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Abstract

Purpose: We investigate whether a structured probe beam that creates the beacon

for use in a retinal imaging adaptive optics system can provide useful side effects.

In particular we investigate whether a Bessel beam that is seen by the subject as a

set of concentric rings has a dampening effect on fixation variations of the subject

under observation. This calming effect would allow longer periods of observation,

particularly for patients with abnormal fixation.

Method: An experimental adaptive optics system developed for retinal imaging is

used to monitor the fluctuations in aberrations for artificial and human subjects.

The probe beam is alternated between a traditional beacon and one provided by a

Bessel beam created by SLM.

Results: Time-frequency analysis is used to indicate the differences in power and

time variation during fixation depending on whether the Bessel beam or the tradi-

tional beacon is employed. Comparison is made with the response for an artificial

eye to discount systemic variations.

Conclusion: Significant evidence is accrued to indicate the reduced fluctuations

in fixation when the Bessel beam is employed to create the beacon.

Introduction

Traditionally, adaptive optics (AO) systems for the human

eye have used a single beacon which enters the eye as a nar-

row beam and forms a relatively large spot on the retina.

Information about the eye’s aberrations can be obtained by

examining how light from this spot travels back out

through the full ocular pupil to the wavefront sensor

(WFS). The WFS in turn can provide feedback to a correct-

ing element to compensate for the static and dynamic ocu-

lar aberrations and allow, for example, high-resolution

retinal imaging to take place.1 In this simplest implementa-

tion the probe beam itself is distorted by the aberrations as

it travels to the retina, while variable scatter from the retina

distorts its shape and quality. One approach to counter

these incoming aberrations is to pass the probe through the

AO correction system before it enters the eye, resulting in a

tight diffraction-limited spot on the retina when the AO

loop is closed. However, the very weak return from the

retina in flood-illuminated retinal imaging systems may

then be swamped by reflections of the probe from various

optical surfaces. The shape and quality of the probe beam

on the retina may also become an issue if this probe is being

used as a medical beam or to guide a surgical procedure.

We are investigating a new type of probe beam in order

to better control the quality of scatter from the retina, and

be less affected by aberrations on the path into the eye than

by the traditional solution where we can exert control over

its focus depth, and one which subjects can fixate upon in a

more stable way. We believe that a Bessel beam employed

as the probe may provide some of these desirable quali-

ties.2,3

In this paper we describe our experiments which observe

the effects of using the Bessel beam on fixation by the sub-

ject. The beam in our case is visible, but even infrared

beams are apparent to the human subject. To ensure cor-

rection by the AO system is for the same isoplanatic patch

as the retinal field of interest or surgical site the beacon

© 2013 The Authors Ophthalmic & Physiological Optics © 2013 The College of Optometrists 1

Ophthalmic & Physiological Optics ISSN 0275-5408



needs to be placed close by, in which case the beacon itself

could be the fixation target.

We have observed that subjects presented with a Bessel

beam, which forms a set of annular rings on the retina,

were more easily positioned, and in some cases can guide

themselves onto the best centre for retinal observation. This

paper investigates this observation, using the wavefront

reconstruction within the AO system as evidence of its

validity. Such knowledge may aid both diagnosis of, or bet-

ter ophthalmic examination of, subjects who have fixation

difficulties. As these patients are the most likely to require

ophthalmic examination, any ability to detect or stabilise

temporal variation in physiology would be of great benefit

to clinicians. For example, patients with Down and

Williams syndrome,4 Parkinson’s and Hodgkin’s disease, or

toddlers,5 or amblyopia,6 juvenile7 and age related macular

degeneration8–10 patients are known to exhibit abnormal

fixation.11 These are seen as ocular flutter, micro-saccades,

micro-tremors12 and Nystagmus.11 Coarse evaluation of

these is possible through pupil tracking,13,14 fundus imag-

ing and alignment,8,9 but a finer measure would be an

advantage in diagnosis.

Diseases in patients may be detected at early stages by

retinal examination. AO is typically used for pathology

after initial detection, but patient groups who are unable to

fixate for enough time are difficult to examine, and may

put too high a demand on the AO feedback loop as large

variations in tip and tilt are not easily compensated by cur-

rent deformable mirrors. Hence the ability to use the bea-

con in such a way that it effectively calms the fixation

would be clearly advantageous.

This investigation does expose these properties, and to

our knowledge has not yet been utilised in AO systems. Pas-

sive (non AO) fixation targets may well have a similar

effect,15,16 as is evidenced by a substantial body of work that

underlies even the laser safety standards.17 Here the quan-

tity, T2, used in these standards to embody the typical time

that an unconstrained eye can remain stable, is extended for

an extended source or image formed on the retina. A recent

work reports the unique effect a ‘bull’s-eye’ target has on sta-

bility of vision, when compared to other extended targets.18

The use of the illumination within the AO system itself

would seem an ideal approach to extending the fixation

time, and for evaluating the normal and abnormal devia-

tions from fixation-like ocular flutter, micro-saccades, and

pathological causes. The added benefits to controlling the

illumination are described elsewhere.2

Method

Apparatus

The experiment was performed using an adaptive optics

system based upon the pyramid wavefront sensor (PWS),

which has been described in detail elsewhere.2,19 A sche-

matic is shown in Figure 1. The system is designed to mea-

sure and/or correct aberrations in the human eye in-vivo at

675 nm. A range of spatial sampling options are available

depending upon the wavefront sensor CCD pixel binning

setting, but all of this work was carried out at binning set-

ting B4,19 corresponding to 24 samples of the wavefront

across the 6 mm measurement pupil. The speed of the sys-

tem is nominally 63 frames-per-second at this level of spa-

tial resolution. The PWS allows for different dynamic

range/sensitivity settings depending upon the aberrations

of the subject under test; for this work we used two settings,

referred to as M10 and M15. The corresponding root-

mean-square (RMS) wavefront reconstruction errors were

30 and 39 nm respectively. As the primary use for this sys-

tem is to image the retina using green light, the position of

the retinal imaging camera (Andor Luca EM247 Mono;

www.andor.com) is optimised after a dichroic beamsplitter

to maximise collection of 532 nm light. Unfortunately this

means that relatively long exposures (>50 ms) were

required to capture images of the beacon (either conven-

tional or modified) on the retina which is in the red at

675 nm. The transverse magnification from retina to sci-

ence camera is 96.7 for an artificial eye and 96.3 for an

emmetropic human eye. The Bessel beacon required for the

work described in this paper was created using a spatial

light modulator (SLM) placed in a conjugate pupil plane,

enabling application of appropriate phase masks to the

incoming light. This process was described in detail by

Lambert et al.2 Here we adopt the terminology for the

probe beam formed with the SLM with no spatial phase,

b = 0 pixel�1, as ‘Flat’, and with a radial phase of

b = 0.1 pixel�1, as ‘Bessel’.

Measurements

Measurements were carried out on the right eyes of two

volunteers: Subject A (33 years) is very slightly hyperopic

(>0.5 D) and Subject B (46 years) is myopic with a �1.5 D

prescription. All focus errors were corrected with the sys-

tem Badal before storage of any wavefront data. Subjects

were dilated using 1% Tropicamide and stabilised to the

system using a bite bar. Each subject was presented with a

Bessel beacon and asked to fixate upon the centre of the

resulting concentric rings which are visible in the retinal

image plane. A chirp coefficient added to the applied phase

mask allows control over the axial location of best focus;

this was varied to find the setting which gave the sharpest

image of the Bessel rings for the subject. Approximately

15 s of open loop PWS data were stored. The subject was

then presented with the Flat beacon, and another 15s of

open loop data were stored. This was repeated three times

for each subject. For these trials the laser powers measured
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at the cornea were 2 lW for Subject A and 3 lW for Sub-

ject B, both over an order of magnitude lower than the

maximum permissible exposure at the illumination wave-

length of 675 nm (intrabeam viewing).17 This work has

received ethical approval from the National University of

Ireland Galway Research Ethics Committee. All measure-

ments were repeated using an artificial eye for reference.

Results

The beacons visible to each subject depending upon the

SLM settings are shown in Figure 2. These images were

obtained by placing a small monochrome camera (Lume-

nera Lu175M; www.lumenera.com) at the position of the

retina behind a lens of focal length 40 mm. Part (a) shows

the concentric rings that the subject sees for a Bessel bea-

con. The extra rings visible here are due to non-linearities

in optical rendering of the desired phase mask within the

SLM. Part (b) shows the spot from the Flat beacon. Both

the Bessel and Flat beacons occupy the full entrance pupil

(6 mm), both having uniform magnitude across the SLM,

just differing by virtue of the Bessel phase.2 The wide pupil

results in a very tight point spread function on the retina.

In contrast, the conventional beacon used in the AO system

has a beam diameter at the pupil of just 1 mm, resulting in

an aberration-free point spread function (peak to first zero)

of 14 lm.

Bessel images

Figure 3 shows images of these beacons as captured by the

retinal imaging camera located after the dichroic beamsplit-

ter BS2. The top row corresponds to the Flat beacon, while

Figure 1. Schematic of the experimental adaptive optics (AO) system used to perform fixation measurements. The conventional beacon for AO is

indicated by the dashed box, while the modified beacon, shaped by the spatial light modulator and used in this work, is indicated by the solid box.

Lenses in the setup are numbered 1–22; flat mirrors are denoted M and beamsplitters BS; DM is the deformable mirror; SM is the steering mirror used

for range/sensitivity adjust in the PWS; WFS is the wavefront sensing camera; the pupil plane and its conjugates are marked with an x; the retinal

plane and its conjugates are marked with a •. A pupil alignment camera is located after lens 19, while the retinal imaging camera is located after lens

14. The AO system operates in the red at 675 nm, while the optics for retinal imaging are optimized for green light at 532 nm.

(a) (b)

Figure 2. Images of the modified beacon as it appears to the subjects.

Part (a) shows the beacon resulting on application of a phase mask at

the spatial light modulator with Bessel coefficient b = 0.1 pixel�1; part

(b) shows the narrow beacon that results when b = 0 pixel�1. Exposure

times were 4 ms (a) and 2 ms (b) respectively. Scale bars correspond to

200 lm (5 mrad).
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the bottom row images were obtained from the Bessel bea-

con. Parts (a) and (d) show the beacon as it appears on an

artificial retina, parts (b) and (e) show results for Subject A,

and parts (c) and (f) are the images obtained from Subject

B. In all cases the images shown here are the result of regis-

tering 10 frames after subtracting a camera bias frame from

each. Exposure times for the subjects were 50 ms, while

those for the artificial eye were 10 ms (Bessel) and 0.5 ms

(Flat). The adaptive optics loop was not running while

these images were obtained so subject aberrations were not

corrected; the deformable mirror was left in the bias

position. The images shown are consistent with experimen-

tal conditions for the fixation quality trials. Movement of

the subjects within the 50 ms frame time undoubtedly con-

tributes to the blurring of the Bessel structure, as do the

uncorrected subject aberrations, e.g., the myopia of subject

B that is not fully corrected by the Badal stage resulting in a

much wider point spread function than subject A. Scatter-

ing contributes to the large halo. For completeness the tip-

tilt removed RMS wavefront error (averaged over three

15 s recordings) for each subject and beacon is given in

Table 1.

Time variation of Zernike terms

For fixation trials, the open loop data stored by the PWS

were in the form of raw wavefront gradients. These were

post processed to expand the wavefront in terms of Zernike

polynomials (36 terms), where the OSA standard for

labelling of the coefficients is used.20 Figure 4 shows the

reconstructed Zernike y-tip (J1) and x-tilt (J2) terms for

Subject A during a single trial of fixation quality.

Power spectral density

Initially, a spectral analysis of the time-varying RMS total

wavefront error was performed for each subject, after

removal of blinks by manual exclusion of certain time peri-

ods from the RMS traces. This analysis was based upon the

Lomb-Scargle periodogram for non-uniformly spaced

data.21 We found that the Power Spectral Density (PSD)

measured for real eyes had higher magnitude than that

measured for an artificial eye at the same experimental set-

tings, confirming that the energy measured was indeed due

to the dynamic aberrations of the subjects. We also analy-

sed the PSD of Zernike tip and tilt terms individually, as

shown in Figure 5 for both subjects. This figure shows log-

(a) (b) (c)

(d) (e) (f)

Figure 3. Images of the modified beacon obtained through the adap-

tive optics system by the retinal imaging camera. The top row of this fig-

ure corresponds to b = 0 pixel�1, while the bottom row corresponds to

b = 0.1 pixel�1. Parts (a) and (d) are obtained from an artificial eye with

exposure times of 0.5 and 10 ms respectively. The Bessel structure is

clear with a number of concentric rings easily visible. Data from Subject

A are shown in (b) and (e), and from Subject B in (c) and (f). Exposure

times were longer (50 ms) for the real eyes, and each image shown

here was obtained by registration of 10 individual frames. Scale bars

correspond to 100 lm (5.8 mrad assuming f = 17 mm).

Table 1. The RMS wavefront error (tip-tilt reduced) for each test

subject and beacon

Bessel, lm (b = 0.1) Flat, lm (b = 0)

Subject A 0.243 0.331

Subject B 0.214 0.248

Artificial eye 0.194 0.209

Figure 4. Reconstructed Zernike y tip (J1) and x tilt (J2) terms for Sub-

ject A during a single trial of fixation quality. The value of b is indicated

in brackets in the figure legend for each curve. Solid lines with crosses:

b = 0; dashed line: b = 0.1 pixel�1.
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log plots of PSD for J1 and J2 Zernike terms, for Flat and

Bessel beacons. Each curve in the figure is an average over

the three trials run with each beacon type.

Time-frequency analysis

To observe the temporal fluctuations in the Zernike

coefficients of the wavefront reconstruction we need to use

time-frequency analysis. The PSD collates power at each

frequency over the entire observation period, but we expect

this power to vary in its distribution over short periods of

time. Similarly examination of the sampled time signal

shows statistical variance, but it is difficult to ascertain the

rapidity of response that shows as frequency content. We

expect the causes of fluctuation to be non-stationary.

The Matlab function specgram may be used to divide the

time signal into portions, from which the pseudo-instanta-

neous frequency response is obtained using the Fast Fourier

Transform (FFT) over 256 frequency bins. Conditioning of

these portions is obtained by windowing with a Hanning

profile over each collection of 128 data points. A typical

colour coded plot of power vs time and frequency is shown

in Figure 6, for the J2 and in Figure 7 for the J1 Zernike

coefficients. Majority low frequency contribution to the

plots, with little or no time variation in that power, would

indicate a highly stable fixation. Absence or reduced power

at lower frequency, with accompanying increase in power

at higher frequencies would indicate much activity in either

the wavefront estimation or the subject’s optical system.

Temporal variation any of this would indicate non-

stationarity, such a bursts associated with saccades.

To identify the limits of this analysis and for a control

observation, we present the same plots from an artificial

eye illuminated with a Bessel (left) and Flat (right) beacon.

The latter provides a more traditional tight spot on the ret-

ina, modified by the specific aberrations of the subject.

These benchmark the noise floor and the degree to which

the beacon shape interacts with the estimation, in the top

row Subsequent rows illustrate the response by two subjects

respectively.

We present a simpler visualisation of the activity over

time and frequency. For each Zernike coefficient, we

identify the maximum power in any of the six spectrograms

in Figures 6 and 7, and ratio each of them to this value,

xmax. By repeatedly decreasing a threshold by 1 dB, and

counting the fraction of pixels above that level, we form the

cumulative variation with threshold (x-axis) as shown in

Figure 8, for each of (a) J1 (b) J2 (c) J4 (d) J7 and (e) J8

coefficients. The curves are independent of the actual

power in that Zernike term, but we assume a dominant fre-

quency is present in the spectrogram. The curves rise from

the x-axis at different locations, related to the relative maxi-

mum power in each spectrogram. Appropriate comparison

is therefore the spacing between the flat and Bessel curves

for each subject, not the comparison between subjects or to

the artificial eye. Curves closer to the left indicate signifi-

cant activity during the observation. Interpretation of dif-

ferences at the low power levels associated with the artificial

eye to the right should be conducted with caution.

Discussion

Time variation of Zernike terms

Figure 4 shows typical time sequences for the Zernike coef-

ficients, and illustrates that there is significantly more

power in the coefficients J1 and J2 for the Flat compared

with the Bessel beacon, even to the extent in J2 for the Flat

beacon, of exhibiting saccade type responses. Note that the

offset between traces is not so important, as it indicates the

subjects quiescent alignment with respect to the system, but

the wander for the Flat beacon over time in the J1 tip axis

indicates subject specific variation.

Figure 5. Power spectral density (PSD) of individual Zernike terms,

averaged over three trials, for Subjects A and B. Solid line with circles:

J1 at b = 0; dashed line with crosses: J2 at b = 0; solid line: J1 at

b = 0.1; dashed line: J2 at b = 0.1 pixel�1. The small peak in some

curves for Subject A at around 14 Hz is probably due to aliasing of the

SM modulation (100 Hz) sampled by the wavefront sensor at 63 Hz. It

was not visible for Subject B, because this data were taken at a smaller

range setting, therefore smaller amplitude of modulation of the SM

applied voltage.
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Power spectral density

The PSD for both subjects are plotted for tip and tilt signals

for both the Bessel and Flat beacons, for comparison in

Figure 5. The PSD curves for each case are separated verti-

cally, in a similar way to the observations of the artificial

eye. Close observation of the PSD in both subjects, shows

another type of separation between the J1 and J2 curves of

the Bessel (blue-red) and Flat (green-magenta) beacons,

between approximately 0.3 and 3 Hz. Here the Bessel PSD

Figure 6. The time-frequency analysis of the contribution of the tilt (J2) Zernike to the reconstructed wavefronts, is shown for (left) Bessel

b = 0.1 pixel�1 and (right) Flat spatial light modulator b = 0 pixel�1 probes. (top row) Artificial eye, (centre row) Subject A, and (bottom row)

Subject B.

Figure 7. The time-frequency analysis of the contribution of the tip (J1) Zernike to the reconstructed wavefronts, is shown for (left) Bessel

b = 0.1 pixel�1 and (right) Flat spatial light modulator b = 0 pixel�1 probes. (top row) Artificial eye, (centre row) Subject A, and (bottom row) Subject B.

© 2013 The Authors Ophthalmic & Physiological Optics © 2013 The College of Optometrists6
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have a slight plateau rather than following the trend shown

for the Flat beacon. This would indicate the power in the

Bessel response is confined to very low frequency, whereas

the Flat beacon suffers more variation, more frequently.

This could be loosely construed as quiescence with the Bes-

sel. In the presence of the Bessel beacon a detrending for

both subjects between J2 (tilt-x) and J1 (tip-y) PSD, is

noticed in the range 0.1–1 Hz. This might evidence that

there is more variation naturally in the x-direction. It is not

apparent with the Flat beacon, due to the other variations

dominating, whereas the dampening effect of the Bessel

makes it subtly visible.

Time-frequency analysis

The question of whether the fluctuation in the coefficients

is caused by noise in the process that may be coloured by

the type of beacon, or because of subject physiology, is

(a) (b)

(c) (d)

(e)

Figure 8. Measures of the activity in the time-frequency domain for each of the (a) J1, (b) J2, (c) J4 (d) J7, and (e) J8 Zernike contributions to the esti-

mated wavefront. Curves are shown for cumulative power above the threshold (x-axis) in the cases of two subjects and the artificial eye, for b = 0

(Flat spatial light modulator) and b = 0.1 pixel�1 (Bessel).
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answered using time-frequency analysis. The time-fre-

quency plots shown in Figures 6 and 7 are for the tilt (J2)

and tip (J1) coefficients respectively. By comparison the

PSD shown in Figure 5, is the summation of these plots in

the vertical direction, and does not show the bursting phe-

nomena. The same sets for J4, J7 and J8 (not shown) exhibit

much less fluctuation, as also evidenced in Figure 8c–e. For
each subject, the time-frequency variations produce similar

effects in each of the three runs. The top row of each figure

is the benchmark for the PWS estimation using an artificial

eye, and serves to indicate the inherent noise floor for each

probe beam. As the artificial eye is fixed we would expect

any variation, of which there is clearly very little, to be sys-

temic to the PWS estimation, or within the numerical accu-

racy. Note the large range present in both, and the

structural artifacts in the rightmost picture are more than

30 dB below the main power level. The leftmost start at a

lower power, but exhibit a similar range. Both show little

time variation to the power distribution over frequency.

However, for the central and bottom rows the variation is

evident over both time and frequency. Variation in Figure 6,

is most profound for the Flat beacon, both in the lower fre-

quency power fluctuations, and also in burst over a signifi-

cant frequency range, which we attribute to micro-saccades.

Lesser activity for the Bessel beacon, is also coupled with less

bursting, which we argue indicates sustained fixation.

The same trends are evident in Figure 7, where the

Bessel exhibits less variation. The light blue vertical line

feature evident in some plots, is an alias of the pyramid

modulation procedure at 100 Hz. For subject A (centre

row) a blink has occurred during recording as evidenced

by the blank region, and serves to delineate the variation

in power before and after the blink. For example con-

sider the change in colour scheme at low frequency to

bright red just after the blink, and compacting of the

frequency compared with before the blink. This indicates

a renewed fixation even for the Flat beacon. On the

same line the apparent variation for the Bessel is more

perhaps because the power at lowest frequencies is sub-

stantially smaller by comparison, indicating the subject

is centred relative to the optic axis to start. The varia-

tion in power in this case at low frequency is not

accompanied by a burst of higher frequencies as seen in

the saccade cases.

It is fair to say that in all the cases we recorded (two

shown), that the Bessel shows much less temporal and fre-

quency range variation, indicating a more stable subject.

The power in the leftmost columns within each plot of

Figures 6 and 7, decreases to the right.

Interestingly, time-frequency plots for the defocus J4

show extremely small variation regardless of the beacon

type or subject. The Bessel in the artificial eye shows

slightly higher overall power because of the minor con-

fusion the annulus point spread function create in the

PWS, appearing like a defocus itself.2 The lack of varia-

tion can be explained because both subjects are cyclop-

leged, so while they can exhibit whole eye tip and tilt, it

is difficult to get variation in accomodation response

associated with change in defocus. Indeed we believe this

is also why there is not a more defined or regular burst-

ing. We have observed such in non-cyclopleged subject,

as well as variation in pupil dilation at the PWS. We

will report on developments for non-cyclopleged subjects

elsewhere, but in our observations the use of the Bessel

probe has a similar dampening effect on the fixation to

that shown here.

We sought a simple visualisation of the time-frequency

activity to draw conclusions about fixation stability across a

range of aberrations. Figure 8 shows these cumulative

curves, where a curve to the left shows significantly more

variation or activity than curves farther to the right. Curves

that grow to the right of the 40 dB threshold should be

considered inconsequentual as they are close to the inher-

ent noise of the process.

Analysis of these curves for both subjects shows that

the Flat beacon results in more activity than the Bessel in

all cases. The sets in Figure 8 are for J1 (tip), J2 (tilt), J4

(defocus), J7 (coma in y), and J8 (coma in x). In the

cases of J2 and J8 there is significant difference between

Flat and Bessel beacons for both subjects, while the other

coefficients and the artificial eye observations show little

difference based on the type of beacon. Note some curves

hug the x-axis to a lower power than the others in the

same set, and these indicate the power being confined to

extremely low frequencies with little variation. This is the

case for example in Figure 8a for the Bessel response of

subject A (magenta circle trace), where this trace shows

more activity when seen in Figure 7 (left, centre row)

than the other in that set, but clearly with a higher noise

floor than the others. The normalisation of the curves to

the maximum power in any observation, which can be

low, or be little different to the power at other frequen-

cies can distort these curves. It is assumed the power dis-

tribution between spectrograms be similar between types

of probe for each subject, in which case the two curves

for each subject can be compared. The curves should not

be compared between subjects, nor if the spectrogram

shows little structure.

Conclusion

We have performed time-frequency analysis of variation

within the Zernike coefficients and determined that a Bessel

beacon could aid fixation studies by reducing the variance

associated with the traditional beacon, even for cyclopleged

subjects. Reduction in activity is noticed primarily in the

© 2013 The Authors Ophthalmic & Physiological Optics © 2013 The College of Optometrists8
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aberrations associated with the x-axis, e.g., J2 and J8.

Potential gains to clinical use in disease diagnosis could

arise from this type of probe beam in an AO instrument.

Whether the gains are a consequence of the Bessel beam or

are similar to that found with a ‘bull’s-eye’ extended tar-

get18 is an outstanding question, but properties possessed

by a Bessel beam may provide additional significance

beyond stabilising vision.
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