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The incorporation of structured-light techniques into vision science has enabled more-selective probes
of polarization-related entoptic phenomena. Diverse sets of stimuli have become accessible in which the
spatially dependent optical properties can be rapidly controlled and manipulated. For example, past studies
in human perception of polarization have dealt with stimuli that appear to vary azimuthally. This is mainly
due to the constraint that the typically available degree of freedom to manipulate the phase shift of light
rotates the perceived pattern around a person’s point of fixation. Here we create a structured-light stimulus
that is perceived to vary purely along the radial direction and test discrimination sensitivity to inward and
outward radial motion. This is accomplished by our preparing a radial state coupled to an orbital-angular-
momentum state that matches the orientation of the dichroic elements in the macula. By expanding the
range of entoptic images induced by structured light, this method will accelerate the development of
structured-light tools for the assessment and monitoring of macular health.
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Introduction. The preparation, manipulation, and charac-
terization of structured light [1–4] have yielded impact-
ful advances across a wide range of fields, including
applications in high-resolution imaging, optical metrology,
high-bandwidth communication, and material characteri-
zation [5–16]. The backbone of structured-light techniques
is the tailoring of optical wave fronts and the induc-
ing of coupling between different degrees of freedom
to obtain nontrivial propagation characteristics such as
orbital angular momentum (OAM), nondiffraction, and
self-acceleration. Recent work has applied the structured-
light toolbox to the vision sciences [17–20], increasing
the ability to explore entoptic phenomena through the use
of polarization-coupled OAM states. Whereas uniformly
polarized light induces the perception of a “Haidinger
brush” that is a bow-tie-like shape with two azimuthal
fringes [21], the structured light beams were shown to
be capable of inducing a large and varying number of
entoptic azimuthal fringes [17]. A follow-up study showed
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that the visual angle of the polarization-related entoptic
phenomena increases for a higher number of fringes [20].

The human perception of polarization states of light
is enabled by a series of radially symmetric dichroic
elements (macular pigment) centered at the foveola in
the human eye [22–25]. The spatial orientation of the
radially oriented axonal fibers of retinal cells (mainly
ganglion cells and photoreceptors) coupled with mac-
ular pigment effectively forms a weak radial polarizer
within the retinal microstructure [26,27]. This feature has
been exploited by polarized-light studies of central-visual-
field dysfunction and age-related macular degeneration
[28,29], macular-pigment-density profiles [30], and the
location of the fovea [31]. Early detection of age-related
macular degeneration is of particular importance as age-
related macular degeneration is a major cause of blindness
worldwide [32].

Here we explore the use of structured light that induces
the perception of fringes purely varying along the radial
direction relative to the central point of vision. This is
accomplished through the use of structured light that pos-
sesses a coupling between radial states and the l = 2 orbital
state that matches the symmetry of the dichroic macu-
lar pigment. The net result is the perception of entoptic
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radial fringes that move inward or outward relative to the
center point. The macular-pigment profile is azimuthally
symmetric, sharply peaking at the center point of vision.
Therefore, azimuthally varying entoptic motion is along
the direction of constant macular-pigment density, while
radially varying entoptic motion is along the direction
with the most change in macular-pigment density. The
method presented offers a new dimension of exploration
of entoptic phenomena and serves as a complement to
the previous studies that used azimuthally varying fringes.
Harnessing multiple modalities of structured light to reveal
the radial-polarization properties of the human eye may
enable new approaches to the early detection of diseases
that alter macular structure such as age-related macular
degeneration.

Methods. The setup used in this study is described in detail
in Ref. [20]. Here we give a basic overview. The setup
uses a spatial light modulator (SLM) to induce an arbi-
trary phase profile on the incoming beam. The pixel size
of the SLM, and hence the available resolution, is 3 µm. A
4f imaging system in combination with a 20D Volk lens
projects the profile from the SLM onto the participant’s
retina. This microscopy-inspired method ensures that free-
space propagation effects do not occur and alter the stimuli.
If, on the other hand, the beam were allowed to freely prop-
agate until it reached the eye, the doughnutlike diffraction
from the OAM states and the ringlike diffraction from the

circular obstruction would significantly alter the perceived
entoptic profile. A small aperture illuminated by red light is
present in the middle of the stimulus to serve as a fixation
point.

The target transverse wave function of the structured
light beams for this study can be written as

|�〉 = 1√
2
(1 − �[r/c])

[
ei(nrr+�φ+θ t) |R〉 + |L〉] , (1)

where (r, φ) are the transverse coordinates, nr and �

and are the radial and OAM numbers, |L〉 and |R〉 are
the right-circularly-polarized and left-circularly-polarized
states, �[r/c] is the unit pulse function that sets the
size (c) of the central obstruction area, and θ t is a time-
varying phase shift that dictates the speed of the perceived
radial motion. A speed θ = 1800◦/s was chosen in this
study as this corresponds to a temporal frequency of 5
Hz at any spatial location, which allows sufficient motion
within a total presentation of 500 ms. The OAM value
� = 2 was chosen so as to match the symmetry of the
dichroic macular-pigment elements and induce a radial
varying stimulus. The radial number nr = 2π/pr sets the
period (pr) of the radial gradients, and a radial period pr =
20 pixels on the SLM was chosen as it roughly corresponds
to pr = 0.9◦ of the visual field. The spatially dependent
phase and polarization profile of this state is depicted in
Fig. 1(a).
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FIG. 1. (a) The spatially dependent polarization (yellow bars) and phase (blue-black color map) profile of the stimuli used in the
study. (b) Simulated entoptic pattern that would be perceived by a participant with a healthy macula. Although the contrast of the extent
of the visible area may vary from participant to participant, a participant with normal vision will perceive a series of concentric circles.
The eye’s radial filter perceptually removes the spiral feature, and the final percept is that of radial waves. A radial blur is applied
to depict the effect of decreasing macular-pigment density along the radial direction. The clockwise or counterclockwise rotation of
the beam in (a) results in an inward or outward motion of the perceived radial pattern. The experimental stimulus included a central
red-light fixation guide, as shown. Finally, the size of the centrally blocked region, depicted in black, was varied to control the difficulty
of the task and to measure the peripheral extent of sensitivity to radial entoptic motion.
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The entoptic profile that a participant will observe can
be approximated by determination of the intensity after
light whose wave function is described by Eq. (1) passes
through a radial-polarization filter:

I = (1 − �[r/c]) cos2
(

1
2
(2πr/pr + θ t)

)
, (2)

which is depicted in Fig. 1(b). Figure 1(b) also shows the
red-light fixation point and the expected radial blur that
occurs with decreasing macular-pigment density along the
radial direction.

Eighteen participants were recruited to perform a
motion-direction-discrimination task. All participants pro-
vided informed consent and were treated in accordance
with the Declaration of Helsinki. All research procedures
received approval from the University of Waterloo Office
of Research Ethics. Before the main task, all participants
performed a familiarization task in which an obstruction
with a size of 20 pixels was presented ten times. During
these presentations, the stimulus duration was self-timed
so that participants could learn to perform the task—most
participants answered within a 2–5-s presentation win-
dow. All participants achieved at least 70% discrimination
accuracy in the familiarization task.

Participants discriminated the radial motion of the
entoptic pattern, appearing to move either inward or out-
ward. The obstruction region (c) on the SLM was varied
according to a two-up, one-down psychophysical staircase.

(d
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)

FIG. 2. The psychophysical study used a staircase method
where the size of the obstruction was varied according to the
accuracy of the participant’s responses. Shown are data for three
different participants, with reversal points highlighted with a
black outline. Threshold values from this two-up, one-down
staircase, computed from the final six reversal points, are shown
as dotted horizontal lines. The thresholds are converted into
visual-angle units through retinal imaging with the structured-
light stimulus, as described in Ref. [20].
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FIG. 3. Threshold values, plotted in ascending order, for each
participant. The measured mean was 8.2◦ ± 1.4◦ (standard devi-
ation 6.4◦) with a 95% confidence interval of 3.8◦–12.6◦. It was
found that it was noticeably harder for a participant to per-
ceive radial entoptic motion than azimuthally varying motion.
Seven of the 18 participants exhibited three reversals at the per-
formance floor, indicating poor performance. Furthermore, the
mean threshold size indicates that at a comparable eccentric-
ity, roughly 3 times as much entoptic oscillation density was
required to detect radial entoptic motion (this task) compared
with azimuthal motion in Ref. [20].

The obstruction region became larger after two consec-
utive correct responses and became smaller after every
incorrect response. This procedure resulted in an obstruc-
tion size threshold indicating the eccentric extent of suf-
ficient polarization sensitivity to achieve at least 70.7%
performance accuracy. A larger threshold indicates a larger
eccentric range of polarization sensitivity.

A “reversal” was counted when the obstruction region
had been enlarged in previous trials but became smaller in
a subsequent trial or vice versa. The task was completed
after 14 reversals or after 90 total stimulus presentations.
The arithmetic mean of the final six reversals was taken
as the performance threshold. If the participant completed
90 stimulus presentations, then the final point was counted
as a reversal. The initial obstruction size had a radius of
10 pixels and obstructed nothing beyond what the red fix-
ation light obstructed. The obstruction radius was updated
by 30 pixels after the first three reversals, by 20 pixels after
the following three reversals, by 10 pixels after another
three reversals, and finally by 5 pixels for the remaining
reversals. Three examples of staircases with corresponding
thresholds are shown in Fig. 2.

In the last step of the study, two retinal images were
taken, the first with a standard fundus imaging system
and the second with the structured-light imaging sys-
tem, allowing the psycophysically defined threshold to be
converted into degrees of visual angle [20].
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FIG. 4. Entoptic patterns that arise from the perception of stimuli composed of a radial state that is coupled to various OAM states.
As shown, the OAM l �= 2 cases can induce spiral-like entoptic profiles where the magnitude of the OAM value determines the
number of spiral arms, the sign of the OAM value determines the spiral handedness, and the magnitude of the radial value determines
the strength of the spiral winding. The entoptic motion that is varied with a polarization-dependent phase shift would therefore possess
both an azimuthal component and a radial component, providing rich avenues of exploration.

Study results and discussion. Subjective reports from the
participants and authors verify that observers perceive the
stimulus as a series of concentric circles that radiate inward
or outward from the central fixation point. The average
obstruction size threshold (in degrees of visual angle) for
the ten participants with successful staircase convergence
was 8.2◦ ± 1.4◦ (standard deviation 6.4◦) with a 95%
confidence interval of 3.8◦–12.6◦. This demonstrates that
while polarization sensitivity differed between observers, it
could be reliably measured even 4◦ away from fixation. See
Fig. 3 for participant-by-participant and summary results.

Staircases that contain more than three reversal points at
the minimum central obstruction are considered “failed”
and without sufficient sensitivity to measure a reliable
threshold. It was found that most participants had relatively
more difficulty in reliably perceiving the radial motion than
the azimuthal motion, and seven participants failed the
task. Furthermore, one outlier participant, as defined by a
threshold 3 standard deviations from the group mean, was
excluded from analysis on the assumption of confounding
eye movements. A possible cause of the relative difficulty
could be that in comparison with azimuthally varying stim-
uli, where the fringe oscillations are along the direction of
constant macular-pigment density, radially varying entop-
tic motion is along the direction with the most change in
macular-pigment density. Another possible cause could be
that the feature size of the azimuthally varying stimuli nat-
urally scales for eccentricity, potentially compensating for
decreased visual acuity outside of central fixation.

To compare the perception sensitivity of azimuthal and
radial stimuli, we can consider the relative size on the
retina that one oscillation period occupies in each case.
For entoptic motion that is a distance of c/2 away from
the central point of fixation, the oscillation period is πc/N
for azimuthal stimuli while for radial stimuli the oscilla-
tion period is equal to pr and it is independent of c. Connor
et al. [20] considered a stimulus with N = 11 azimuthal
oscillations and reported an average central obstruction
threshold c of approximately 9.5◦, which corresponds to
an azimuthal oscillation period of approximately 2.7◦ near

the obstruction edge, whereas the stimuli in this work pos-
sessed a 3 times smaller radial oscillation period pr of
approximately 0.9◦ and we reported a comparable aver-
age central obstruction threshold of 8.2◦. The variability
of thresholds reported here and in Ref. [20] demonstrates
the range of responses expected from a healthy population.
Similarly to other psychophysical tasks, overall perfor-
mance may also be affected by factors such as fixation
stability, comfort and fatigue, and familiarity with entoptic
phenomena. However, this task is particularly useful as a
probe of the visual processing of a stimulus that is directly
dependent on the macular pigment, potentially capturing
a unique radial dimension of pigment density that has
otherwise never been reported with other entoptic stimuli.

Conclusion. The techniques described here can provide a
complementary set of data when one is analyzing a per-
son’s ability to perceive entoptic stimuli. The addition
of this radial dimension of testing will allow us to per-
form more-accurate characterization and reconstruction of
an individual’s macular structure that is responsible for
the perception of polarization-related entoptic phenomena.
These objective measures may allow greater power to char-
acterize normal and abnormal limits to the extent of the
macula sensitive to polarization-defined entoptic stimuli,
ultimately probing the health of the underlying macular
pigment, which directly supports performance in this task.

Future studies will use stimuli with radial states coupled
to various OAM states. As shown in Fig. 4, the correspond-
ing entoptic profiles can take on a spiral-like shape where
the magnitude of the OAM value determines the number
of spiral arms and the magnitude of the radial value deter-
mines the strength of the spiral winding. We expect this
to be a rich avenue of exploration as the entoptic motion
that is varied with a polarization-dependent phase shift
would possess both an azimuthal component and a radial
component.
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