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Abstract

Non-confocal adaptive optics scanning laser ophthalmoscopy (AOSLO) has enhanced the study of 

human retinal photoreceptors by providing complementary information to standard confocal 

AOSLO images. Previously, we developed the first confocal handheld AOSLO (HAOSLO) 

capable of in vivo cone photoreceptor imaging in supine and non-cooperative patients. Here, we 

introduce the first multimodal (M-) HAOSLO for confocal and non-confocal split-detection (SD) 

imaging to allow for more comprehensive patient data collection. Aside from its unprecedented 

miniature size and weight, M-HAOSLO is also the first system to perform sensorless wavefront 

corrected SD imaging of cone photoreceptors.

The integration of adaptive optics (AO) technology into ophthalmic imaging systems has 

allowed for the dynamic compensation of ocular and system aberrations. Using wavefront 

sensor or sensorless approaches, AO-enhanced retinal imaging systems have achieved near 

diffraction limited performance, enabling the in vivo visualization of retinal cellular and sub-

cellular features [1–8]. In particular, the confocal AO scanning laser ophthalmoscope 

(AOSLO) has enabled reliable rod and cone photoreceptor imaging, presenting the potential 

use for AOSLO images in investigations of retinal disease biomarkers. However, 

conventional AOSLO systems span large optical tables, often require subject stabilization 

mechanisms, and cannot accomodate a variety of subject positions during imaging sessions. 

To address these limitations and extend AO imaging to non-cooperative patient populations, 

we previously developed the first confocal handheld AOSLO (HAOSLO) system that was 

able to resolve individual cone photoreceptors in neonates and supine adults while 

maintaining a compact form factor [9].

As shown in multiple recent studies, confocal AOSLO imaging may result in ambiguity in 

visualization and analysis of retinal photoreceptors [10, 11]. To address this critical problem, 

non-confocal offset aperture AOSLO imaging has been demonstrated to enhance the 

visualization of retinal structures in cooperative adult subjects [6, 12–16]. Specifically, 
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studies have shown that more reliable identification of cone photoreceptors and their inner 

segments is possible by integrating the information obtained from confocal AOSLO with the 

complementary non-confocal split-detection (SD) AOSLO images [10, 11]. Similar to 

differential phase microscopy techniques, non-confocal SD AOSLO utilizes two offset 

channels to collect differentially propagating photons scattered from the cones, thereby 

forming an image featuring cone inner segments [10]. However, the incorporation of non-

confocal SD channels complicates AOSLO system designs. Thus, despite being shown to 

enhance visualization of a variety of anatomic and pathological features, incorporating non-

confocal channels into AOSLO setups has only been demonstrated in tabletop systems.

Here, we extend our HAOSLO probe to demonstrate the first use of SD imaging in a 

compact, portable handheld system (216 g) and to expand multimodal (confocal and non-

confocal) AOSLO imaging to more flexible patient imaging scenarios. We adapted the 

collection channel of our previous confocal HAOSLO probe [9] to enable simultaneous three 

channel detection. The system schematic in Fig. 1a displays the polarization-gated 

illumination and collection channels of this lens-based system. A 774±5nm 

superluminescent diode (IPSDD0702C, Inphenix Inc.) illuminated the retina, and a custom 

fiber bundle (Gulf Photonics Group) collected confocal and two channels of laterally offset 

non-confocal light from the retina. The trifurcated fiber bundle contained 19 multimode 

fibers (MMFs) with 50 μm core diameters (Fig. 1a, inset) arranged in a tight hexagonal 

pattern. The offset fibers were symmetrically divided into two sets of 8 MMFs and routed to 

two trans-impedance amplifiers (HCA-40M-100K-C, Electro Optical Components Inc.) and 

photomultiplier tubes (H7422–40, Hamamatsu) while the central MMF was routed to an 

avalanche photodiode (C12703, Hamamatsu) for confocal signal detection.

A microelectromechanical systems (MEMS) mirror (A5L2.1, Mirrorcle Technologies) 

scanned the beam across a 1.0°×1.0° field of view (FOV) on the retina. The mirror operated 

in resonance at 1704 Hz on the fast axis, while the slow axis was set to 6.8 Hz to achieve a 

frame rate of 6.8 Hz. HAOSLO’s theoretical full-width-at-half-maximum spot diameter of 

2.3 μm was maintained from [9]. Lens reflections in the confocal channel were suppressed 

via confocal and polarization gating using a polarizing beam splitter (1000:1 extinction ratio, 

PBS052, Thorlabs, Inc.) [9]. To further suppress lens reflections in the non-confocal images, 

we added a linear polarizer (10000:1 extinction ratio, LPNIR050, Thorlabs, Inc.) in the 

collection path. An achromatic focusing lens with a 40 mm effective focal length (EFL) (45–

790, Edmund Optics) created an effective confocal pinhole of 2.18 Airy disk diameters 

(ADDs) and non-confocal channels with collection up to 13.54 ADDs.

A compact deformable mirror (DM) (DM69, ALPAO) [9] was used as the adaptive 

component allowing for dynamic wavefront correction. Unlike previously described SD 

imaging systems [10, 15, 16], optical aberrations were estimated and corrected without a 

wavefront sensor by using our previously described stochastic Zernike gradient descent 

(SZGD) algorithm [9] until the mean intensity of the acquired confocal image was 

maximized.

Before each imaging session, a model eye, consisting of a 25 mm EFL achromatic lens (49–

786, Edmund Optics) and a paper retina imaging target, was used to calibrate for system 
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aberrations. The SZGD algorithm optimized the DM shape until the confocal image 

intensity was maximized. The collection fiber bundle was translated along three axes to 

further optimize the confocal image. This DM shape was saved as the initial state for human 

imaging.

Unlike conventional tabletop AO systems with dedicated stabilization mechanisms, M-

HAOSLO introduces handheld motion from the operator resulting in substantial inter- and 

intra-frame motion. To correct for this, we developed a custom image processing pipeline for 

images collected in handheld mode. After manual reference frame selection, each additional 

confocal frame with a resolved cone mosaic and corresponding FOV was registered using 

control point-based strip registration. The control points were manually selected cone 

photoreceptors. Then, local SIFT based registration was performed to enhance the 

registration results and improve the final averaged images [17]. Corresponding SD images 

were co-registered using the confocal registration parameters. For the stabilized imaging 

sessions (see below), in place of our semi-automatic method, an automatic cross-correlation 

strip registration method was used [18].

We imaged the right eye of four healthy adult subjects that were either mildly hyperopic or 

emmetropic. Dilation was performed using 0.5% tropicamide and 5% phenylephrine. The 

optical power incident on the subject cornea was 0.48 mW or less, within the most 

conservative limits of the ANSI Z136.1–2014 power standard for 8 hours of exposure [19]. 

Subjects were consented under a Duke University Hospital System Institutional Review 

Board approved protocol and adhered to the tenets of the Declaration of Helsinki. Imaging 

sessions lasted under 1 hour.

Each imaging session consisted of three stages—stabilized chinrest mode, upright handheld 

mode, and supine handheld mode. First, the probe was mounted on a converted slit lamp 

table with chin and forehead rest, providing basic subject stabilization, to serve as a 

benchmark test of M-HAOSLO and demonstrate its ability to be used as a tabletop system. 

An LED fixation target, placed on the opposing wall and visible to the non-dilated left eye, 

allowed for imaging approximately 3–5° temporal to the fovea. Subject alignment consisted 

of initial coarse defocus correction followed by enabling the SZGD algorithm for higher 

order aberration correction. Following wavefront correction, confocal and two non-confocal 

channel images were collected using LabVIEW software modified from [9]. Each SD frame 

was calculated in post-processing as the difference of the two offset channel images divided 

by their sum [10]. Following stabilized imaging, the probe was used in handheld operation 

mode to image the subject in an upright, sitting position. The LED fixation target remained 

on the wall, but the exact retinal eccentricity of the collected frames was not known due to 

the involuntary head motion of the volunteer. The change in position (and image FOV) 

necessitated the re-optimization of the wavefront during imaging. The final stage of imaging 

was the handheld use of M-HAOSLO in a supine position. The subjects transitioned to a 

fully reclined chair and fixated on an LED placed on the ceiling.

During a stabilized imaging session, we investigated confocal and SD image quality during 

SZGD convergence in a healthy emmetrope (Fig. 2). After initial defocus correction, the 

sensorless algorithm was started. Until plateauing after 8 seconds, we observed that the 
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confocal mean intensity increased (Fig. 2a) as the non-confocal mean intensity decreased 

(Fig. 2b), suggesting that backcoupling of singly scattered light into the pinhole improved as 

the DM shape optimized. At various times, we acquired between 20–80 high resolution 

frames to create 5 frame averaged confocal and SD images. Following methods from [20], 

we analyzed the radially averaged image spatial frequencies and observed that Yellott’s ring 

(a key imaging biomarker of cone density [20, 21]) became sharper with improved contrast 

over time (Fig. 2f–h, o–q). This is revealed in the increasing spectral sharpness [22] and 

spectral peak heights in the radial cross section plots (Fig. 2i–k, r–t) resulting in improved 

identification of the cone modal frequency. Thus, the confocal-only optimization metric 

resulted in joint improvement of confocal and SD images.

Stabilized imaging results displaying the cone mosaic are shown in Fig. 3. Subject 1 (S1) 

was a 26-year-old hyperope, and subject 2 (S2) was a 31-year-old emmetrope. Results from 

subject 3 (S3), a 24-year-old emmetrope, are shown in Fig. 4 with M-HAOSLO used in 

upright handheld mode. Despite added motion from the subject (non-stabilized head) and 

imager (hand), which reduced the number of frames collected from the same FOV, the cone 

mosaic in confocal images and cone inner segments in SD images were clearly visualized. 

Figure 5 shows images from three supine subjects. Due to the more stable supine position, 

more images with corresponding FOVs were captured, enabling the creation of a mosaic 

from S4, a 24-year-old emmetrope (Fig. 5c–d). S1 and S3 results are shown in Fig. 5a–b and 

5e–f, respectively.

We achieved the first demonstration of a compact and handheld AOSLO capable of 

simultaneous non-confocal SD and confocal imaging of cone photoreceptors. Although M-

HAOSLO’s compact lens-based design and sensorless wavefront estimation is not expected 

to achieve the image quality of tabletop SD AOSLO systems, M-HAOSLO presents the 

potential of reaching previously excluded patient populations, such as bedridden adults or 

children. The diagnosis and treatment of these populations could benefit from the more 

comprehensive data collection provided by M-HAOSLO. Also, to the best of our knowledge, 

this is the first demonstration of wavefront sensorless AO to collect SD images in the human 

eye. Thus, M-HAOSLO serves as a platform for SD imaging based on wavefront estimation 

rather than wavefront measurement. Beyond this pilot study, further investigation on subjects 

with a compromised cone mosaic and direct comparison to measurements from tabletop 

AOSLOs would allow for investigation of SZGD’s robustness for AOSLO imaging. In such 

cases, a joint optimization approach utilizing both confocal and non-confocal channel 

information may produce optimal results. A future direction of this work is to investigate the 

visualization of retinal pigment epithelial cells using dark-field imaging, which is expected 

to be most successful in the foveal region [23].
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Fig. 1. M-HAOSLO Imaging System:
(a) System schematic detailing custom fiber bundle, enabling three channel (confocal and 

dual-channel non-confocal) light collection. ADD: Airy disk diameter, APD: avalanche 

photodiode, DM: deformable mirror, FM: fold mirror, LP: linear polarizer, MMF: 

multimode fiber, PBS: polarizing beam splitter, PC: polarization controller, PM: 

polarization-maintaining, PMT: photomultiplier tube, QWP: quarter wave plate, SLD: 

superluminescent diode, SMF: single mode fiber, TIA: transimpedance amplifier, and TFB: 

trifurcated fiber bundle. End-on view of fiber bundle that displays packing of 19 MMFs with 

50 μm core diameter. (b) Rendering of probe displaying lightweight and compact skeleton 

design with the beam path shown in red. Dimensions: 12.3 cm x 5.3 cm x 14.4 cm. (c) 

Photograph of enclosed probe ready for handheld operation.
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Fig. 2. Optimization of confocal and SD images during sensorless wavefront correction:
(a) Mean intensity of confocal channel and (b) non-confocal channels as DM converged to 

the optimal shape in a healthy emmetrope, subject 3. Nine trials were taken in which 

convergence was stopped at various time points. Error bars display standard error in 

intensity value. Orange, purple, and green indicate t= 0, t= 5.66, and t= 21.16 s, respectively. 

(c-e) Confocal images averaged from 5 frames each and their (l-n) corresponding SD 

images, respectively. To the right of the images, the log10 magnitudes of the Discrete Fourier 

Transform are displayed in (f-h) and (o-q) revealing Yellott’s ring. Adjusted average radial 

cross sections of Fourier transformed images are shown in (i-k) and (r-t) for confocal and SD 

images calculated as in [20], respectively. The location and height of the spectral peak 

corresponding to the modal cone spatial frequency, Cf (pixels−1) is denoted by a red line. 

Metrics of detected cone frequency, spectral peak height, and spectral sharpness (the sum of 

squared intensity values divided by the sum of intensity values [22]) are shown.
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Fig. 3. Tabletop imaging:
M-HAOSLO images acquired in tabletop mode on dilated, stabilized adult volunteers (S1-

S2). (a) Averaged confocal image using 16 frames from S1. (b) Co-registered and averaged 

SD image. (c) Averaged confocal image using 18 frames from S2. (d) Co-registered and 

averaged SD image. Scale bar, 0.15°.
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Fig. 4. Upright handheld imaging:
M-HAOSLO images acquired in handheld operation mode on dilated adult volunteer (S3) 

sitting in an upright position. (a) Averaged confocal image using 4 frames. (b) Co-registered 

and averaged SD image. (c) Averaged confocal image using 5 frames. (d) Co-registered and 

averaged SD image. Scale bar, 0.15°.
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Fig. 5. Supine handheld imaging:
M-HAOSLO images acquired in handheld operation mode on supine dilated adult 

volunteers. (a) Averaged confocal image using 4 frames from S1. (b) Co-registered and 

averaged SD image from S1. (c) Four mosaiced, averaged confocal images using 6–8 frames 

each from S4. (d) Four mosaiced, co-registered and averaged SD images from S4. (e) 

Averaged confocal image using 4 frames from S3. (f) Co-registered and averaged SD image 

from S3. Scale bars for each image pair, 0.25°.
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