Eye Position and Cross-Sensory Learning Both Contribute to Prism Adaptation of Auditory Space
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Introduction Results Results (continued)

Optical prisms shift visual space, and this in turn
induces a gradual adaptive realignment of various
sensory-motor reference frames. For auditory-visual
coordination in particular, prism induced lateral shifts of
visual space produce a corresponding shift in sound
localization in the barn owl (Knudsen and Knudsen,
1985). Although prism adaptation of auditory space has
also been studied in humans, it is unclear whether the
resultant shift in spatial localization can be attributed to an
adaptive response in the auditory system (Lackner, 1976).
Recently, we reported that sound localization shifts by
simply maintaining eccentric eye position. This shift is
robust, time dependent, and spatially broad; it develops
exponentially over minutes in the direction of ocular
deflection and approaches ~40% of eye eccentricity
(Razavi et al., 2007).

Given that eye position itself affects sound
localization, prism adaptation of auditory space may well
reflect contributions of both eye position and cross-
sensory adaptation. Previous examinations of auditory-
visual coherence did not take into account the effect of
optical prisms on ocular deviation. Specifically, while the
visual world is shifted in the direction dictated by the

prisms, the eyes must also shift in the same direction
simply to fixate the same field of targets. Even though the
eyes are free to move, average eye position will shift over
time, and this alone, apart from any shift due to auditory-
visual interactions, will cause a corresponding shift in
sound localization.

We hypothesize that the prism adaptation of auditory
space is comprised of two components: 1) a physiologic
adaptation of auditory space in direct response to a new
average eye position; and 2) cross-sensory adaptive
plasticity, an experience-dependent learning
phenomenon that recalibrates auditory to visual space
over time. We revisited the paradigm of prism adaptation
to test this hypothesis directly and to quantify the efficacy
of these two components. The effect of eye position was
examined in isolation by eliminating meaningful binaural
localization cues normally present in auditory signals
while wearing prisms, thereby disrupting cross-sensory
re-calibration. By comparing this adaptation paradigm to
that with normal binaural hearing, the contribution of eye
position to the overall phenomenon was quantified, while
the remaining difference presumably constitutes a cross-
sensory learning effect.
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Sound localization accuracy (error) across
target locations in one subject (also
represented as an open circle below) during
the Alternating Fixation task (head-fixed
subjects maintained ocular fixation on one
of three red laser-LED spots projected on
the screen and used peripheral vision to
guide the pointer to localize auditory
targets). Two sessions (different days) of
161 trials were parsed into 5 separate but
contiguous epochs. Fixation (red trace)
started at center and then alternated

y(t) = Yo+ a(l-€¥)  petween R and L 20° in Az (0° El). The
green trace reflects the exponential model.
Mean shift for a £20° change in eye position
(including session 2 not shown here)
measures 5.30° in this subject.
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The shift in sound localization
following 1 hour of prism
adaptation (as a % of prismatic
image deviation) correlates well
with the average shift amplitude in
the alternating fixation task (as a
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SUBJECTS: 10 normal humans (4 M, 6 F; 18 i 27 yo).

APPARATUS AND STIMULUS (Fig. A):

1 Test Chamber: dark, echo-attenuated room. % of gaze shiftin eight subjects;

1 Head Orientation: fixed (bite-bar), facing the center of R Pl P P D dashed line indicates perfect
a cylindrical screen of black speaker cloth at 2 m % 20 0 20 40 —20 0 20 correlation).
distance. Binaural Azimuth (deg) Azimuth (deg)

i Target: 8 cm diam. speaker, with a central red LED,
hidden behind the screen and under robotic control.

1 Auditory Stimulus: Broad-band (0.1 7 20 kHz)
Gaussian noise, presented as 150-ms bursts repeating
at 5 Hz, with a 10-ms rise-fall time, randomly varied
between 70 and 75 dB SPL from trial to trial.

i Target Positioning: two-axis robotic arm with a range
of £65° horizontal (Az) x +25° vertical (El).

RESPONSE MEASURES:

9 Subjects manually localized stationary auditory targets
using a red laser-LED pointer mounted on a 2-axis
cylindrical joystick, aligning its beam with the perceived
sound locations.

Response endpoint was registered with a key press.

Subjects were instructed to localize quickly but Mean change in Az localization accuracy (shift magnitude) for both
accurately. diotic & binaural conditions following 1 & 4 hours of prism adaptation

(R & L combined), binned in 10° intervals of target Az. Interestingly,
EXPERIMENTAL PARADIGM:

the small augmentation in shift magnitude between the two time
Auditory localization was studied before, during, and after 4hrs of points of the diotic condition is restricted to the central field of head-
adaptation to either base-R or base-L prisms (20 prism-diopters) that centered auditory space, demonstrating a spatial selectively more
induce an 11° shift L or R, respectively. pronounced than that in the binaural condition. 4 hours = 8.79 + 3.97° binaural 1 hour =
In separate sessions, subjects were exposed to: 1) natural 8.46 + 4.60°; and binaural 4 hours = 12.59
binaural hearing; 2) diotic hearing (portable microphone-amplifier +6.73°).
presented the same monaural signal to both ears via earphones; Fig.
C); and 3) sound-attenuation (44 + 5 dB SPL) using earmuffs and
earplugs (near-deafness). 26 randomly-distributed target locations
were tested (repeated measures design; Fig. B). Six sessions at least
2 days apart were required per subject.

1 For each session, a normal baseline of sound localization was
first established without prisms (Fig. D).

9 Subjects then donned the prisms for 4hrs, during which time
they engaged in normal active behavior in and around the U of
Rochester (noise level ©90 dB SPL), were exposed to bi-modal
(auditory + visual) stimuli in the laboratory, and retested after 1
and 4hrs (mean testing time ~ 7 minutes).

9 Testing occurred without prisms or other devices (always
removed or restored while subjects were on the bite-bar with
eyes closed).
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While localizing auditory targets at Baseline, 1,
and 4 hours, subjects were periodically asked
to indicate the position of head-referenced
i per c estraghté h e a dsing the laser
pointer in darkness.

Prism adaptation of auditory space in one subject.

A Like sound localization, the shift
magnitude of perceived straight-ahead
increases significantly from 1 to 4 hours for
the binaural (p <0.05), but not the diotic (p
= 0.44), condition.

A shift magnitudes for perceived straight-
ahead are comparable to (or larger than)
those of concurrently localized auditory
targets (diotic 1 hour = 5.32 * 4.17°; diotic

Summary and Conclusions

Visual prism adaptation was re-evaluated in a context that includes a newly described
phenomenon of a gaze-dependent auditory localization shift. Our findings support the notion that
the prism adaptation of auditory space depends upon two influences: 1) the effect of displaced
mean eye position induced by the prisms, which occurs early and without cross-sensory
experience (diotic and near-deafness conditions); and 2) a more gradual and experience-
dependent cross-sensory learning in response to an imposed offset between auditory and visual
space, which augments the eye position effect under natural binaural conditions.

Additional support for our hypothesis stems from the close correlation between the shift in sound
localization after 1 hour of prism adaptation and the shift amplitude during the alternating fixation
paradigm. The latter constitutes a pure assessment of the auditory spatial shift induced by ocular
eccentricity.

The perception of straight-ahead shifted after 1 and 4 hours of prism adaptation in a pattern
similar to sound localization, implying a more global effect of prisms beyond that of auditory
space alone.

The shift magnitude in the near-deafness
condition (3.89 + 3.39°) is comparable to that
of both diotic (p = 1.00) and binaural (p =
0.63) conditions following 1 hour of prism
adaptation. Further, prism adaptationat 1 hr is
not influenced by exposure to randomly-
distributed bi-modal stimuli in the laboratory.

Control sessions examined the efficacy of the microphone-amplifier
(diotic) and the earplugs-earmuffs (near-deafness) in eliminating
auditory spatial cues. Linear regression was performed to quantify
spatial gain (slope) of response relative to target positions across
horizontal space (Fig. E). AThe shift magnitude (& accuracy) in
1 Spatial gains in Az fell to near zero for both diotic (0.05 + 0.07) normal binaural condition increases over
and near-deafness (0.03 + 0.21) conditions, in contrast to a time between 1 (5.92 + 2.32°, mean + SD)
normal binaural baseline of 1.19 (+ 0.12, or a 19% overshoot of and 4 hours (10.4 £ 2.60°t; p < 0.01).
target positions). A Sound localization in the diotic condition
does not significantly increase between 1
DATA ANALYSIS: (4.62 + 2.65°) and 4 hours (6.52 + 2.94°; p
9 Data were sorted by prism direction (L or R), auditory input (binaural, diotic, =0.1).
or near-deafness), and adaptation duration (baseline, 1, and 4 hrs). A shift magnitudes are similar between the
1 Accuracy, the error between response and target locations, was normalized two conditions after 1 hour of prism
to baseline for each target. adaptation (p = 1.00), but differ significantly
fThe effect of prism adaptation was quantified as shif ma3ftey # howr(R=Q08. accur acy
in Az) between R and L prism directions across all targets.

Average shift magnitude across subjects, pooled
for all target locations (error bars are SDs):
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