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Abstract 

Optical coherence tomography (OCT) is a noninvasive three-dimensional 

interferometric imaging technique capable of achieving micrometer scale resolution. It is 

now a standard of care in ophthalmology, where it is used to improve the accuracy of 

early diagnosis, to better understand the source of pathophysiology, and to monitor 

disease progression and response to therapy. In particular, retinal imaging has been the 

most prevalent clinical application of OCT, but researchers and companies alike are 

developing  OCT systems for cardiology, dermatology, dentistry, and many other 

medical and industrial applications.  

Adaptive optics (AO) is a technique used to reduce monochromatic aberrations 

in optical instruments. It is used in astronomical telescopes, laser communications, high -

power lasers, retinal imaging, optical fabrication and microscopy to improve system 

performance. Scanning laser ophthalmoscopy (SLO) is a noninvasive confocal imaging 

technique that produces high contrast two -dimensional retinal images. AO  is combined 

with SLO (AOSLO) to compensate for the wavefront distortions caused by the optics of 

the eye, providing the ability to visualize the living retina with cellular resolution. 

AOSLO has shown great promise to advance the understanding of the etiology of retinal 

diseases on a cellular level. 

Broadly, we endeavor to enhance the vision outcome of ophthalmic patients 

through improved diagnostics and personalized therapy. Toward this end, the objective 
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of the work presented herein was the development of advanced techniques for 

increasing the imaging speed, reducing the form factor, and broadening the versatility of 

OCT and AOSLO. Despite our focus on applications in ophthalmology, the techniques 

developed could be applied to other medical and industrial  implementations . In this 

dissertation, a technique to quadruple the imaging speed of OCT was developed. This 

technique was demonstrated by imaging the retinas of healthy human subjects. A 

handheld, dual depth OCT system was developed. This system enabled sequential 

imaging of the anterior segment and r etina of human eyes. Finally, handheld  SLO/OCT 

systems were developed, culminating in the design of a handheld  AOSLO system. This 

system has the potential to provide  cellular level imaging of the human retina , resolving 

even the most densely packed foveal cones. 
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ɁIf I have seen further, it is by standing on the shoulders of giants.ɂ 
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1. Background and Significance  

Optical coherence tomography is a burgeoning imaging modality that enables 

fast, noninvasive, high resolution, three -dimensional imaging of the internal 

microstructure of weakly scattering objects. Conventional OCT systems are coherence-

gated interferometers wherein the optical measurement technique known as low 

coherence interferometry (LCI) is used to measure the magnitude and echo time delay of 

backscattered light. LCI, or white light interferometry, was described by Robert Hooke 

in 1665 [1] and first used in photonics to determine the positions and magnitudes of 

reflection sites within waveguides [2-4] more than 3 centuries later. The first biological 

applications of LCI were for measurement of axial eye length [5], anterior eye structures 

[6], and retinal thickness [7]. Techniques of LCI were developed and applied to 

noninvasive measurement of biological tissues [8-15], but the principles of LCI were first 

extended to tomography by Huang et al. in 1991 [16]. 

Applications of OCT in ophthalmology were rapidly explored, progressing 

almost immediately from the first in vivo retinal images [17-19] to diagnosis and 

monitoring of a variety of macular diseases [20-28]. The first commercial OCT system, 

the OCT 1, made by Carl Zeiss Meditec, debuted in 1996. Research expanded into 

applications in anterior segment imaging [29-31] and accommodation [32], endoscopic 

imaging of the esophagus [33-36], trachea [33, 37], larynx [34, 38], uterine cervix [34, 38], 

urinary bladder [34, 39], uterus [34], urethra [39], ureter [39], and the stomach [34, 36], 
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small intestine [36], colon [35, 36], gallbladder [40], pancreatic duct [40], and into 

dentistry [41], dermatology [42], and catheter-based intravascular imaging [37, 43-46]. 

OCT has also been used in applications outside of the biological realm, such as artwork 

[47-52], integrated circuits [53, 54], light emitting diodes (LEDs) [55] hard disk drives 

[56] and solar cells [57]. 

Scanning laser ophthalmoscopy (SLO) is a rapidly developing imaging modality 

that provides fast, noninvasive, high resolution, two -dimensional imag es of the retina. 

SLO systems are confocal microscopes wherein the optical measurement technique 

known as confocal laser scanning microscopy (CLSM) is used to measure the magnitude 

of backscattered light while rejecting out -of-focus light to improve both t he lateral and 

axial resolution. The development of the modern microscope owes great credit to Ernst 

Abbe as described in his seminal work on the theory of the microscope in 1873 [58, 59]. 

Scanning confocal microscopy was described in a patent by Marvin Minskey in 1957 [60] 

and was first used with a laser as the illumination source to image small holes in thin 

evaporation-deposited gold film [61] more than two decades later. The first biological 

application of CLSM was ushered in by Webb and Hughes wit h the development of 

SLO in 1980 [62], demonstrating  the first physophysical applications of SLO shortly 

thereafter [63]. 
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1.1 High Speed Optical Coherence Tomography 

The first generation of OCT systems, time-domain OCT (TDOCT), employed 

mechanical translation of the reference mirror to build up each depth scan (A -scan) 

point -by-point. In its simplest manifestation, the illumination is split and sent to both a 

reference arm and to the sample. Light returning from the sample interferes with light 

returning from the reference arm, and interference fringes are observed provided that 

the reference and sample path lengths are matched to within the coherence length of the 

source. Scanning the reference path length results in a series of interference fringes that 

correspond to different depths in the sample. The photodetector signal is demodulated 

to reconstruct each A-scan. A typical TDOCT system is depicted in Figure 1. Despite a 

number of advances to increase the scanning speed of TDOCT, the requirement to 

translate the reference mirror limits the A -scan rate to a few hundred hertz. 
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Figure 1: Schematic of a fiber optic TDOCT system. Light blue lines  represent 

fiber optic paths, red lines represent free space optical paths, and thin black lines 

represent electronic signal paths.  

Acquisition speed was improved markedly with the transition to Fourier domain 

optical coherence tomography (FDOCT). This is an alternative approach to OCT that is 

based on spectral interferometry (also called frequency domain interferometry) [64]. In 

FDOCT, depth information is collected without movement of the reference mirror. 

Backscattered light from the sample and reference interfere, and the broadband 

interference pattern is measured with spectrally discriminate detectors. Thus, 

measurements of the power spectral density of the interferogram as a function of 
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wavelength are obtained. Since the temporal coherence function (also called the 

autocorrelation function) and the power spectral density form a Fourier transf orm pair 

(Wiener-Khinchin theorem) [65, 66], the A-scan can be reconstructed by merely taking 

the inverse Fourier transform of the broadband interferogram. This detection scheme 

essentially measures an entire depth profile simultaneously, eliminating the requirement 

to translate the reference mirror and thereby increasing the imaging speed dramatically.  

There are two categorical manifestations of FDOCT, shown in Figure 2. In one 

approach, referred to as spectral-domain OCT (SDOCT), a broadband light source (often 

a superluminescent diode) is used along with a spectrometer (often employing a fast line 

scan camera) [67-72]. In the other approach, referred to as swept-source OCT (SSOCT), 

or optical frequency domain imaging (OFDI), a rapidly swept laser sour ce (often with a 

narrow linewidth) is used along with a photodetector [73-77]. A review of other 

techniques to further increase the acquisition speed of OCT is presented in Sections 2.1 

and 2.2. 
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Figure 2: Schematic of SDOCT and SSOCT systems. Light blue lines represent 

fiber optic paths, red lines represent free space optical paths, and black lines 

represent electronic signal paths.  

1.2 Handheld Optical Coherence Tomography 

Handheld optical coherence tomography (HOCT) was developed with the goal 

of creating a portable tool that could allow screening outside of the standard 

ophthalmology or optometry sett ing. Bringing OCT to a larger population, particularly 

those yet to suffer vision loss, might result in earlier detection of disease and thus 

improved clinical outcomes. A time -domain version of HOCT was first developed in 
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2001 [78], but this system was only capable of producing 2D cross-sectional scans. 

Nearly a decade later, an HOCT system capable of volumetric imaging was 

commercialized and FDA approved for use in humans (Optovue iVue). Unfortunately, 

the probe was too bulky for practical handheld use; instead, it was used while coupled 

to a slit patient positioner with a joystick/cross slide for adjustment of the x -y-z position 

and orientation of the system. HOCT systems were further miniaturized to make 

handheld operation more practical [79-81], and in 2012, an HOCT system small enough 

to find practical use in the handheld configuration was FDA approved for use in 

humans (Bioptigen Envisu C-Class). 

1.3 Adaptive Optics Scanning Laser Ophthalmoscopy 

Adaptive optics (AO) is a technique used t o reduce the effect of wavefront 

distortions to improve the performance of optical systems. AO was first used in 

astronomical telescopes to reduce wavefront distortions induced by atmospheric 

turbulence [82-85]. Applications of AO have expanded to find utility in ophthalmic 

imaging [86], high-power lasers [87], vision research [88], and microscopy [89]. In 

ophthalmic AO, the monochromatic aberrations of the eye are reduced to provide 

diffraction limited performance, offering cellular level resolution of the living reti na. The 

construction of the first adaptive optics scanning laser ophthalmoscope  (AOSLO) was 

demonstrated by Roorda et al. in 2002 [90]. AOSLO systems have been used for 

simultaneous imaging and stimulus delivery  [91] with high -frequency eye tracking [92] 



 

8 

providing the ability to deliver AO -corrected stimuli to target retinal locations with 

single photoreceptor accuracy [93, 94]. The combination of stimulus AOSLO and 

psychophysical testing permits vision scientists to explore the functional properties of 

single cells. This could be used to elucidate the color appearance of light and  to address 

questions about the retinal limits to spatial resolution [95]. Although not yet widely 

adopted in the clinica l setting, the clinical utility of AOSLO has been demonstrated  for a 

number of pathological conditions: retinitis pigmentosa [96], congenital achromatopsia 

[97], diabetic retinopathy [98, 99],  age-related macular degeneration [100], and acute 

macular neuroretinopathy [101]. 

1.4 Research Aims 

Broadly, we endeavor to enhance the vision outcome of ophthalmic patients 

through improved diagnostics and personalized therapy. Toward this end, the objective 

of the work presented in this dissertation was the development of advanced techniques 

for increasing the imaging speed, reducing the form factor, and broadening the 

versatility of OCT and AOSLO. Despite our focus on applications in ophthalmology, the 

techniques developed could be applied to other medical and industrial applications.  The 

specific aims of this dissertation are: 

Specific Aim 1: Coherence revival multiplexed, buffered swept sour ce optical 

coherence tomography techniques were demonstrated. First, we developed a technique 

for  resolving the complex conjugate using coherence revival, thereby doubling the 
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imaging depth of SSOCT. Then, using coherence revival and a polarization encoded 

sample arm, the first OCT system capable of simultaneously imaging the anterior and 

posterior eye was demonstrated. Next, the imaging speed of an SSOCT system was 

quadrupled using sweep buffering along with a dual spot sample arm.  This aim is 

addressed in chapter 2.  

Specific Aim 2: A handheld, dual depth SSOCT system was developed. This was 

the first demonstration of a handheld OCT system capable of imaging of the anterior 

segment and retina of human eyes in rapid succession. This aim is addressed in chapter 

3. 

Specific Aim 3: Handheld SLO and OCT systems were created. A handheld 

SLO/OCT probe was developed and used to demonstrate simultaneous SLO and OCT 

imaging in a handheld for the first time. Next, the first true color SLO, handheld color 

SLO, and combined color SLO integrated with an OCT system was developed. 

Subsequently, an ultra -compact SLO and OCT handheld probe that is over an order of 

magnitude smaller than current OCT-only  handheld probes on the market was 

developed. This system was used to image parafoveal cones in infants and toddlers for 

ÛÏÌɯÍÐÙÚÛɯÛÐÔÌȭɯ%ÐÕÈÓÓàȮɯÛÏÌɯÞÖÙÓËɀÚɯÍÐÙÚÛɯhandheld AOSLO system was designed. This 

system has the potential to provide  cellular level imaging of the human retina, resolving 

even the most densely packed foveal cones. This aim is addressed in chapter 4. 
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2. Coherence Revival Multiplexed, Buffered Swept 
Source Optical Coherence Tomography 

Despite a myriad of applications for OCT, acquisition speeds often limit the 

×ÙÈÊÛÐÛÐÖÕÌÙɀÚɯÈÉÐÓÐÛàɯÛÖɯÖÉÛÈÐÕɯÏÐÎÏ-quality three -dimensional (3D) images. As the scan 

time is extended to obtain an entire 3D data set, patient motion corrupts and distorts the 

image. This has driven engineers to develop methods to increase the acquisition speed 

of OCT. Most of this effort has been applied to increasing the speed of the hardware by 

making a laser that can sweep more rapidly, using a low duty -cycle laser along with 

buffering to effectively increase the sweep speed, or using a faster camera in the case of 

SDOCT. Another approach, demonstrated fairly recently, has been to use multiple 

beams to increase the effective A-scan rate. 

2.1 Multiple Beams in Optical Coherence Tomography 

In some ways, the history of multiple beams in OCT started as early as 1991, with 

efforts to reduce motion artifacts using the anterior corneal surface as a reference [8, 

102], but these efforts did not increase the A-line rate. The first demonstration of 

multiple beams to increase the acquisition speed of an OCT system was made using the 

central 6 channels of a 12 channel optical fan-out cable, each paired with a separate 

interferometer, reference arm, and receiver [103]. Similar efforts followed, 

demonstrating multiple spot SSOCT imaging of the human nail fold [104] and the 

human eye [105]. These studies were successful in increasing the imaging speed. 

However, one drawback remains unresolved by these techniques: every time they add a 
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beam, they need to add another reference arm, interferometer, and receiver, rendering 

the system increasingly complex, expensive and more difficult to maintain.  

2.2 Sweep Buffering  

Sweep buffering has been used to increase the acquisition speed. When using a 

swept source laser with a duty cycle of less than 50%, sweep buffering has been used to 

increase the effective duty cycle. This is achieved by splitting the laser into two channels, 

delaying one channel by the sweep period and then recombining the tw o channels to 

produce a single interlaced channel. In particular, two authors have combined sweep 

buffering with multiple spot OCT to further increase the acquisition speed [104, 105]. We 

demonstrated an improved method of sweep buffering using a fast optical switch 

instead of a fused fiber coupler [106]. This approach increases the laser-to-patient power 

efficiency of the system and reduces patient exposure to light that is not used for 

imaging.  

2.3 Coherence Revival  

Coherence revival refers to the optical phenomenon where interference fringes 

are observed in an interferometer illuminated by a light source with a comb -like 

spectrum not only when the reference and sample arms are matched, but also when the 

two arms are mismatched at an integer multiple of the laser cavity length. External 

cavity tunable lasers (ECTLs) are commonly used as swept laser sources in SSOCT. 

These lasers typically contain a semiconductor gain chip inside a cavity that provides 
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very fine mode spacing, but because the semiconductor gain media is inhomogeneously 

broadened, several of these longitudinal modes can oscillate simultaneously. A tunable 

filter, located inside the cavity, is used to create large losses at all but a small subset of 

these modes. The laser mode-hops between these finely spaced longitudinal modes as 

the filter tunes, and because many of the finely spaced modes are excited, the tuning 

appears smooth. 

To examine the effect of the swept laser mode structure on the observed SSOCT 

signal, consider a Fabry-Perot resonator. The transmission function of the resonator is 

given by [107]: 
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where Tmax ÐÚɯÛÏÌɯ×ÌÈÒɯÚ×ÌÊÛÙÈÓɯËÌÕÚÐÛàȮɯϬɯÐÚɯÛÏÌɯÈÕÎÜÓÈÙɯÍÙÌØÜÌÕÊàȮɯ%ɯÐÚɯÛÏÌɯÊÈÝÐÛàɯÍÐÕÌÚÚÌȮɯ

ÈÕËɯϬFSR ÐÚɯÛÏÌɯÈÕÎÜÓÈÙɯÍÙÌÌɯÚ×ÌÊÛÙÈÓɯÙÈÕÎÌɯÎÐÝÌÕɯÉàɯϬFSR ǻɯϣÊɤÕeffL, where L is the length 

and neff is the effective refractive index of the cavity. Assuming the laser cavity has at least 

moderate finesse (F > 5), the transmission function can be approximated by a Lorentzian 

convolved with a Dirac comb:  
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ÞÏÌÙÌɯϧɯǻɯƖ%ɤϬFSR ÈÕËɯϗɯËÌÕÖÛÌÚɯÛÏÌɯ#ÐÙÈÊɯËÌÓÛÈɯÍÜÕÊÛÐÖÕȭɯ3ÏÌɯ$"3+ɯÈÓÚÖɯÏÈÚɯÈɯÛÜÕÈÉÓÌɯ

filter placed inside the cavity, with a passband that is much broader than the mode 

(2.3.1) 

(2.3.2) 
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spacing, such that many modes will oscillate simultaneously. If we d enote the 

transmission function of the tunable filter as T filter , the instantaneous spectrum of this type 

of laser can be expressed as: 

 

Ὓ ‫ȟ‫ Ὓ ‫Ὕ ‫ȟ‫
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where Ssource(ϬȺɯÐÚɯÛÏÌɯÐÕÛÌÎÙÈÛÌËɯ×ÖÞÌÙɯÚ×ÌÊÛÙÈÓɯËÌÕÚÐÛàɯÖÍɯÛÏÌɯÓÈÚÌÙɯÚÞÌÌ×ȮɯÈÕËɯ3filter  also 

ËÌ×ÌÕËÚɯÖÕɯϬc, the instantaneous central angular frequency of the laser that varies over 

the sweep.  

For each spectral channel of an SSOCT A-ÚÊÈÕɯÊÌÕÛÌÙÌËɯÈÛɯϬc, the detected 

photocurrent is equal to the ideal spectral interferogram multiplied by the instantaneous 

Ú×ÌÊÛÙÜÔɯÈÕËɯÛÏÌÕɯÐÕÛÌÎÙÈÛÌËɯÖÝÌÙɯϬȭɯ3ÏÐÚɯÐÚɯÈÕÈÓÖÎÖÜÚɯÛÖɯÊÖÕÝÖÓÝÐÕÎɯÛÏÌɯÐËÌÈÓɯÚ×ÌÊÛÙÈÓɯ

interferogram with the instantaneous spectrum, and thus, the sensitivity fall -off profile is 

related to the Fourier transform of the instantaneous spectrum. The ideal spectral 

interferogram is defined as that resulting from the sample structure only, absent any 

SSOCT instrument function. For simplicity, we assume that T filter  maintains a constant 

shape across the sweep, and thus the magnitude of its Fourier transform is constant. The 

fall -off profile is then given by directly taking the normalized magnitude of the Fourier 

ÛÙÈÕÚÍÖÙÔɯÖÍɯ$ØȭɯȹƗȺɯÞÐÛÏɯÙÌÚ×ÌÊÛɯÛÖɯϬȮɯÈÕËɯÙÌÊÈÚÛÐÕÎɯÐÕɯÛÌÙÔÚ of the pathlength mismatch, 

z: 

 

(2.3.3) 
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ÞÏÌÙÌɯáɯǻɯÛÊɤƖȮɯϙɯÐÚɯÛÏÌɯÊÏÈÙÈÊÛÌÙÐÚÛÐÊɯËÌÊÈàɯËÐÚÛÈÕÊÌɯÎÐÝÌÕɯÉàɯϙɯǻɯÕeff+%ɤϣȮɯÈÕËɯÍfilter  is the 

Fourier transform of T filter . Also, since the source bandwidth is much broader than the 

ÍÐÓÛÌÙɀÚɯÚ×ÌÊÛÙÈÓɯÉÈÕËÞÐËÛÏȮɯÈÍÛÌÙɯ%ÖÜÙÐÌÙɯÛÙÈÕÚÍÖÙÔÈÛÐÖÕȮɯÛÏÌɯÊÖÕÛÙÐÉÜÛÐÖÕɯÖÍɯÛÏÌɯÚÖÜÙÊÌɯÛÖɯ

the fall -off profile is negligible, so it has been omitted from equation 4.  

The fall-off profile is composed of a comb that is multiplied by a double -sided 

exponential function. This product is then convolved with the filter, which describes the 

typical SSOCT fall-off profile. So, for coherence revival, this profile applies to each set of 

fringes, which are separated by the period of the comb, while the exponential function, 

which we call the coherence revival fall -off envelope, determines the loss of fringe 

visibility at increasing multiples of the laser cavity length (Figure 3).  

(2.3.4) 
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Figure 3: Schematic of an ECTL (top), and Fourier - (bottom left) and time -

domain (bottom right) representations of coherence revival. The equations for the 

transmission of an ECTL (top), the instantaneous spectrum of the laser (bottom left) 

and the fall -off in te rms of path length (bottom rig ht) are indicated in each sub -fi gure. 

HR: high reflector, SOA: semiconductor optical amplifier, AR: anti -reflection coated end 

face, EO: electro-optic, OC: output coupler.  

2.3.1 Complex Conjugate Resolved Heterodyne Swept Source Optical 
Coherence Tomography using Coherence Revival 

FDOCT techniques are limited in imaging depth, in part, due to a complex 

conjugate ambiguity. This ambiguity arises because the Fourier transform of the real-

valued spectral interferogram is Hermitian sy mmetric. Resultantly, positive and negative 

displacements about the matched pathlength position cannot be distinguished. One 

approach to avoid this ambiguity is to disregard the negative frequencies, but this 

effectively halves the useable imaging range. 
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Resolving this ambiguity to double the SSOCT imaging depth is an area of interest 

for which a number of techniques have been developed [76, 108-122]. These techniques 

include phase shifting using a piezo translator -mounted reference arm [108] or electro-

optic phase modulator [109], heterodyne SSOCT [76, 110-112], instantaneous acquisition 

of phase separated interferograms using 3x3 interferometers [113] or polarization 

encoding [114], harmonic lock-in detection of phase modulation [115], imparting a phase 

ramp across a B-scan with either B-M mode scanning [116] or pivot -offset scanning [117-

119], and dispersion encoding [122]. The extended imaging range afforded by these 

techniques comes at a price, either in the form of reduced sensitivity, reduced axial 

resolution, reduced imaging speed, increased system complexity, increased cost and/or 

complex post-processing. Furthermore, most of these techniques provide only partial 

ÚÜ××ÙÌÚÚÐÖÕɯÖÍɯÛÏÌɯÊÖÔ×ÓÌßɯÊÖÕÑÜÎÈÛÌɯÈÙÛÐÍÈÊÛȮɯÞÏÐÊÏɯÊÈÕɯÙÌÚÜÓÛɯÐÕɯËÐÚÛÙÈÊÛÐÕÎɯɁÎÏÖÚÛɂɯ

images.  

Of particular interest is heterodyne SSOCT [76, 110], which resolves the ambiguity 

by creating a frequency shift that moves the peak sensitivity position away from dc, such 

that positive and negative displacements from that position can be discerned. A 

significant advantage of this technique is that it shifts the complex conjugate, rather than 

attenuating it, and thus does not result in distracting ghost images. Heterodyne SSOCT 

has previously been implemented by using acousto-optic modulators (AOMs) to apply a 

differential frequency shift betwee n the sample and reference arms [76, 110]. The 
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drawbacks of the technique mostly stem from the use of AOMs, in that they typically have 

large insertion losses and restricted optical bandwidths, which results in reduced imaging 

sensitivity and reduced axial resolution. Furthermore, data processing in traditional 

implementations of heterodyne SSOCT is significantly more complicated than in 

traditional SSOCT, requiring either hardware dem odulation [76] or complicated post-

processing [110]. 

We developed a simple method of heterodyne SSOCT using coherence revival 

[123]. The technique exploits the fact that some ECTLs create phase modulation 

automatically when employed in a coherence revival configuration. This approach is 

simple to implement, causes no reduction in axial resolution, and requires no additional 

hardware. Coherence revival-based heterodyne SSOCT was used to obtain extended 

depth images of the anterior segment using two different ECTLs, as shown in Figure 4. 

 

Figure 4: Comparison images taken with an 840 nm, 8 kHz system (left) and a 

1040 nm, 100 kHz system (right) with 0 (top) and +1 (bottom) cavity length o ffsets. 

Note that coherence revival was used to resolve the complex conjugate and extend the 

imaging depth.  
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2.3.2 Simultaneous Swept Source Optical Coherence Tomography of 
the Anterior Segment and Retina using Coherence Revival 

We then developed a coherence revival-based heterodyne SSOCT system capable 

of imaging the retina and anterior segment simultaneously [124]. A polarization 

encoded sample arm permitted separate optical designs for each sample path. Depth 

encoding was achieved using coherence revival, which allowed for multiple dep ths 

within a sample to be simultaneously imaged and frequency encoded by carefully 

controlling the optical pathlength of each sample path. This system was used to obtain 

the first ever simultaneous in vivo SSOCT images of the anterior segment and retina of 

healthy human subjects (Figure 5). 

 

Figure 5: Anterior segment and retinal images acquires simultaneously. A 

single frame (A), and separate anterior segment (B) and retinal (C) images after 

dispersion compensation, averaged over 5 frames. Scale bars are 1 mm, 1 x 1 mm, and 

ƖƙƔɯϟÔɯßɯƕȘɯÐÕɯ Ȯɯ!ɯÈÕËɯ". 

2.4 Optical System Design and Characterization 

In this aim, we describe an efficient method to quadruple the imaging speed of an 

SSOCT system without the use of an additional reference arm, interferometer, digitizer 

and receiver. This is achieved by employing optical switch based sweep buffering [106] 
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and by combining coherence-revival based SSOCT with a polarization-encoded spatially 

multiplexed sample arm.  

 An SSOCT system (Figure 6) with a Mach-Zehnder topology was constructed 

using an Axsun Technologies laser with a central wavelength of 1040 nm, a 100 nm 

bandwidth, and a 100 kHz sweep rate. To support this, a custom transmissive reference 

arm was designed and fabricated. The transmissive reference arm design utilized a 

dovetail rail and carriage system with custom mounts and rods to interface some of the 

off -the shelf components. A hollow retroreflector was mounted on an x -y-z stage for fine 

positioning, with a Vernier indicator for calibrated translations. Aspherized achroma ts 

were used as collimators. They were positioned side-by-side in fixed cage mounts and 

their position was adjustable in the axial direction using translation stages. The fiber 

adaptor plate was mounted in miniature x -y mounts for lateral positioning of th e fiber. 

An adjustable iris diaphragm was inserted to control the collection efficiency. The 

buffering stage consisted of a fused fiber coupler, a fiber spool, an optical switch, and 

polarization controllers. A 60/40 coupler was used to compensate for the 1.5 dB 

attenuation of the fiber spool so that both the original and buffered sweeps had similar 

power. The polarization controllers were used to adjust the polarization states of the 

inputs to the spool and both ports of the switch. This was particularly i mportant for 

managing polarization mode dispersion generated in the spool and switch. In the sample 

arm, a polarizing beam splitter (1000:1 transmission and 100:1 reflection extinction ratio, 
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specified by the manufacturer) was used to split the single inpu t into two beams and a 

fold -mirror assembly was used to create a spatial offset between the two spots on the 

retina. Polarization paddles were adjusted to balance the power on each spot to deliver 

ƝƔƔɯϟ6ɯÐÕɯÌÈÊÏɯÉÌÈÔȮɯÎÐÝÐÕÎɯÈɯÛÖÛÈÓɯ×ÖÞÌÙɯÖÍɯƕȭƜɯÔ6ȮɯÊÖÕÚÐÚtent with the ANSI limit 

[125]ȭɯ3ÏÌɯÍÐÙÚÛɯÉÌÈÔɯȹÛÏÌɯɁ×ÙÐÔÈÙàɯÉÌÈÔɂȺɯÞÈÚɯÔÈÛÊÏÌËɯÛÖɯÛÏÌɯÙÌÍÌÙÌÕÊÌɯ×ÈÛÏȮɯÎÐÝÐÕÎɯÈɯ

conventional configuratio n. A variable optical delay line allowed for the second beam (the 

ɁÚÌÊÖÕËÈÙàɯÉÌÈÔɂȺɯÛÖɯÉÌɯÖÍÍÚÌÛɯÍÙÖÔɯÛÏÌɯÙÌÍÌÙÌÕÊÌɯ×ÈÛÏɯÉàɯÖÕÌɯÊÈÝÐÛàɯÓÌÕÎÛÏȮɯÎÐÝÐÕÎɯÈɯ

coherence revival configuration. This served to encode the secondary beam with a carrier 

frequency to create separate coherence gates for the two images. Adjustment of the 

variable optical delay line was achieved using a translation stage (dashed box in Figure 

6). In order to keep the back-coupling efficiency insensitive to the position of the variable 

optical delay, we aligned the system so that the galvo entrance beams were co-planar. The 

Ú×ÈÛÐÈÓɯÖÍÍÚÌÛɯÖÕɯÛÏÌɯÙÌÛÐÕÈɯÞÈÚɯÈÊÏÐÌÝÌËɯÉàɯÚÌÛÛÐÕÎɯÛÏÌɯÈÕÎÓÌɯϛɯÛÖɯÈ××ÙÖßÐÔÈÛÌÓàɯƕƔɯ

degrees. 
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Figure 6: SSOCT buffered, dual -spot system with Ma ch-Zehnder topology, 

and a solid model of the custom transmissive reference arm (top right). PC: 

polarization controller. UP: unused port. BD: beam dump. BR: balanced receiver. 

Sample arm: blue and red lines depic t the primary and secondary beams, respecti vely. 

Overlapping paths are shown in purple. L1 & L2: lenses. PBS: polarizing beamsplitter. 

%,ȯɯÍÖÓËɯÔÐÙÙÖÙȭɯ&ȯɯÎÈÓÝÈÕÖÔÌÛÌÙÚȭɯϛȯɯÈÕÎÓÌɯÉÌÛÞÌÌÕɯ×ÙÐÔÈÙàɯÈÕËɯÚÌÊÖÕËÈÙàɯÉÌÈÔÚȭɯ

Transmissive reference arm: RR: retroreflector. Adjustability shown with black arro ws. 

Optical detection was performed using a 1.0 GHz InGaAs fiber -coupled balanced 

amplified receiver (PDB481C-AC, Thorlabs Inc.) and digitized at 1 GS/s on an 8-bit (6.37-

effective number of bits), 500 MHz bandwidth digitizer (ATS9870, Alazar Tech). Output  

from the balanced receiver was further amplified using an RF amplifier (HD24388, HD 

Communications Corp.). Data acquisition and processing were performed in LabVIEW 

and C. Separate dispersion compensation algorithms were applied for each depth [123], 

and for each of the original and buffered sweeps [106]. 
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The peak sensitivity and sensitivity fall -off profiles were measured using an 

aperture diaphragm. The attenuation was measured as 48 dB for the primary beam and 

50 dB for the secondary beam. Sensitivity was computed as the ratio of the A-scan peak 

to the standard deviation of the noise floor. The mean peak sensitivity was 98 and 95 dB 

for the primary and secondary channels, respectively, and the theoretical shot noise 

limited sensitivity was 99 and 98 dB (Figure 7). The discrepancy between theoretical and 

measured sensitivity was mainly due to coupling losses, unbalanced relative intensity 

noise, and digitization noise. The fall -off envelope was obtained with a Gaussian fit of 

the peak intensity of each A-scan. Using the fall-off envelope, we defined the imaging 

range as the region over which the sensitivity loss measured from the zero pathlength 

difference position was 6 dB. For the primary channel, we observed an imaging range of 

4.7 mm in air (3.5 mm in tissue). For the secondary channel, the peak sensitivity position 

appeared at approximately 4.5 mm in depth, and the imaging range spanned 8.0 mm in 

air (6.0 mm in tissue) from 0.5 mm to 8.5 mm. 
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Figure 7: Sensitivity falloff profiles and axial resolution (in air) for the primary 

(left) and secondary (righ t) imaging channels and for both the unbuffered (top) and 

buffered (bottom) sweeps. The red fit lines indicate the falloff envelope.  

2.5 Imaging Protocol and Image Processing 

To demonstrate the applicability of buffered dual spot SSOCT in vivo, images 

were acquired from healthy human volunteers. B -scans were acquired at 200 Hz with 

2000 (lateral) x 2304 (axial) pixel images, and volumes were composed of 200 B-scans. 

Each B-scan consisted of two 1000 (lateral) x 2304 (axial) images obtained from the 

original  and buffered sweeps. 
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2.5.1 Buffered Image Processing 

First, dispersion compensation is applied separately to each of the original and 

buffered sweeps. The original and buffered sweeps are interlaced, such that A-scans 

alternate between the original and buffered sweep while scanning along the lateral 

direction, so to properly represent the acquisition sequence, we then interlace these two 

images to create the final image. Then, the same procedure is repeated for the images 

from the secondary beam. 

2.5.2 Dual Spot Image Processing 

Individual sub -field -of-view volumes (sub -volumes) were extracted from the 

initial composite with an axial range of approximately 300 pixels each. The intensity of 

each sub-volume was normalized to the maximum of the two to corre ct for differences 

in the sensitivity of each image. These sub-volumes were used to create the summed 

voxel projections (SVPs) (Figures 8A and 8B). The SVPs were then Gabor filtered to 

accentuate the vasculature [126], and the normalized cross-correlation was calculated. 

The coordinates of the peak of the cross-correlation were used to obtain the lateral 

offsets. These offsets were applied to generate a registered SVP (Figure 8C). Next, the 

inner limiting membrane and retinal pigment ep ithelium were a utomatically segmented 

(Figure 8D) using a published algorithm based on graph theory and dynamic 

programming  [127]. Finally, in the region of overlap between the two images, the axial 

shift was computed from the segmentation results for each corresponding pixel, and the 
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mean was calculated. The mean axial shift was used to generate a registered composite 

B-scan. Gaussian feathering was performed at the boundary between the two images to 

smooth the transition. The signal-to-noise ratio of each image was improved using a 

sparsity based denoising algorithm [128]. The same procedure was repeated for each B-

scan in the volume to obtain a registered composite volume. 

 

Figure 8: Results of dual spot SSOCT image pr ocessing and registration 

pipeline, showing the SVPs for the secondary (A) and primary channels (B), the 

registered SVP (C), a segmented cross-section (D), and a final axially registered and 

denoised image (E). 

2.6 Imaging Results 

Images from two different  healthy volunteers are shown in Figure 9. All of these 

images are comprised of 1000 A-Scans/B-Scan with 2 B-scans acquired simultaneously. 

The red dashed box shows the overlap between the two images. The overlap was 
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approximately 25% in Figure  9A and 9C and 8% in Figure 9B. Thus, in this case, the 

composite image has a total of 2000 A-scans, but with 150 A-scans common to both sub-

filed -of-view images, the displayed B-scan has 1850 A-scans. This single frame buffered 

dual spot image was acquired in 5 ms at an effective A-scan rate of 400 kHz. 

 

Figure 9: Images from two different healthy volunteers. The red dashed box 

shows the overlap between the two images. (A) is a single frame buffered dual spot 

image acquired with an effective  A-scan rate of 400 kHz. (B) is a single unbuffered 

denoised frame. (C) i s from a different volunteer.  

2.7 Conclusions 

In summary, we have reported on a dual spot SSOCT system design that enables 

simultaneous imaging of two spatially separate locations. Th is design uses both 

polarization and depth encoding to double the imaging speed of an SSOCT system all 

while using only one reference arm, one interferometer, one digitizer and one receiver. 

In addition, we have combined dual spot SSOCT with efficient swee p buffering to 
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achieve a factor of four increase in the acquisition speed. Finally, this method can be 

used to efficiently quadruple the imaging speed of any SSOCT system employing a low 

duty cycle laser that exhibits coherence revival [129]. 
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3. Handheld, Rapidly Sequential, Swept Source Optical 
Coherence Tomography of the Anterior Segment and 
Retina 

The development of HOCT was motivated by the goal of creating a portable tool 

that could allow screening outside of the standard ophth almology or optometry setting.  

HOCT is finding applications where the subject is not cognizant or not capable of sitting 

upright in a standard ophthalmic patient positioner [130-139], but these studies have 

been limited to the posterior segment only. Furthermore, although several commercial 

and research grade ophthalmic HOCT systems are capable of switching between 

anterior and posterior imaging modes, all of them require the addition or removal of 

optics from the sample path and adjustment of the reference path. This distracts the 

operator from the patient and req uires realignment with the patient eye after switching 

modes. 

In the previous aim, we reported on the application of coherence revival to create 

an extended depth (complex conjugate resolved) heterodyne swept source OCT system 

without the use of acousto-optic or electro-optic modulators [123]. We used efficient 

sweep buffering along with coherence revival and polarization -based spatial 

multiplexing to quadrup le the effective speed of an SSOCT system [140]. Also, we used 

coherence revival and polarization -based multiplexing to create a heterodyne SSOCT 

system capable of imaging both the anterior and posterior eye simultaneously [124]. The 

form factor of  this system made it impossible to use as a handheld and difficult to 
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integrate with a standard slit lamp patient positioner and chin rest. This system also 

utilized a variable optical delay line and did not share a common objective lens. In 

addition, the simultaneous use of two beams reduced the sensitivity of each image by 6 

dB. With these limitations in mind, we designed an SSOCT system that is rapidly 

switchable between anterior and posterior imaging modes with a single handheld 

microelectromechanical system (MEMS)-based optical probe and a common objective 

lens. The system was used to image the cornea and retina of healthy human volunteers.  

3.1 Design Performance Specifications 

The handheld anterior/posterior segment SSOCT probe was designed to meet the 

following general performance specifications: 1) sequentially image the anterior or 

posterior segment with < 1 s delay when switching modes, 2) incorporate an iris camera 

to simpl ify alignment, and 3) weigh less than 900 g with a minimal device form factor. 

The optical design performance specifications for the posterior segment system were: 1) 

permit diffraction limited imaging of the human retina across a 15° field of view (FOV), 

2) compensate for patient refractive errors ranging from -12 to + 9 D, and 3) have a > 20 

mm working distance from the eye. The optical design performance specifications for 

the anterior segment system were: 1) permit diffraction limited imaging of the hum an 

cornea across a 10 mm square FOV, 2) have an object side telecentricity better than 1°, as 

indicated by the ray angle of incidence at the object plane, 3) provide a depth of focus 

(DOF) of more than 3 mm to permit imaging of deeper structures, and 4) have a > 20 mm 
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working distance from the eye. The following subsections describe how we addressed 

these goals through the optical and mechanical design of the SSOCT engine and the 

handheld probe. 

3.2 Swept Source Optical Coherence Tomography Engine 

An SSOCT system (Figure 10) with a spectrally balanced interferometer topology 

[141] was constructed using a frequency swept laser (AXP50124-3, Axsun Technologies 

Inc., Billerica, MA) with a central wavelength of 1040 nm, a 100 nm bandwidth, and a 

100 kHz sweep rate. Detection and digitization of the OCT signal was achieved using an 

AC coupled dual balanced receiver with a 1 GHz bandwidth (PDB481C -AC, Thorlabs 

Inc., Newton, NJ) and a 12-bit 1.8 GS/s digitizer (ATS9360, Alazar Technologies Inc., 

Pointe-Claire, QC, Canada), respectively. All of the hardware was controlled using 

custom graphics processing unit (GPU)-accelerated software written in C++ to provide 

real-time display of OCT images. The reference mirror and lens were mounted on a high 

speed translation stage (A-LSQ075D-E01, Zaber Technologies Inc., Vancouver, BC). 
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Figure 10: SSOCT system with spectrally balanced topology. BR: balanced 

receiver. PM: power meter. BD: beam dump. UP: unused port. PC: polarization 

controller. L: lens. M: mirror.  

3.3 Optical Design 

The optical design of the sample arm is shown in Figure 11. The optics were 

optimized in optical design software, Zemax (Radiant ZEMAX LLC, Redmond, WA), 

using an eye model with a gradient index lens [142]. The eye model was modified as 

described in [143] with glass types adjusted to match human ocular dispersion [144]. A 

gimbal -less two-axis scanning MEMS micromirror (13Z1.1, Mirrorcle Technologies Inc., 

Richmond, CA) was used to control beam position on the subject eye. An achromatic 

lens (45785,  = 6 mm, P = 66.6 D, Edmund Optics Inc., Barrington, NJ) was used as a 

collimator to produce a 2.4 mm beam diameter. 

For the posterior segment design, a telescope with unity magnification was 

constructed using off -the-shelf lenses with an effective focal length of 37 mm. 
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Achromatic doublet lenses were used to reduce chromatic aberration and lens splitting, 

wi th a 3-to-5 ratio in refractive power, was used to minimize spherical aberration. 

Specifically, each low power doublet (AC254-100-C,  = 25.4 mm, P = 10.0 D, Thorlabs 

Inc., Newton, NJ) was paired with a high power doublet (  = 25.4 mm, P = 16.7 D, 

Thorlabs Inc., Newton, NJ). The posterior segment design was then used to constrain the 

optimization of the anterior segment design. 

In an effort to minimize the size of the probe, telecentric scanning of the anterior 

segment was achieved by adding optical elements through a short fold mirror assembly 

while maintaining a common objective lens for both designs (anterior and posterior 

segment). The cost function for the optical design optimization was restricted by fixing 

the position of the posterior segment lenses while adjusting a fold mirror assembly and a 

lens system to obtain a telecentric focal plane at the cornea. To this end, a custom 

matched achromatic pair (  = 20.0 mm, P = 18.7 D) was designed with consideration for 

manufacturability by using test p lates and common Ohara (Ohara Corp., Branchburg, 

NJ) glasses available at Optimax (Optimax Systems Inc., Ontario, NY). A tolerance stack 

analysis was performed to ensure that the optical design was sufficiently resilient to 

meet the specifications given common commercial fabrication tolerances. 

In addition, non -sequential optical models were created to perform Monte -Carlo 

ÚÐÔÜÓÈÛÐÖÕÚɯÖÍɯÛÏÌɯÐÕÍÙÈÙÌËɯȹ(1ȺɯȹϞɯǻɯƜƙƔɯǷɯƖƖɯÕÔȺɯÓÐÎÏÛɯÌÔÐÛÛÐÕÎɯËÐÖËÌɯȹ+$#Ⱥɯȹ'(1ƛƗƝƗ"Ȯɯ

Everlight Electronics Co., New Taipei City, Taiw an) illumination used in the wide -field 
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iris imaging system. The angle of incidence of 4 LEDs arranged circumferentially around 

the objective was adjusted to optimize the uniformity in the plane of the cornea. The 

collection path takes advantage of an intermediary image plane by using a dichroic 

mirror to pass the image relayed by the anterior segment optics to a large sensor CMOS 

camera (MQ042RGCM, Ximea Corp., Golden, CO). This camera has the smallest form 

factor of all of the large sensor cameras at 26 x 28 x 18 mm, which worked well for 

integration into the handheld probe. The wavelengths used matched a dichroic coating 

design available at Chroma (ZT970spxxr, Chroma Technologies Corp., Bellows Falls, 

VT) so that only the substrate needed customization. Control of the intensity of the 

illuminator was achieved via pulse -width modulation with a custom external dimming 

circuit.  

 

Figure 11: Handheld probe optical design: blue, red, and green rays depict the 

posterior segment, anterior  segment and iris camera collection paths, respectively.  

The optical performances of both the anterior and posterior segment system 

designs are shown in Figure 12. The system has a working distance of 26.1 mm. 
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Diffraction limited performance was achieved i n the optical design, giving a predicted 

ÓÈÛÌÙÈÓɯÙÌÚÖÓÜÛÐÖÕɯȹ ÐÙàɯÙÈËÐÜÚȺɯÖÍɯƜȭƚɯϟÔɯÈÕËɯÈɯÙÈËÐÈÓɯ%.5ɯÖÍɯƖƖȘɯȹƕƙȭƘȘɯÚØÜÈÙÌɯ%.5ȺɯÍÖÙɯ

the posterior segment design. The anterior segment system has a lateral resolution (Airy 

ÙÈËÐÜÚȺɯÖÍɯƖƙȭƕɯϟÔȮɯÈɯ#.%ɯÖÍɯƗȭƚɯÔÔȮ and a 17.5 mm radial FOV (12.4 mm square FOV). 

 

Figure 12: Spot diagrams and Huygens point spread functions (PSFs) for the 

posterior (left) and anterior segment (right) SSOCT illumination spanning radial field 

angles of 0.00, 5.45 and 10.90°. Spot diagrams are color coded for 3 wavelengths 

Ú×ÈÕÕÐÕÎɯÛÏÌɯÉÈÕËÞÐËÛÏɯÖÍɯÛÏÌɯÚÖÜÙÊÌɯÈÕËɯÛÏÌɯÚÊÈÓÌɯÐÚɯƖƔɯÈÕËɯƚƔɯϟÔɯÐÕɯÛÏÌɯ×ÖÚÛÌÙÐÖÙɯ

and anterior segment spot diagrams, respectively. The Strehl ratio is shown in the 

upper left of each PSF plot . A field angle of 10.90° corresponds to a radial FOV of 

21.8° (square FOV of 15.4°) for the posterior segment system and a radial FOV of 17.5 

mm (square FOV of 12.4 mm) for the anterior segment system. Both the posterior and 

anterior segment systems are diffraction limited at 8.6 and 25.1 µm, respectively (airy 

disk is shown by black circle on spot diagrams).  
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3.4 Mechanical Design 

The optical design for the probe was used to specify component locations in the 

mechanical design. The mechanical design for the system was developed in Solidworks 

(Dassault Systemes, Solidworks Corp., Waltham, MA) and is shown without the outer 

casing in Figure 13. Custom lens tubes, lens spacers, and mirror mounts were designed 

and fabricated to accommodate the closely spaced optics of the system and to maintain a 

small footprint. The internal skeleton and other structural components were made of 

aluminum to simplify fabrication and to maintain a low weight. The use of undersized 

dowel pins along with a tightly toleranced skeleto n provided for accurate component 

positioning, while the use of tangential and toroidal interfaces on pertinent lens surfaces 

minimized stress induced distortions of the optical wavefront. Zemax was used to 

determine the maximum permissible positional erro r of optical components. A 

mechanical tolerance stack analysis was performed to ensure that the optical design 

specifications were satisfied given standard commercial mechanical fabrication 

tolerances. The lens pair closest to the eye was mounted on a miniature motorized 

translation stage (MM -3M-EX, National Aperture Inc., Salem, NH) with a total travel of 

25.4 mm to allow for refraction correction from -12.6 to + 9.9 D. A bistable rotary 

solenoid (RSR14/10-CAB0, Takano Co., Kamiina-gun, Nagano, Japan) was used to 

provide the ability to toggle between measurement modes (anterior and posterior) by 

flipping two fold mirrors. The probe enclosure design was iterated based on input and 
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feedback from an ophthalmic surgeon with the objective of improving ergonomics  and 

optimizing rotational inertia, weight, and center of mass position of the assembled 

probe. The enclosure was 3D printed (Objet350 Connex, Stratasys Ltd., Edina, MN) from 

a rigid opaque photopolymer (VeroWhitePlus RGD875, Stratasys Ltd., Edina, MN) and  

consisted of two halves that were joined during assembly and secured with six low 

profile set screws and hex nuts. The enclosure was mated to the skeleton of the probe 

with two socket head cap screws. Tightly toleranced shoulders on the inside of the 

enclosure prevented movement of the enclosure with respect to the skeleton. The probe 

within its enclosure is shown in Figure 14 in handheld operation. The handheld probe 

weighed 630 g and was 20.3 cm long x 9.5 cm wide x 8.8 cm tall. 
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Figure 13: Renderings of the handheld probe optomechanical design. 

Dimensions: 20.3 x 9.5 x 8.8 cm. Isometric view  (top) . Switchable fold mirror assembly  

(bottom left) and  adjustable objective motion systems  (bottom right)  are indicated 

with semi -transparency and a blue luminescent tone. Red arrows indicate the location 

of each motion system.  
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Figure 14: Handheld SSOCT probe. Isometric view of a computer aided design 

model of the probe inside its e nclosure with the male half of the enclosure rendered 

as translucent to show the probe internals  (A). Same view shown in (A) of the 

fabricated probe in its enclosure  (B). Back-right and back -left views, respectively, of 

the probe in its enclosure during ha ndheld operation  (C, D). 

3.5 Distortion Correction (Dewarping) 

The voltage-angle response of the MEMS micromirror was nonlinear at the 

manufacturer specified maximum scan rate of 100Hz. A 20 x 20 mm low reflection grid 

target with 0.5 mm separation between dots and 0.25 mm dot diameters (62951, Edmund 

Optics Inc., Barrington, NJ) was used to assess the distortion in both anterior and 

posterior segment imaging modes and in the iris camera view. An optical path length 

(OPL) matched eye phantom (45792,  = 12 mm, P = 49.9 D, OPL = 31.7 mm, Edmund 
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Optics Inc., Barrington, NJ) was used to focus the posterior segment beam onto the 

target. SSOCT volumes consisted of 1000 A-scans per B-scan with 256 B-scans per 

volume. Summed voxel projections (SVPs) were rendered to visualize 2D images of the 

grid targets. A distortion correction process was developed as shown in Figure 15. 

Thresholding and blob centroid detection were used to find the center of each dot. Dot 

locations were then used to create a least-squares, piecewise linear transform to dewarp 

the image. Separate transforms were used to dewarp each imaging mode and field of 

view. The effective imaging range was determined by the area within the transformed 

image containing dot locations around the border of the im age, which slightly reduced 

the FOV to 22.4° (13.3 x 14.9°) for the posterior segment system and 18.1 mm (12 x 13.5 

mm) for the anterior segment system. 
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Figure 15: Distortion correction. Raw images of the grid target  (top)  were 

thresholded (upper middle) and the blob centroids (shown in red) were automatically 

detected (middle). The dot locations were used to create a least -squares piecewise 

linear transform to dewarp the image as shown by the thresholded (lower middle) 

and final dewarped images (bottom). The left, center and right columns indicate 

images acquired in the anterior, iris camera, and posterior segment imaging modes, 

respectively.  
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3.6 Ethical Considerations 

The use of the experimental setup for in vivo measurements in humans was 

approved by the Duke University Hospital System Institutional Review Board and 

adhered to the tenets of the Declaration of Helsinki. Informed consent was obtained 

from each subject. Subjects had no known pathology and consisted of a 24 year old male 

myope (-5.5 D), a 26 year old male emmetrope, a 28 year old female myope (-3 D), a 32 

year old male myope (-5 D), and a 35 year old male myope (-2.25 D). 

3.7 System Characterization 

3.7.1 SSOCT Engine Characterization 

Peak sensitivity and sensitivity fall -off profiles were measured for each channel 

of the sample arm (Figure 16). The peak sensitivity was 99 and 103 dB for the anterior 

and posterior segment channels, respectively. The difference in sensitivity is partly d ue 

to the slightly lower collection efficiency of the anterior segment system (which has ten 

additional optical elements), and partly due to the required use of two different 

reflection phantoms for the anterior and posterior imaging mode sensitivity 

measurements. The fall-off was characterized using a Gaussian fit of the peak intensity 

of each A-scan. For the posterior segment channel, we observed a -6dB imaging range of 

4.9 mm in air (3.7 mm in tissue). For the anterior segment channel, we observed a -6dB 

imaging range of 4.5 mm in air (3.4 mm in tissue). The axial resolution was essentially 
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ÊÖÕÚÛÈÕÛɯÖÝÌÙɯÛÏÌɯÐÔÈÎÐÕÎɯÙÈÕÎÌɯÞÐÛÏɯÈɯÔÌÈÕɯÍÜÓÓɯÞÐËÛÏɯÈÛɯÏÈÓÍɯÔÈßÐÔÜÔɯÖÍɯȃƜɯϟÔɯȹÐÕɯ

air) for both systems. 

 

Figure 16: Sensitivity fall -off o f the anterior (left) and posterior segment (right) 

sample arms. A-scans are color coded by optical path length difference.  

3.7.2 Mode Switching Temporal Response 

When switching between modes, both the flip mirror and the reference arm 

require actuation. Adjustment of the reference arm was achieved in 40 ms with the use 

of a high-speed stage such that the flip mirror system was the limiting factor dictating 

the time required to switch modes. Measurements of the temporal response of the flip 

mirror were use d to determine the settling time required between switching modes 

(anterior/posterior segment mode) such that beam positional error from vibration 

induced by the mechanical action of switching was restricted to less than ½ of an Airy 

radius of the focused beam (Figure 17). A camera was used to image the beam when 

changing modes. One hundred thirty -five experiments were performed in each mode. 
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The images were thresholded and the centroid of the beam was determined for each 

frame. The mean final position of t he beam across all experiments was determined and 

referenced as the set point. The displacement (over time) between the set point and the 

beam centroid positions was calculated. Then, the time to settle to within ½ an Airy 

radius of the set point was determined for each experiment. In 95% of the experiments 

the beam settled to within ½ an Airy radius of the set point in less than 0.3 and 0.37 

seconds for retinal and anterior modes, respectively. 
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Figure 17: Probability distribution  function (PDF)  (top), and cumulative 

distribution function (CDF)  (bottom)  of the flip mirror response time as indicated by 

the time to settle to within ½ an Airy radius of the resting position for the posterior 

(blue) and anterior (red) segment imaging mo des. 

3.7.3 Distortion Correction Efficacy 

The efficacy of the dewarping algorithm was assessed using the known spacing 

of the low reflectance grid target. The centroids of the dots on the edge of the central 

horizontal and vertical rows of the target were used as references to calculate the error 
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of the other dot positions in both the x - and y-directions before and after dewarping 

(Figure 18). The root mean squared (RMS) error after dewarping was much less than one 

pixel in the x - and y-directions for the p osterior segment, iris camera and anterior 

segment systems. 

 

Figure 18: Measured dot centroids as a function of actual dot positions of the 

grid target for all lines in the x - (top) and y -directions (bottom) for the anterior 

segment (left), iris camera (middle), and posterior segment (right). The mean RMS 

error after dewarping across all three modalities was significantly less than one pixel.  

3.8 Imaging Results 

All of the hardware was controlled using custom GPU -accelerated software 

written in C++/CUDA to provide real -time display of OCT images, and a custom GPU-

enabled raycasting algorithm was used to enhance volume visualization. To 

demonstrate the applicability of dual depth SSOCT in vivo, anterior segment and retinal 
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images were acquired from healthy volunteers (Figure 19, Figure 20). All 5 subjects were 

successfully imaged, and the results presented herein for two subjects were typical of 

those obtained from the others. 

Before each imaging session, the fiber polarization controllers were adjusted to 

optimize the signal while imaging a test target in anterior segment mode. The optical 

power output of the probe was measured with a calibrated power meter while in 

posterior segment mode to ensure compliance with the ANSI Z136.1 standard [125]. The 

power spectral density of the source, measured with an optical spectrum analyzer 

(Agilent 86142B, Agilent Technologies Inc., Santa Clara, CA), was used to determine the 

source-specific maximum permissible exposure. The optical power incident on the 

subject cornea was 1.7 mW, which is within the most conservative limits of the ANSI 

Z136.1 standard [125] for the 1040 ± 50 nm source used over a duration of up to 8.33 

hours. 

At the start of each imaging session, the pupil camera was used to guide the 

operator to nominally align the probe with the subject eye and the final alignment was 

achieved with the aid of real -time display of the OCT images. The pupil camera 

functions only in anterior segment mode. Although a pupil camera would be useful 

during posterior  segment mode as well, we elected to omit this functionality as part of 

the trade-off needed to achieve the small form factor that permitted handheld operation. 

During anterior segment imaging, the position of the focal plane was set near the 
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posterior cornea in order to improve corneal signal at the cost of decreased signal from 

the crystalline lens. Given this configuration and the limited 3.6 mm DOF (in air) of the 

anterior segment objective, the contrast of the crystalline lens is relatively low. For each 

subject, the scan protocol included a total of 8 acquisitions, 2 per mode, each consisting 

of 256 B-scans. The protocol proceeded as follows: anterior segment B-scans, anterior 

segment volume, posterior segment B-scans, and posterior segment volume. Then, the 

proceeding 4 steps were repeated to obtain a total of 8 acquisitions. The total recorded 

imaging time was 40.8 seconds, which took approximately 5 minutes per subject when 

taking setup, alignment and data storage into account. Separate dispersion 

compensation parameters were applied to the two data sets. All images were dewarped 

using the method described in section 3.5. OCT B-scan images were registered using an 

image processing program, ImageJ (National Institutes of Health, Bethesda, MD), with 

the StackReg plugin [145]. OCT volumes were registered by applying previously 

described automatic segmentation algorithms using graph theory and dynamic 

programming [127, 146] to extract the top layer of the retina or cornea followed by cross 

correlation of the segmentations to determine axial motion.  
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Figure 19: Anterior segment and retinal images from a healthy volunteer. B -

scan images were registered and averaged 5 times, and comprise 1376x1000 pixels for 

the anterior segment (A) and retina (B). For each imaging mode, averaged B -scans 

were taken from within a single data set. The scale bars are 1 mm (lateral) x 0.5 mm 

(axial) and 1° for the anterior and posterior segment B -scans, respectively. An image 

from the iris camera of the same subject is shown in (C). Volume visualization of the 

anterior (D) and posteri or (E) segments comprised 1376x1000x256 voxels and was 

rendered in less than the data acquisition time using a custom GPU -enabled 

enhanced ray-casting algorithm. The volume and B -scan acquisition times were 5.1 s 

and 20 ms respectively. 
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Figure 20: Ant erior segment and retinal volumes  from a nother  healthy 

volunteer.  Volume visualization of the anterior (left) and posterior (right) segments 

comprised 1376x1000x256 voxels. 

3.9 Conclusions 

We have demonstrated a MEMS-based handheld dual depth SSOCT system that 

enables rapid, sequential imaging of the anterior segment and retina. To aid alignment, 

the probe includes a wide-field iris imaging system consisting of a high -resolution 

camera, a custom dichroic mirror, and an IR LED-based annular illumination system. A 

moveable fold mirror assembly, actuated by a bi -stable rotary solenoid, was used to 

switch between the anterior and posterior segment measurement modes. A miniature 

motorized linear translation stage was used to adjust the objective position to correct for 

patient refractive error. Healthy volunteers were imaged to illustrate imaging 

performance. 
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4. Handheld Retinal Imaging: Scanning Laser 
Ophthalmoscopy and Optical Coherence Tomography 

Handheld op tical coherence tomography systems have been shown to assist with 

the diagnosis of retinal diseases in infants, young children, and supine adult patients 

[147]. The translation of OCT to handheld form was first demonstrated by 

Radhakrishnan et al. [78] and further developed by research groups [79-81, 148] and 

companies [149, 150] to enable improved sensitivity and faster image acquisition. 

Handheld SLO was first demonstrated by Kelly et al. [151] and was found to be helpful 

in imaging children with nystagmus, photophobia, eccentric fixation, cone dystrophy, 

and mild papilledem a. However, image quality with this sy stem was far from optimum. 

Without AO, this system was unable to resolve foveal cones and the device was 

relatively large and heavy for a handheld probe . Fortunately, the recent debut of a 

compact deformable mirror (DM ), along with the development of wavefront sensorless 

(WS) AO techniques, pointed to the possibility of overcoming the size limits that were 

preventing the translation of AOSLO into handheld form.  Using these enabling 

components and techniques, we designed the first handheld adaptive optics scanning 

laser ophthalmoscope (HAOSLO). As ancillary objectives, we developed the first 

ÏÈÕËÏÌÓËɯ2+.ɤ."3ɯ×ÙÖÉÌȮɯÛÏÌɯÍÐÙÚÛɯɁÛÙÜÌɯÊÖÓÖÙɂɯ2+.ȮɯÏÈÕËÏÌÓËɯÊÖÓÖÙɯ2+.ȮɯÈÕËɯ

combined color SLO/OCT probe, along with the first ultra -compact SLO/OCT probe, 

which was used to image parafoveal cones in infants and toddlers for the first time.  
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4.1 Handheld Simultaneous Scanning Laser Ophthalmoscopy 
and Optical Coherence Tomography System 

The combination of SLO and OCT was first explored by Podoleanu et al. [152] 

and further de veloped by various groups [153-157] in either  simultaneous or sequential 

SLO/OCT imaging. Some of these imaging systems have been translated to the clinic as 

table-top systems mounted to a patient positioning frame like those used in modern slit -

lamps. However, due to the physical size and design of these tabletop systems, imaging 

is limited to patients who are able to sit in an upright position and fixate fo r several 

minutes. Portable, handheld SLO/OCT systems would be useful in acquiring motion -

corrected OCT volumes in young children [147], as well as patients that are supine, 

under anesthesia, or otherwise unable to maintain the required posture and fixation. 

While compact or handheld SLO systems [151, 158] and handheld OCT systems [78, 79, 

159] have been described in the literature, no combined, handheld SLO/OCT system has 

yet been described. 

We developed the first handheld SLO/OCT probe  [160]. Custom lenses, lens 

tubes, lens spacers, and mirror mounts were designed and fabricated to minimize the 

footprint of the system  (Figure 21). SLO and OCT images were acquired simultaneously 

with a combined power under the ANSI limit. High signal -to-noise ratio SLO and OCT 

images were acquired simultaneously from a normal subject with visible motion 

artifacts. Fully automated motion estimation methods were performed i n post-

processing to correct for the inter- and intra -frame motion in SLO images and their 
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concurrently acquired OCT volumes. The resulting set of reconstructed SLO images and 

the OCT volume were without visible motion artifac ts. At a reduced field of view , the 

SLO resolved parafoveal cones without adaptive optics at  a retinal eccentricity of 11° in 

subjects with good ocular optics (Figure 22). 

 

Figure 21: SolidWorks design of the handheld prob e (top), and the fabricated 

SLO/OCT probe in use (bottom). Side view showing the internal components of the 

probe (A). Isometric view of the probe within its case (B). Tabletop mountable 

configuration of the probe on a patient positioning system from a Carl Zeiss slit -lamp. 

(C). Handheld use  of the probe (D).  
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Figure 22: SLO image (single frame) of the optic nerve head (A). Single B -scan 

taken simul taneously with the SLO at 40 frames per second  (B). The red line in (A) 

indicates the location of the B -scan shown in (B ). Foveal SLO image (single frame) 

indicating the position where the SLO was optically zoomed to visualize parafoveal 

cones (C). Optically zoomed retinal image (5 frame average) obtained by reducing the 

scan range to a 2.5° FOV at the location shown by the  red box in (C) at an 11° 

eccentricity (D). Digitally zoomed image at the location shown by the blue box in (D) 

with a 1.5° FOV showing the cone photoreceptor mosaic (E).  

4.2 True Color Scanning Laser Ophthalmoscopy and Optical 
Coherence Tomography Handheld Probe 

The introduction of color imaging to the SLO was first demonstrated by 

Manivannan et al. [161] by using red, green, and blue lasers sequentially to acquire red, 

green, and blue reflectance images of the retina on a single detector. Simultaneous color 

imaging with three color las ers and three detectors [162, 163] and quasi-simultaneous 
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color imaging using pulsed red, green, and blue lasers and a single detector [164, 165] 

were also demonstrated and shown to obtain color fundus images that resembled color 

fundus photography but with higher contrast. All of these techniques utilized multiple 

lasers or narrowband colors for illumination and are therefore not capable of genera ting  

ɁÛÙÜÌɯÊÖÓÖÙɂɯÍÜÕËÜÚɯÐÔÈÎÌÚɯ[166]. As Bartsch et al. explains in [166], the combination of 

red, green, and blue lasers can appear to an observer as white light, but the reflectance of 

objects illuminated by such light consists of only three discrete wavelengths. 

Conversely, in fundus photography, the illumination spans the full visible spectrum. 

Therefore, the majority of the spectral information used in fundus cameras t o determine 

color is lost in a three narrowband source illumination approach. Since the retina is 

known to have continually varyin g spectral reflectivity that spans the visible spectrum 

[167], sampling only three  narrow bands of wavelengths does not provide enough 

ÐÕÍÖÙÔÈÛÐÖÕɯÛÖɯÙÌÊÖÕÚÛÙÜÊÛɯÛÏÌɯɁÛÙÜÌɂɯÊÖÓÖÙɯÖÍɯthe retina and may even miss certain 

features of the retina detectable with the full visible spectrum [166]. Also, the previous 

color SLO techniques did not compensate for the longitudinal chromatic aberration 

(LCA) of the human eye, which is known to introduce a chromatic difference of 

refraction of ~2 diopters (D) over the visible spectrum [168]. As a result, without an 

achromatizing lens, images from each color channel are acquired at different depth 

sections of the retina, thus introducing errors i n the combined color image. 
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6ÌɯËÌÝÌÓÖ×ÌËɯÛÏÌɯÍÐÙÚÛɯɁÛÙÜÌɯÊÖÓÖÙɂɯ2+.ȮɯÏÈÕËÏÌÓËɯÊÖÓÖÙɯ2+.ȮɯÈÕËɯÊÖÔÉÐÕÌËɯ

color SLO integrated with a spectral domain optical coherence tomography (OCT) 

system [143]. 3ÏÌɯɁÛÙÜÌɯÊÖÓÖÙɂɯ2+.ɤ."3ɯÏÈÕËÏÌÓËɯ×ÙÖÉÌɯÞÈÚɯÉÜÐÓÛɯÉàɯÔÖËÐÍàÐÕÎɯÖÜÙɯ

previous SLO/OCT design. The output of a supercontinuum laser (NKT Photonics A/S, 

Birkerød, Denmark) was filtered to transmit light between 430 and 700 nm. To make the 

output illumination spectrum more uniform and allow more even light collection among 

the three color channels, the spectrum was reshaped with two wavelength division 

multiplexers (WDMs) and three variable optical attenuators (VOAs) as shown in Figure 

23. To achieve accurate color imaging, the SLO was calibrated with a color test target 

and utilized an achromatizing l ÌÕÚɯÞÏÌÕɯÐÔÈÎÐÕÎɯÛÏÌɯÙÌÛÐÕÈɯÛÖɯÊÖÙÙÌÊÛɯÍÖÙɯÛÏÌɯÌàÌɀÚɯLCA . 

Color SLO and OCT images from volunteers were then acquired simultaneously with a 

combined power under the ANSI limit  [125] (Figure 24). Images from this system were 

then compared with those from commercially available SLOs featuring multiple narrow -

band color imaging.  
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Figure 23: Side view schematic  of the color SLO/OCT handheld probe design. 

All optical components are labeled and described in the legend. The SLO 

illumination spectrum after filtering and reshaping the supercontinuum laser output 

is shown in the dotted box. The illumination beam diame ÛÌÙɯÈÛɯÛÏÌɯÌàÌɀÚɯ×Ü×ÐÓɯÍÖÙɯ

SLO and OCT was 2.0 and 2.5 mm, respectively. The collection beam diameter for 

2+.ɯÞÈÚɯÉÌÛÞÌÌÕɯƖȭƔɯÈÕËɯƛȭƔɯÔÔɯËÌ×ÌÕËÐÕÎɯÖÕɯÛÏÌɯËÐÓÈÛÐÖÕɯÖÍɯÛÏÌɯÌàÌɀÚɯ×Ü×ÐÓɯ

because backscattered light from the retina fills the pupil in the return path and the 

pupil is the limiting aperture of the SLO collection path. The collection beam 

diameter for OCT was the same as the OCT illumination beam diameter because the 

."3ɯÐÓÓÜÔÐÕÈÛÐÖÕɤÊÖÓÓÌÊÛÐÖÕɯÍÐÉÌÙɀÚɯÕÜÔÌÙÐÊÈÓɯÈ×ÌÙÛÜÙÌɯÐÚɯÛÏÌɯÓÐÔÐÛÐÕÎɯÈ×ÌÙÛÜÙÌɯÖÍɯÛhe 

OCT collection path. The multimode fiber shown in the schematic is used to transfer 

the collected light from the SLO arm into an RGB color separation module consisting 

of two dichroic filters and three photomultiplier tubes (PMTs). A filter is placed in  

ÍÙÖÕÛɯÖÍɯÛÏÌɯÙÌËɯÊÏÈÕÕÌÓɀÚɯ/,3ɯÛÖɯÙÌÔÖÝÌɯÈÕàɯÊÖÕÛÙÐÉÜÛÐÖÕɯËÜÌɯÛÖɯÛÏÌɯ."3ɯÓÐÎÏÛɯ

source that is returned through the SLO collection path.  
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Figure 24: Imaging results from a human volunteer taken with the handheld 

color SLO/OCT syst em. 100 frame average of calibrated (2nd order polynomial) 20° 

FOV color SLO images (A -C) taken with the focus at different depth sections, focused 

on the nerve fiber layer (NFL) (A), focused on the retinal pigment epithelium (RPE) 

(B), and focused on the choroid (C). 90 frame average of calibrated 5° FOV color SLO 

images (D) at the location indicated by the dotted red square in (B). The raw, un -

calibrated red, green, and blue (RGB) color channels of (B) are shown by (E), (F), and 

(G), respectively. 20 fram e average OCT B-scan (H) taken at the location indicated by 

the dotted blue line in (B). Image of the handheld color SLO and OCT system 

operated in handheld mode (I).  

4.3 In vivo cellular resolution retinal imaging in infants and 
children using an ultra-compact handheld probe 

We demonstrated the first combined SLO/OCT handheld probe (section 4.2) 

[160],  which was compact compared to table-top systems, but at 1.45 kg, it was still 

relatively heavy for a handheld device. The main features that constrained the minimum 

size and weight of this system were the need for: 1) bulky galvanometer and resonant 
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scanners, 2) separate scanners for OCT and SLO, 3) separate OCT and SLO illumination 

and collection paths, and 4) a 4f relay telescope after the scanners. 

We developed an ultra-compact SLO and spectral domain OCT handheld probe 

[169] weighing only 94 g  (Figure 25), which is over an order of magnitude lighter than 

the prior SLO/OCT handheld probe [160] and similarly far lighter than commercially 

available OCT-only handheld systems, which weigh 1.5 kg or heavier  [81]. The main 

design innovations that enabled the miniaturization of this probe were the use of a 

single MEMS scanner for both SLO and OCT, a single fiber input for SLO and OCT 

illumination and collection, and a custom compact optical design that utilizes a 

converging beam prior to the scanner. 
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Figure 25: Solidworks design and photograph of the fully assembled probe. 

Photorealistic rendering of the p robe (A) . Section view showing the interior design 

(B). Assembled probe in handheld configuration  (C). 

With this probe, high definition SLO and OCT retinal images were acquired in 

healthy adult volunteers in the laboratory and in infants and toddlers with and without 

pathology during examination under ane sthesia.  At appropriate fields of v iew, this 

system achieved imaging of parafoveal cones without adaptive optics in adults as well 

as in infants and toddlers for the first time  (Figure 26). 
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Figure 26: Imaging results from healthy eyes of a 25 month old toddler (A -D, 

frames with green border) and a 14 month old infant (E -H, purple border) in the 

operating room. 25  (A)  and 20 (E) frame average SLO images with an 8.8° x 6.4° FOV. 

25 (B) and 24 (F) frame average SLO images with a 3° FOV at a 4° and 11° eccentricity . 

(B) is located in the region within the red dotted box in (A). (F) is located in an 

inferior temporal region of the retina outside of the FOV of (E). 0.5° FOV zoomed 

insets (2 ) are shown below (B) and (F) visualizing cone photoreceptors for both 

subjects. (C-D) and (G-H) show 21, 10, 15, and 20 frame average OCT B-scans, 

respectively, with a 6.4° FOV. The B -scan in (C) is located at the fovea and lies 

approximately al ong the blue dotted line in (A). The B-scan in (G) is also located at 

the fovea, which lies approximately along the orange dotted line in (E). (I) shows an 

image of the handheld probe in use in the operating room during examination under 

anesthesia on a 3 year old toddler.  
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4.4 Wavefront Sensorless Adaptive Optics 

Broadly, WSAO algorithms can be classified into two categories: model-free and 

model-based. In the model-free approach, the state space of the adaptive element is 

searched to find the optimum confi guration using one or some combination of image 

quality metrics [84, 85, 170-173]. In the model-based approach, a priori knowledge of the 

optimized function is used to design an algorithm that exhibits superior convergence 

[174-176]. WSAO techniques have been applied to laser systems [177, 178], fiber 

coupling [179], quantum optics [180], optical tweezers [181], and microscopy [182-189]. 

WSAO was applied to SLO [190], showing that retinal images acquired with sensorless 

adaptive optics are of comparable quality to those acquired with the aid of a wavefront 

sensor. In addition, WSAO was utilized in OCT systems designed to image the retina in 

mice [191] and in humans [192].  

4.5 Handheld Adaptive Optics Scanning Laser Ophthalmoscopy 

We designed the first handheld  adaptive optics scanning laser ophthalmoscope 

(HAOSLO). A single 2D microe lectromechanical systems scanner and a compact DM 

were utilized. The DM will be  optimized with a WSAO technique using a stochastic 

parallel gradient descent algorithm to avoid the need for a wavefront sensor. These 

features, together with a custom optical and mechanical design, produced a probe with a 

weight and form factor suitable for handheld operation. The system has the potential to 

achieve foveal cone imaging for the first time using a handheld device and using WSAO.  
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The HAOSLO  probe was designed to meet the following performance 

specifications: 1) provide AO corrected SLO images of the retina, 2) Ú×ÈÕɯÈɯȁɯƕȘɯÍÐÌÓËɯÖÍɯ

view with diffraction limited resolution, 3) operate at a minimum of 8 frames per second 

(fps) with at least 400 x 400 pixel images, 4) have a working distance of approximately 15 

mm from the eye, 5) compensate for at least ±8 diopters of spherical equivalent refractive 

error, 6) weigh less than 450 g with a minimal device form factor. The following 

subsections describe how we addressed these goals through the optical and mechanical 

design of the HAOSLO engine and the handheld probe. 

4.5.1 System Design 

The HAOSLO source was a superluminescent diode (SLD) operating at 774 ± 5 

nm (Inphenix, Livermore, CA). A variable optical attenuator (SM -ATN -FC, Precision 

Fiber Products, Milpitas, CA) was used to control the system output power. Single mode 

fiber (HI780, Inphenix, Livermore, CA) was used to deliver the illumination to the probe 

and multimode fiber ( M64L02, Thorlabs, Newton, NJ) was used to support the collection 

channel. Polarization optics were used to separate optical pathways for illumination and 

collection. The detector for the SLO was an avalanche photodiode (APD) (C12703, 

Hamamatsu, Shizuoka-ken, Japan) with adjustable gain set to 30x, and the signal was 

low -pass filtered from DC ɬ 2.5 MHz (BLD-2.5+, Mini-Circuit s, Brooklyn, NY) and 

acquired at 5 MS/s using the NI PCI 6115 card (12-bit) (National Instruments, Austin, 

TX) (Figure 27). The SLO signal was low-pass filtered with a cutoff frequency of 2.5 MHz 
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(half the sampling frequency) in order to avoid aliasing art ifacts in the SLO image. All of 

the hardware was controlled using LabVIEW (National Instruments, Austin, TX).   

 

Figure 27: SLO system diagram. VOA: variable optical attenuator. SMF: single 

mode fiber. MMF: multimode fiber. APD: av alanche photodiode. LPF: low -pass filter. 

Light blue lines represent fiber optic paths, purple lines represent free space optical 

paths, and thin black lines represent electronic signal paths.  

4.5.2 Optical Design 

The optical design of the HAOSLO probe is shown in Figure 28. The optics were 

optimized in  optical design software, Zemax (Radiant ZEMAX , Redmond, WA), using 

an eye model with a gradient index lens  [142]. The eye model was modified as described 

in [143] with glass types adjusted to match human ocular dispersion [144]. A gimbal -less 

two -axis scanning MEMS micromirror (13L2.3, Mirrorcle Technologies, Richmond, CA) 

with a 4.2 mm diameter mirror was used to control beam position on the subject eye. 

The horizontal or fast axis operated at 1.7 kHz, but both the forward and backward 

sweep of the scanner were utilized to effectively operate at 3.4 kHz. The vertical or slow 
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scanner of the SLO operated at a rate of 8.33 Hz to record frames at 8.33 fps. Each image 

of the SLO consisted of 409 x 463 pixels. A compact deformable mirror (DM69, ALPAO, 

Rue Lavoisier, France) with 69 actuators, a 10.5 mm pupil diameter, a 1.5 mm pitch and 

ÈɯÚÌÛÛÓÐÕÎɯÛÐÔÌɯÖÍɯƜƔƔɯϟÚɯÞÈÚɯÜÚÌËɯÈÚɯÛÏÌɯÈËÈ×ÛÐÝÌɯÌÓÌÔÌÕÛɯÛÖɯÊÖÙÙÌÊÛɯÍÖÙɯÞÈÝÌÍÙÖÕÛɯ

distortions.  

In an effort to minimize the size of the probe, custom optical elements were 

designed. In total, nine custom achromatic lenses were designed with a consideration for 

manufacturability by using test plates and common Ohara (Ohara Corp., Branchburg, 

NJ) glasses available at Optimax (Optimax Systems Inc., Ontario, NY). A tolerance stack 

analysis was performed to ensure that the optical design was sufficiently resilient to 

meet the specifications given the prescribed fabrication tolerances. 

Mechanical constraints of the MEMS scanner were used to determine the 

minimum angle of incidence achievable, limiting the beam size at the MEMS scanner to 

3.3 mm. To improve the resolution of the system given the limited aperture of the MEMS 

scanner, a 3.3 mm iris was used to truncate the Gaussian beam prior to the MEMS 

scanner such that the transmittance of the iris was 0.7. This truncation factor enabled a 

resolution improvement of ~25% relative to the use of a non-truncated Gaussian beam. 

The Gaussian beam prior to the 3.3 mm iris had a 1/e2 Gaussian beam diameter of 4.3 
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mm, which was created by collimating the light from the HI780 illumination fiber input 

with a custom achromatic collimation lens (  = 10 mm, P = 49.9 D).  

Mechanical constraints of the DM were used to determine the minimum angle of 

incidence achievable, limiting the beam size at the DM to 8.88 mm. The intermediary 

telescope (between the MEMS scanner and the DM) was constructed with a 

magnification of M = 8.88/3.3 = 2.691 using four different achromatic lenses. The cost 

function for the optical design optimization was restricted by fix ing the total length of 

the system to 65 mm. The lens curvature, thickness, and glass types, and the air gaps 

between lenses were allowed to vary and the radial extent of the angular aberrations in 

the image space was minimized. The first compound lens of the intermediary telescope 

was composed of two achromatic lenses with  = 6.35 mm, P = 90.6 D, and  = 6.35 mm, 

P = 21.7 D. The second compound lens of the intermediary telescope was composed of 

two achromatic lenses with  = 12.7 mm, P = 24.5 D, and  = 12.7 mm, P = 24.3 D. 

The selection of the entrance beam diameter was driven by two conflicting 

motives. A larger entrance beam diameter corresponds to an improvement in resolution, 

but comes at the cost of reduced throughput for some patients (i.e. those with smaller 

dilated pupils such as infants, toddlers and the elderly). In order to balance this tradeoff, 

a meta-analysis of pharmacologically dilated pupil diameter, covering patients ranging 

in age from 2 days to 70 years, was performed using [193-198] to determine the optimum 

entrance beam diameter. A 6.11 mm entrance beam diameter was selected, 
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corresponding to a transmittance of >0.87 in 95% of the newborn population and a 

transmittance near unity in >90% of the aged 50+ population. The objective telescope 

(between the DM and the eye) was constructed with a magnification of M = 6.11/8.88 = 

0.688 using four different achromatic lenses. The cost function for the optical design 

optimization was restricted by fixing the total length of the system to 90 mm. The lens 

curvature, thickness, and glass types, and the air gaps between lenses were allowed to 

vary and the radial extent of the angular aberrations in the image space was minimized. 

The first compound lens of the objective telescope was composed of two achromatic 

lenses with  = 12.7 mm, P = 10.5 D, and  = 12.7 mm, P = 33.6 D. The second compound 

lens of the objective telescope was composed of two achromatic lenses with  = 10.0 mm, 

P = -17.8 D, and  = 10.0 mm, P = 60.8 D. 

Polarization gating was used to mitigate non -imaging light caused by back-

reflections at the lens surfaces and to maximize collection efficiency. The collimated laser 

output traverses a nanoparticle linear film polarizer (LPNIR050, Thorlabs, Newton, NJ) 

followed by a polarizing beam splitter (PBS052, Thorlabs, Newton, NJ). Before entering 

the eye, the light traverses a quarter wave plate (AQWP05M-980, Thorlabs, Newton, NJ) 

oriented at 45° with respect to the input linear polarization state so that the eye is 

illuminated with circularly polarized light. The backscattered light from the retina 

traverses the quarter wave plate, resulting in a linear polarization state that is 

perpendicular to the initial linear polarization state (neglecting birefringence of the eye). 
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The polarizing beam splitter then reflects the back-collected light and sends it to the 

collection fiber. To balance the trade-off between axial sectioning [199] and throughput  

[158], the collection fiber and achromatic collection lens (45-786, Edmund Optics, 

Barrington, NJ) were selected to produce an effective pinhole size that was 1.07 times the 

Airy disk diameter.  

 

Figure 28: HAOSLO pr obe optical design: red and blue rays depict the 

illumination and collection paths, respectively. M : mirror . P: polarizer . DM : 

deformable mirror . QWP: quarter wave plate.  

The optical performance of HAOSLO system is shown in Figure 29. The system 

has a working distance of 15.0 mm. Diffraction limited performance was achieved in the 

optical design, giving a predicted spot size, in the adult eye, of ƖȭƘƙɯϟÔɯÈÕËɯÈɯÕÌÈÙÓàɯ
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square FOV of 1.49 x 1.69° (0.434 ßɯƔȭƘƝƖɯϟÔ). The effects of beam truncation and 

confocal collection were simulated in Matlab (MathWorks, Natick, MA) following [200] 

and [201]ȮɯàÐÌÓËÐÕÎɯÈɯ×ÙÌËÐÊÛÌËɯÖÝÌÙÈÓÓɯÚàÚÛÌÔɯÙÌÚÖÓÜÛÐÖÕɯÖÍɯƖȭƕƚɯϟÔȭ 

 

Figure 29: Spot diagram for the HAOSLO illumination on the retina spanning 

a 1.49 x 1.69° FOV. H .2+.ɯÐÚɯËÐÍÍÙÈÊÛÐÖÕɯÓÐÔÐÛÌËɯÈÛɯƖȭƘƙɯϟÔɯȹ ÐÙàɯËÐÚÒɯÙÈËÐÐȺȭɯ2×ÖÛɯ

diagrams are color coded for 3 wavelengths spanning the bandwidth of the source 

ÈÕËɯÛÏÌɯÚÊÈÓÌɯÐÚɯƚɯϟÔȭɯ3ÏÌɯÌÍÍÌÊÛÚɯÖÍɯÉÌÈÔɯÛÙÜÕÊÈÛÐÖÕɯÈÕËɯÊÖÕÍÖÊÈÓɯÊÖÓÓÌÊÛÐÖÕɯÞÌÙÌɯ

simulated in Matlab, yielding  Èɯ×ÙÌËÐÊÛÌËɯÙÌÚÖÓÜÛÐÖÕɯÖÍɯƖȭƕƚɯϟÔȭ 

4.5.3 Mechanical Design 

The optical design for the probe was used to specify component locations in the 

mechanical design. The mechanical design for the system was developed in Solidworks 
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(Dassault Systemes, Solidworks Corp., Waltham, MA) and is shown without the outer 

casing in Figure 30. Custom lens tubes and lens spacers were designed and fabricated to 

accommodate the closely spaced optics of the system and to maintain a small footprint. 

The internal skeleton and other structural components were made of aluminum to 

simplify fabrication and to maintain a low weight. The use of undersized dowel pins 

along with a tightly toleranced skeleton provided for accurate component positioning, 

while the use of tangential and toroidal interfaces on pertinent lens surfaces (via brass 

retaining rings)  minimized stress induced distortions of the optical wavefront.  Zemax 

was used to determine the maximum permissible positional error of optical components. 

A mechanical tolerance stack analysis was performed to ensure that the optical design 

specifications were satisfied given standard commercial mechanical fabrication 

tolerances. All components other than the final compound lens of the objective telescope 

were mounted on a miniature motorized translation stage (MM -1M, National Aperture 

Inc., Salem, NH) with a total travel of 5 mm to allow for refraction correction from -10.2 

to +8.0 D.  
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Figure 30: Renderings of the handheld probe optomechanical design. 

Dimen sions: 10.3 x 5.3 x 11.2 cm. Left  cross-section view  (A), isometric view (B), and 

isometric view of  the probe  with connectors (C)  rendered in SolidWorks.  Scale bar in 

(A)  is 2.5 cm. 

The probe enclosure was designed to minimize weight and to facilitate hand held 

operation (Figure 31). The thin -walled enclosure was 3D printed (Objet350 Connex, 

Stratasys, Edina, MN) from a rigid opaque photopolymer ( VeroWhitePlus RGD875, 

Stratasys, Edina, MN) and consisted of two halves that were joined duri ng assembly and 

secured with five  flat head screws. The enclosure was made to permit a pencil-style grip 

of the optical bore, and a curved interface was added to support the weight of the probe 
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on the crux of the pointer and thumb.  The enclosure was mated to the skeleton of the 

probe with two round head  screws. The handheld probe, without the DM connectors,  

weighed 275 g and was 10.3 cm long x 5.3 cm wide x 11.2 cm tall.  With the DM 

connectors, the probe weighed 390 g. 

 

Figure 31: Renderings of the handh eld probe with the enclosure. The probe 

with operator in semi -transparency and patient in supine position (left). The ring and 

little fingers are retracted and resting on the patient to provide a stable reference. The 

probe with the lid of the enclosu re removed, showing the position of the internal 

components. 

4.6 Conclusions 

We have demonstrated an SLO/OCT handheld probe with ~7 µm resolution 

spanning a 20° FOV across the retina. Parafoveal cone imaging was shown using the 

SLO arm of this device using a 2.5° FOV at an 11° eccentricity without adaptive optics. 

Simultaneous SLO and OCT images of the retina were acquired with a handheld device 

for the first time.  

6ÌɯÏÈÝÌɯËÌÔÖÕÚÛÙÈÛÌËɯÈɯɁÛÙÜÌɯÊÖÓÖÙɂɯ2+.ɯÈÕËɯ."3ɯÏÈÕËÏÌÓËɯ×ÙÖÉÌɯÛÏÈÛɯ

implements a custom achromatizing lens and images both 5° and 20° fields of view of 
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ÛÏÌɯÙÌÛÐÕÈȭɯɁ3ÙÜÌɯÊÖÓÖÙɂɯÐÔÈÎÌÚɯÖÍɯÛÏÌɯÙÌÛÐÕÈɯÞÌÙÌɯÖÉÛÈÐÕÌËɯÞÐÛÏɯÈÕɯ2+.ɯÍÖÙɯÛÏÌɯÍÐÙÚÛɯÛÐÔÌɯ

and at different depth sections of the retina. In addition, this is the first demonstration of 

simultaneous true color SLO and OCT image acquisition. The use of this technology 

may provide a compact solution for confocal color imaging of the retina combined with 

OCT and may be used to further study and evaluate treatments that affect the macula 

pigment density  and distribution.  

In addition, we demonstrated an SLO/OCT handheld probe weighing only 94 g 

ÞÐÛÏɯÈÕɯƜɯϟÔɯÙÌÚÖÓÜÛÐÖÕɯÈÕËɯÈɯ%.5ɯÜ×ɯÛÖɯƚȭƘȘɯßɯƜȭƜȘȭɯ'ÐÎÏɯËÌÍÐÕÐÛÐÖÕɯ2+.ɯÈÕËɯ."3ɯ

images were acquired in both healthy adult volunteers and patients in the operatin g 

room. Parafoveal cone imaging was shown using the SLO arm of this device without 

adaptive optics using a 3° FOV in adults and for the first time in infants and toddlers.  

Lastly, w e have designed a HAOSLO system with specifications set to enable 

rapid, cellular level imaging of the human retina.  The system has a working distance of 

15 mm, a 1.5° FOVȮɯÈÕËɯÈÕɯÌÚÛÐÔÈÛÌËɯÙÌÚÖÓÜÛÐÖÕɯÖÍɯƖȭƖɯϟÔɯÐÕɯÛÏÌɯÈËÜÓÛɯÏÜÔÈÕɯÌàÌȭ The 

size limits of traditional AO systems were transcended through the use of a miniature 

MEMS scanner, a compact DM, WSAO techniques, and custom optical and mechanical 

design to develop the first HAOSLO system. This device has the potential to resolve 

foveal cones for the first time using a handheld retinal imaging system.  
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5. Conclusions and Future Directions 

The proceeding chapters describe advancements in the imaging speed and 

imaging depth of SSOCT techniques as well as the translation of SLO, SSOCT and 

SDOCT to handheld applications. High -speed OCT systems capable of imaging the 

entire optical system of the human eye ɬ the cornea, crystalline lens and retina ɬ will one 

day permit the creation of individualized optical models of patients  [202, 203]. Such 

customized models have the potential to improve  refractive surgery and intraocular  lens 

designs and to eliminate optical artifacts in retinal OCT diagnostics. Furthermore, the 

realization of optical distortion free volumetric imaging may permit a better 

understanding of the ocular changes responsible for the development of refractive er ror  

and presbyopia. This information could then be utilized to design methods to mitigate 

or even halt the progression of refractive errors and the development of presbyopia  

before they become severe. 

The development of compact OCT systems designed for handheld use will for m 

the foundation for high quality, handheld imaging of patients that are supine, under 

anesthesia, or unable to position, and may prov e particularly useful for examination of 

infants and children  with diseases such as retinopathy of prematurity [131, 147, 204], 

albinism [205], nystagmus [206], trauma or shaken baby syndrome [78]. We are heading 

towards a future where novel therapies may eventually be considered in even younger 

patients with retinal degenerations and other diseases that affect photoreceptor 
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development and survival [207-209]. For disease staging and management, it is likely to 

become even more critical to accurately determine photoreceptor density and other 

cellular disease effects across retinal layers, in addition to function, prior to and after 

initiation of novel therapies. Lightweight and portable high definition systems are likely 

to have a significant role in assessing cellular anatomy in the ongoing care of  pediatric 

patients in the future.  
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Appendix A: Pupil Tracking Optical Coherence 

Tomography for Precise Control of Pupil Entry Position 

In retinal imaging systems, the illumination angle is in part determined by the 

pupi l entry position. The reflectivity of many retinal structures varies with illumination 

angle, and as a result, the visibility of these structures can change as a function of entry 

pupil position. Reduced off -axis retinal reflectivity of the photoreceptor l ayers can be 

attribu ted to the optical Stiles-Crawford effect , the waveguiding effect of cone 

photoreceptors, and can result in poor imaging performance when pupil posit ion is not 

well controlled [210-212]. Further , the directional sensitivity of back -scattered intensity 

from the retinal nerve fiber has also been characterized in vitro by manually varying the 

illumi nation incidence angle [213, 214]. 

The outer plexiform layer (OPL) near the macular region of the retina, 'ÌÕÓÌɀÚɯ

Fiber Layer (HFL), is an additional retinal structure that exhibits reflectivity dependence 

on pupil entry positio n [215-217]. Lujan et al. showed that the oblique orientation of HFL 

around the foveal pit resulted in diminished OCT visualization if the beam scanning 

pivot was centered on the ocular pupil. By displacing the OCT beam laterally, the 

collected back-scattered intensity of HFL increased on the opposite side of the foveal pit 

from the pupil entry offset, resulting in enhanced OCT visibility due to nearly normal 

illumination relative to HFL fibers in that region. Using eccentric pupil entry positions in 
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a technique called directional OCT, visualization of HFL enabled anatomically correct 

outer nuclear layer thickness measurements [218, 219]. 

As an alternative, we propose pupil tracking as an attractive option for 

controlling pupil entry posi tion to optimize signal from the retinal interface of interest to 

the medical practitioner. Pupil tracking is a low -cost video-oculography technique for 

monit oring subject eye motion [220, 221]. When coupled to a retinal imaging system 

[222]Ȯɯ×Ü×ÐÓɯÛÙÈÊÒÐÕÎɯÖÍÍÌÙÚɯËÐÙÌÊÛɯÝÐÚÜÈÓÐáÈÛÐÖÕɯÖÍɯÛÏÌɯÚÜÉÑÌÊÛɀÚɯ×Ü×ÐÓɯ×ÓÈÕÌȭɯ/ÙÌÊÐÚÌɯ

knowledge of the beam entry position at the pupil plane and beam location at the retinal 

plane can elucidate the beam trajectory through the subject's eye and retinal angle of 

illumination. As quantitative metrics involving distances, areas and volumes derived 

from OCT images become more prevalent, awareness of the geometrical accuracy of 

OCT images and careful control of the beam trajectory through the pupil may becom e 

increasingly important  [223-225]. 

We developed an automated method for controlling the lateral pupil entry 

position in retinal swept source OCT by utilizing pupil tracking in conjunction with a 2D 

fast steering mirror placed conjugate to the retinal plane  [226] (Figure 31). We show that 

pupil tracking prevents lateral motion artifacts and vignetting from obscuring the 

desired pupil entry location and enables precise pupil entry positioning and therefore 

control of the illumination angle of incidence on the retinal plane. Moreover, we 

demonstrate the clinical utility of pupil tracking OCT by illuminating HFL through 
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controlled and repeatable pupil positions for enhanced visualization and thickness 

measurements (Figure 32). 

 

Figure 32: Retinal imaging pupil tracking schematic  (A) . IS: imaging scanners, 

L: lens pairs, TS: tracking scanner, DM: dichroic mirror, IR: infrared illuminator.  

Conventional retinal OCT scanner with pupil (red) and retin al (blue)  conjugate 

planes highlighted (B ). f: lenses with focal lengths f 1 and f 2. Configurations showing 

the scanning pivot imaged onto t he center of the ocular pupil (C ) and the scanning 

pivot offset from the center of the ocular pup il using the trackin g scanner (D). The 

tracking scanner placed at a retinal conjugate plane allows automatic lateral 

translation of the scan pivot.  
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Figure 33: HFL thickness maps for different entry pupil positions. Pupil 

camera frames with beam entr y position denoted by a red dot (A). HFL + OPL 

complex thickness maps generated using semi -automatic segmentation of OCT 

volumes acquired at eight entry pupil positions (B). HFL + OPL thickness plots (C) 

acquired along the solid black line shown in (B). Pu pil entry positions above 

thickness plots are in millimeters and referenced to the pupil centroid calculated in 

real time.  
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Appendix B: Pupil Tracking for Real-time Motion 

Corrected Anterior Segment Optical Coherence 

Tomography 

Anterior segment optical coherence tomography (ASOCT) offers full anterior 

segment tomographic imaging [227-233] for micron-scale biometry such as anterior and 

posterior corneal curvature measurements [234], anterior chamber width, volume, and 

angle measurements [235-237], and refractive power calculations [238]. Quantitative 

metrics afforded by ASOCT would benefit from volumetric imaging. Volumetric data is 

required for complete corneal topography and accurate refractive power measurements to 

account for irregular corneal thickness and curvature [239, 240], and for accurate anterior 

chamber volume measurements, as the anterior chamber may not be perfectly spherical 

[237, 241]. Unfortunately, ASOCT imaging systems do not capture volumes 

instantaneously and are therefore subject to patient motion artifacts that often hinder their 

accuracy and repeatability. 

While a subjectôs voluntary motion may be mitigated with a fixation target, 

involuntary motion such as micro-saccades, drifts, or tremors [242] may still corrupt OCT 

volumetric data. Experimental OCT systems with line rates in the MHz range [141, 243] 

have been demonstrated to significantly reduce motion artifacts, but these systems are 

rather complex and costly and they suffer from lower sensitivity due to the ultra-short 

integration time. Algorithms for OCT volumetric motion correction in the anterior segment 

[244] and retina [245, 246] have been demonstrated, but the motion correction was 
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implemented in post processing and has not been realized in real-time. Moreover, several 

groups have demonstrated hardware and software based real-time tracking for motion-

compensated in vivo retinal imaging [156, 157, 247], but these techniques are not 

applicable in the anterior segment. 

We developed a simple and low-cost pupil tracking system integrated into a custom 

swept source OCT system for real-time motion compensated anterior segment volumetric 

imaging. Pupil oculography hardware coaxial with the SSOCT enabled fast detection and 

tracking of the pupil centroid. The pupil tracking ASOCT system with a field of view of 

15 x 15 mm achieved diffraction-limited imaging over a lateral tracking range of +/- 2.5 

mm (Figure 33) and was able to correct eye motion at up to 22 Hz. Motion artifact-free 

volumes were acquired with tracking engaged and compared to volumes acquired without 

the aid of tracking (Figure 34). Pupil tracking ASOCT offers a novel real-time motion 

compensation approach that may facilitate accurate and reproducible anterior segment 

imaging and biometry. 
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Figure 34: ASOCT system schematic and optical performance. System diagram 

without (A) and with (B) 2.5 mm of lateral tracking , where the red and green ray fans 

depict the OCT and pupil camera collection paths, respectively . Spot diagrams across 

the 15 x 15 mm FOV without (C) a nd with (D) 2.5 mm of lateral tracking. Spot 

diagrams are color coded for 3 wavelengths spanning the bandwidth of the source 

ÈÕËɯÛÏÌɯÚÊÈÓÌɯÐÚɯƕƔƔɯϟÔȭɯ3ÏÌɯÚàÚÛÌÔɯÞÈÚɯËÐÍÍÙÈÊÛÐÖÕɯÓÐÔÐÛÌËɯÛÏÙÖÜÎÏÖÜÛɯÛÏÌɯÊÖÔÉÐÕÌËɯ

scan and tracking range with a lateral resoluti ÖÕɯÖÍɯƗƝȭƙɯϟÔȭ L: lenses, G: galvos, DM: 

dichroic mirror.  




























































