incorrect
assessment of the projection pattern. We tested directly
whether the correlation results were corrupted by interocular
latency differences. Because the nasal retinas of the left and
right eyes are represented on opposing hemispheres, the in-
terocular correlation coefficients of the difference VEPs to
stimulation of the nasal retinas are expected to be negative (see
the Specificity and Sensitivity of the Correlation-based Detec-
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FIGURE 4. Shift of the line of decussation as a function of nystagmus
amplitude and visual acuity for 16 subjects with albinism. There was no
significant correlation between the magnitude of the shift of the line of
decussation and the horizontal nystagmus amplitude (left panel) and
visual acuity (right panel).
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tion Procedure section). This held for all our subjects with
albinism, thus underscoring the accuracy of the approach. In
addition, a quantitative evaluation showed that interocular la-
tency differences were unlikely to have corrupted the correla-
tion-based approach: given that a difference trace consisted of
a succession of deflections with the negative and positive
peaks separated by approximately 60 ms (see Fig. 1), inter-
ocular latency differences would have to have exceeded 30 ms
for the sign of the correlation coefficient to have been
changed. The interocular VEP delays associated with amblyo-
pia are typically smaller'®*° and are confined to the central 2°
of the visual field.”"

Extent of the Projection Abnormality

Great interindividual variability of the abnormal cortical re-
sponse lateralization is typical for studies based on the standard
albino paradigm.®?? Although these studies do not allow dif-
ferentiation between representation abnormalities of circum-
scribed visual field locations, they motivate the hypothesis that
it might be the extent of the affected visual field that varies
between subjects. Indeed, a variability in the affected visual
field has previously been suggested.” This early VEP study did
not benefit from the use of interocular comparison, the objec-
tivity of a correlation-based analysis, and the avoidance of
systematic fixation deviation, which might contribute to the
fact that abnormalities greater than 20° were reported. Here
we integrated these features in a VEP paradigm and report a
projection abnormality that varies between subjects within a
range of 2° to 15°. This range is supported by a previous
functional magnetic resonance imaging (fMRD-based retino-
topic mapping study that reported abnormalities between 6°
and 14°.?* Cross-validation of both approaches is under way,
and preliminary data indicate a correspondence between the
results obtained with VEP and fMRI. For determining the hor-
izontal extent of the projection abnormality, the VEP paradigm
might be preferable to fMRI-based retinotopic mapping be-
cause it is less demanding of the cooperation of the subjects
and of the analysis procedures involved.***>

Intersubject Variability

Clearly, a larger sample is needed to incontrovertibly assess the
cause and consequences of the variability we observed in the
extent to which the line of decussation is shifted into the
temporal retina in albinism. At present, the data indicate sev-
eral factors. First, the shift of the line of decussation was not
related to the amplitude of the spontaneous nystagmus of these
patients, which suggests that horizontal nystagmus is not a
major confound in our measurements. Second, it would be of
great interest to understand whether the extent of the projec-
tion abnormality is related to visual function. Thus far, we
tested whether the subject’s visual acuity was related to the
extent of the abnormality and failed to discern a relationship.
Third, because none of our subjects showed evidence of global
stereopsis®® in random dot paradigms, it was not possible to
test the hypothesis that residual stereopsis in albinism is me-
diated by residual normal projection and, therefore, is associ-
ated with a particularly small extent of the projection abnor-
mality. For the standard albino paradigm, a correlation
between projection abnormality and clinical features of albi-
nism has previously been reported in a study with 40 sub-
jects.?* It might, therefore, be promising to increase the sam-
ple size to examine a potential correlation between clinical
features of albinism and the extent of the shift of the line of
decussation.

As expected, abnormal lateralization produced more nega-
tive correlation coefficients in the standard albino-VEP para-
digm with increasing extent of the shift of the line of decussa-
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tion along the horizontal meridian. However, the differences in
the correlation coefficients obtained with the standard albino
paradigm for different stimulus apertures was surprisingly
small. Stimulation in the center (+12°) and within a horizontal
aperture resulted in similarly negative correlation coefficients,
whereas slightly more negative values were obtained for the
largest stimulus aperture used. This suggests that central re-
sponses and possibly responses along the vertical meridian
dominate the pattern-onset VEP?” because it is presumably a
vertical stripe in the center of the visual field that is affected by
the projection abnormality.*®

Consequences for the Investigation of Perception

Abnormal input to the albino visual cortex challenges cortical
self-organization. To increase our knowledge of the processes
underlying cortical self-organization, it is of particular interest
to resolve how the abnormal cortical representation of the
temporal retina actually contributes to visual perception. Al-
though visual perception in human albinism has been investi-
gated in a number of studies,”® > only one specifically ad-
dressed perception with the temporal retina.>* In such studies
it was particularly intriguing if evidence of different response
patterns emerged because this appeared to reflect the diversity
of cortical organization patterns known from animal studies.**
Given the great intersubject variability in the extent of the
projection abnormality, an alternative explanation of such re-
sults might be that the test stimulus has in some patients been
applied to the normal part of the temporal retina and in others
to the abnormal part. It is, therefore, vital for the correct
assessment of perception mediated by the abnormal temporal
retina to verify whether the part of the retina under investiga-
tion is actually affected by the projection abnormality.

Cortical Organization Pattern

In animal models of albinism, three different organization pat-
terns of the abnormal representation in the visual cortex have
been described.** One of these patterns, the midwestern pat-
tern, is characterized by suppression of the abnormal genicu-
lostriate input and appears to entail hemianopia of the tempo-
ral retina.>>3° In each of the 16 subjects with albinism in the
present study, cortical responses were evoked by the abnor-
mally projecting temporal retina, as is evident from the nega-
tive correlation coefficients obtained. This is taken as evidence
that the midwestern pattern was not established in these sub-
jects. Indeed, recent fMRI-evidence suggests that the true al-
bino pattern is established in human albinism.*?

It is important to understand how visual perception is
affected by the projection abnormality typical of albinism.
Before such an investigation can be undertaken, the part of the
visual field that is affected by the abnormality has to be iden-
tified. We devised a simple and objective electrophysiologic
tool to identify, with high sensitivity and specificity, visual field
locations that are affected by the projection abnormality.
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