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Abstract 
Optical coherence tomography (OCT) is a non-contact imaging modality that 

provides micron scale resolution of in-vivo tissue. Due to these characteristics, OCT is the 

clinical standard of care in ophthalmology for the diagnosis and monitoring of ocular 

diseases. Despite its success in adult clinical ophthalmology, OCT has seen more limited 

use in other ophthalmic specialties including pediatrics and surgery. This is primarily 

due to the fact that most commercially available OCT systems are large, tabletop 

systems that require a compliant, seated subject. This limits their utility in imaging non-

cooperative, supine subjects such as patients undergoing surgery and infants in the 

nursery.  

The works presented in this dissertation describe the development and 

translation of several OCT systems specialized for intrasurgical or pediatric imaging. 

The first system presented is a microscope integrated OCT system that provided the first 

ever live 4D (3D over time) imaging of retinal microsurgery. We present techniques for 

visualization of real-time 4D intrasurgical OCT data (Chapter 2) and summary imaging 

results from mock surgeries in the wet lab and over 150 surgeries in the human 

ophthalmic operating room (Chapter 3). For pediatric imaging we present two novel 

handheld OCT systems for point of care imaging of infants in the nursery. The first is the 

lightest handheld OCT system ever reported. We show imaging results from the 
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intensive care nursery that demonstrate the ability of this system to image pediatric 

pathology and retinal development (Chapter 5). The second system is faster handheld 

OCT probe that features a novel optical and ergonomic design (Chapter 6). We present 

initial results from the translation of this system into the nursery.  

 OCT angiography (OCTA) is a functional extension of OCT that leverages the 

high speed of modern OCT systems to allow for non-invasive imaging of the retinal 

microvasculature. The final aim of this dissertation reports on the use of the microscope 

integrated OCT system and the high speed handheld OCT system for OCTA imaging of 

pediatric subjects (Chapters 4 and 6 respectively). To the best of knowledge the 

handheld OCTA images presented in this dissertation are the first handheld OCTA 

images taken of an awake infant. 
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1. Introduction 
1.1 Overview of Approach and Research Aims 

This dissertation focuses on the development and clinical translation of optical 

coherence tomography (OCT) systems for novel applications. As detailed in the 

following section, OCT is the standard of care in adult clinical ophthalmology allowing 

for monitoring of disease state, guidance of treatment, surgical planning, and 

assessment of surgical outcomes. Broadly this dissertation covers two different 

applications of OCT. The first is the introduction of OCT into the ophthalmic surgery 

suite for intraoperative imaging via a microscope integrated OCT (MIOCT) system. The 

second is high speed handheld OCT for bedside imaging of infants in the nursery. The 

handheld systems presented in this manuscript seek to bring modern OCT technology 

into the nursery where imaging is currently performed with decade old OCT 

technology. For both applications, we included technology and systems to perform OCT 

angiography (OCTA), an extension of OCT that allows for vascular imaging. This 

dissertation is divided into the following aims: 

• Aim 1 covers the development of a high speed MIOCT system for 

imaging of ophthalmic microsurgery (Chapters 2-4). 

• Aim 2 describes the development of handheld OCT systems that bring 

the advanced imaging capabilities of commercial table top systems into 

the nursery for pediatric imaging (Chapters 5 and 6). 
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•  Aim 3 describes the use of the MIOCT and one of the handheld OCT 

systems to perform non-invasive vascular imaging via OCT angiography 

(Chapters 4 and 6). 

1.2 Optical Coherence Tomography 

Optical coherence tomography (OCT) is an interferometric imaging modality 

that provides micron scale axial and lateral resolution [1]. By using coherence gating 

(using the properties of the light source for axial sectioning) instead of confocal gating 

(where axial sectioning is determined by the depth of field) OCT decouples the axial 

resolution from the optics of the imaging system. This allows for high resolution axial 

imaging (which requires shallow depth of fields with confocal gating) to be acquired 

over mm to cm scale depth of fields [2, 3]. Since its development in 1991 [1], OCT 

technology has rapidly developed, advancing from A-lines, to B-scans [4], and finally 

live volumetric imaging [5, 6]. This was primarily driven by the development of Fourier-

domain OCT technologies that dramatically increase the sensitivity of OCT systems [7]. 

Fourier-domain OCT relies on the principal that if the OCT interferogram can be 

detected as function of wavenumber, the reflectivity of the sample at a particular depth 

is encoded as the amplitude of a sinusoid in the wavenumber domain where the 

frequency of the sinusoid is proportional to the depth of the reflector [2, 8]. By taking the 

Fourier transform of the wavenumber domain interferogram, Fourier-domain OCT 

allows for simultaneous detection of the reflectivities from all points in the sample as a 
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function of depth (i.e. an OCT A-scan). The OCT systems described in this dissertation 

use an approach to Fourier domain OCT known as swept-source OCT (SS-OCT) which 

generates the wavenumber interferogram by using a broad band, swept frequency laser 

(a laser where the wavelength sweeps as a function of time) and a high bandwidth 

photodiode. With a high speed digitizer, these systems can achieve multi-megahertz A-

line rates [5, 9]. The other approach to Fourier domain OCT is known as spectral-domain 

OCT (SD-OCT). SD-OCT generates the wavenumber interferogram by using a 

diffraction grating to spread the broad bandwidth light from super luminescent diode 

on to a line scan camera [2]. In general swept source systems tend to have faster line 

rates, as the speed is limited by speed of the source instead of the read rate of the 

camera, although approaches that use an optical switch to multiplex multiple cameras 

together for MHz imaging have been reported [10]. While faster, SS-OCT systems have 

worse axial and lateral resolution since swept sources only exist in the 1050 (or 1310) nm 

regime while the super luminescent diodes used for SD-OCT are typically in the 800 nm 

regime.  

The combination of imaging depth, micron scale resolution, and the non-contact 

nature of most OCT systems make OCT ideal for imaging of ocular structures [11]. OCT 

imaging of the retina was first demonstrated in 1993 [12] and the more recent increase to 

the speed of OCT systems has led to OCT becoming the clinical standard of care in 

ophthalmology [13]. OCT enables non-invasive diagnosis, monitoring, and guidance of 
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treatment of many retinal diseases [14-16] via the wide field (>10x10mm on the retina), 

depth resolved imaging that reveals the layers of the retina. Diagnostic information is 

derived from structure, thickness, or absence of these layers (example OCT images can 

be found in Figure 36).  

1.3 Intraoperative Microscope Integrated Optical Coherence 
Tomography 

Ophthalmic surgery requires precise manipulation of retinal structures, some of 

which are only tens of microns thick. Surgery is typically performed through a 

stereoscopic, surgical microscope that provides an en-face only view of the surgical field. 

While this microscope gives the surgeons the necessary magnification to perform 

surgical maneuvers pars plana [17] depth information must be inferred from secondary 

cues such as lighting and shadowing. The introduction of a complimentary 3D imaging 

modality such as OCT could dramatically enhance the surgeon’s perception of depth as 

well as give the surgeons the ability to assess the effectiveness of surgical maneuvers. 

Initially, intraoperative OCT imaging was performed using hand held SD-OCT 

systems during pauses in surgery [18, 19], allowing for visualization of the effectiveness 

of surgical maneuvers. To minimize disruptions to the surgical workflow several groups 

and companies have built custom scanners that allow the integration of the OCT system 

into the surgical microscope [20-24]. These systems typically use a dichroic mirror to 

introduce light from the OCT engine into the infinity space of the surgical microscope to 

ensure that both systems are co-axial and parfocal.  However, these systems are limited 
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to live B-scan imaging as the ~20 kHz line rate of their spectral domain engines is too 

slow to support live volumetric imaging systems [20-23, 25-41]. While useful, live B-scan 

imaging only provides imaging over a small part of surgical field. These systems have 

been evaluated for their ability to improve visualization of surgical tools and maneuvers 

during mock surgeries in ex-vivo porcine surgeries [21, 27, 30] and in live human 

surgeries [32, 33, 36, 42-44]. 

1.4 Handheld Optical Coherence Tomography for Pediatric 
Imaging 

Most commercial OCT systems are tabletop systems that requires a compliant, 

seated, subject. These systems are difficult if not impossible to use on noncompliant or 

supine subjects, such as bed ridden patients, patients undergoing surgery in the 

operating room, and young children or infants. Traditional exam of the infant retina is 

often challenging, requiring the use of an indirect ophthalmoscope which provides an 

en-face only view of the retina. The examination requires pupil dilation, the use of an 

eyelid speculum, and produces patient discomfort due to the use of visible light. In 

contrast, handheld optical coherence tomography (HH-OCT) produces depth resolved 

images of the retina, uses near infrared light without the need for dilation or an eyelid 

speculum.  

Infants and young children are of particular interest because they cannot 

communicate about problems with their visual function and yet may be at risk for 

blinding diseases such as retinopathy of prematurity (ROP), inherited retinal diseases, 
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and retinoblastomas. While the stages of these diseases may progress rapidly and result 

in life-long visual impairment or blindness [45], the disease activity may not be visible 

on conventional examination and is only visible with OCT imaging [46-48]. Longitudinal 

bedside OCT imaging, typically performed with commercial HH-OCT probes such as 

the Envisu c2300 (Bioptigen/Leica, Morrisville, NC), can provide a breakthrough 

improvement for diagnosing and monitoring eye and brain development and disease in 

young infants [49-59] and provides novel retinal OCT-based identifiers of brain injury in 

preterm infants [46, 51, 52, 60-74]. However, these probes are fairly heavy (the Envisu 

weighs 1.5 kg) and the line rate of their spectral domain OCT (SDOCT) engines (~36 

kHz) limits acquisition speed and volumetric acquisition. This can make imaging 

challenging in awake infants particularly within the confined space of an incubator in a 

neonatal intensive care unit.  

Numerous prototype handheld OCT probes have been developed with varying 

degrees of portability, imaging speed, image quality, field of view, resolution, and focus 

correction ability [75-80]. A few of these instruments employ swept-source (SS) OCT in 

the 1 µm wavelength range [77, 78, 80] and therefore benefit from faster imaging speeds, 

improved sensitivity roll-off, and increased penetration into the choroid compared to 

instruments employing current-generation spectrometer domain OCT (SDOCT) systems 

[81, 82]. However, due to the use of mostly commercially available optics, additional 

non-OCT-related hardware (such as cameras, screens, LEDs, flip mirrors, etc.), and 
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conventional telescope configurations, multiple compromises were made that limited 

the OCT imaging performance and/or increased the weight and size of these devices.  

1.5 Optical Coherence Tomography Angiography 

OCT angiography (OCTA) is a functional extension of OCT that uses changes in 

speckle caused by blood flow as an endogenous contrast agent to image retinal 

microvasculature [83-90]. While the large vessels in the retina are visible on traditional 

structural OCT, there is not enough reflectivity contrast distinguish the capillaries from 

the surrounding tissue [91]. To increase contrast, OCTA scanning protocols take 

repeated B-scans at a single lateral location. In regions where there is blood flow, the 

blood flow brings in new sub-resolution scatters resulting in a new realization of speckle 

in each of the repeated B-scans. In regions of static tissue the sub-resolution scatters 

don’t change resulting in the same realization of speckle. Taking a measure of variance 

or decorrelation across the stack of repeated B-scans reveals flow as regions of higher 

variance [83-85].  When compared to fluorescein angiography (FA), the current standard 

of care for ophthalmic vascular imaging, OCTA is non-invasive (FA requires the 

injection of fluorescein dye), higher resolution [92], and provides depth resolved 

imaging of vasculature [88]. OCTA imaging of adult retinal diseases is area of active 

research in ophthalmology and has provided insight into the pathogenesis of many 

retinal diseases including age-related macular degeneration, glaucoma, and diabetic 

retinopathy [93-101]. 
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While the etiology of many pediatric retinal diseases, such as ROP, is vascular in 

nature [102], current OCTA systems are table top systems that cannot not be easily used 

image infants in a supine position. Imaging with these systems requires removing the 

infant from the incubator, holding the infant up to the chin rest, and topical anesthesia 

[103]. Armature mounted OCTA systems (Spectralis Flex Module, Heidelberg 

Engineering, Heidelberg, Germany) have been used recently to image supine patients 

and children during exams under anesthesia [104, 105] but these systems are challenging 

to align on a non-cooperative subject and have proven nearly impossible to use on an 

awake infant. The development of a handheld OCTA (HH-OCTA) system could enable 

point of care, longitudinal OCTA imaging and allow for new insights into retinal 

vascular development and pediatric retinal diseases. Towards this goal several groups 

have reported HH-OCTA systems. These systems include a contact system used to 

image infants during EUAs or after surgery [106, 107], two non-contact OCT systems 

that have been used to image adult subjects [80, 108], and a handheld probe designed to 

image the oral mucosa [109].  

 



 

9 

2. Enhanced Volume Visualization for Intraoperative OCT 
2.1 Chapter Summary 

Previously reported software for rendering volumetric OCT datasets based on ray 

casting results in volume visualizations with indistinct tissue features and sub-optimal 

depth perception. Recent developments have led to hand-held and microscope-integrated 

intrasurgical OCT systems designed for real-time volumetric imaging. Imaging with 

these systems demonstrates the limit of B-scan only display as either information is 

discarded (if only a single B-scan is shown) or too much information is shown (if the 

volume is played through at hundreds of B-scans/s). This motivates development of 

rendering algorithms which are both visually appealing and fast enough to support real 

time rendering. We report on an enhanced, real time, integrated volumetric rendering 

pipeline which incorporates high performance volumetric median and Gaussian filtering, 

boundary and feature enhancement, depth encoding, and lighting into a ray casting 

volume rendering model. We demonstrate this improved model implemented on graphics 

processing unit (GPU) hardware for real-time volumetric rendering of OCT data during 

tissue phantom and live human surgical imaging. We show that this rendering produces 

enhanced 3D visualizations of pathology and intraoperative maneuvers compared to 

standard ray casting. 

2.2 Background 

Optical coherence tomography (OCT) allows for imaging of the anterior and 

posterior segments of the eye with micron scale resolution. Previous intraoperative OCT 
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imaging was performed using hand held spectral domain (SD) systems during pauses in 

surgery [18, 19]. To minimize disruptions in surgery, both custom research and 

commercial SD-OCT systems have been incorporated into surgical microscopes [20-23, 

25-41]. These spectral domain microscope-integrated OCT (SD-MIOCT) systems have 

been limited to live B-scan imaging because the 20-30 kHz A-scan rate SD-OCT engines 

they incorporate do not support real time volumetric imaging and lack the 

computational capability for real time volumetric rendering. We have recently reported 

a swept-source (SS) based MIOCT system capable of real time volumetric acquisition 

and basic 3D rendering (up to 10 volumes/sec) in both model eyes [110, 111] and live 

human surgery [112-116]. Live volumetric or “4D” OCT visualization can combine depth 

information that is only inferred in the conventional en-face view through the 

microscope from indirect cues such as stereoscopy and instrument shadowing, with 

lateral context that is unavailable in B-scan only SD-OCT imaging. We believe that this 

combination of information could assist with the real time visualization and evaluation 

of surgical maneuvers, such as retinal membrane peels, which require axial 

manipulation of the tissue and visualization of the relative motion of the tool and tissue 

in the lateral dimensions. 

The development of improved volumetric rendering algorithms which generate 

high visual quality and are scalable in speed are further motivated by the limitations of 

real time B-scan display of volume data, constant improvements in OCT acquisition 
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speed [5, 9, 117], as well as new applications which require simultaneous volume 

rendering from multiple viewpoints. When performing real time volumetric imaging at 

100kHz, B-scan display has difficulty conveying volumetric information. Either the 

volume of B-scans can be played through (at hundreds of B-scans per second) or a single 

B-scan can be shown. The play through of the first is so fast that it is difficult to perceive 

and the second ignores the volumetric data. Our MIOCT system also incorporates a 

novel stereoscopic heads-up display which requires rendering of live volumes from two 

angularly separated viewpoints [118], and we anticipate that future implementations 

will require multiple simultaneous monoscopic or stereoscopic visualizations for group 

viewing. 

3D scalar volumes can be rendered in several ways [119]. If the surface or object 

of interest can be defined or segmented from the volume, a traditional vector graphics 

pipeline such as OpenGL or DirectX [120]can be used. These hardware accelerated 

pipelines have the capability to quickly produce high quality surfaces. However, high 

quality segmentation of OCT volumes is a time consuming and difficult task which has 

evolved into its own specialty of OCT image processing. Most segmentation algorithms 

that have been reported to date are optimized for multilayer segmentation instead of fast 

segmentation of the nerve fiber layer [121-125]. Direct volume rendering relies on 

generating renders directly from the voxel values. This requires an optical model for 

how each voxel emits and absorbs light based on its scalar value. These models can be 
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extremely complex and computationally expensive when used to generate photo 

realistic renders for computer graphics applications. Volumetric medical imaging 

modalities capable of real-time imaging typically use a simpler approach called ray 

casting, a computationally convenient single pass absorption plus emission model based 

on Beer’s Law [126]. Basic ray casting has been used in OCT for real time display of OCT 

data [127], ophthalmic OCT data [128-130], in-vivo intrasurgical OCT data [110] and ex-

vivo OCT data acquired at up to 51 volumes per second [6]. However, when compared 

to the quality of volumes rendered in post-processing using software such as Matlab 

(Mathworks; Natic, MA), AVIZO (FEI Visualization Sciences Group; Burlington, MA), or 

other commercial volume rendering software [131], ray casting produces renders with 

surfaces that appear hazy with poor depth definition. In this paper, we report on the 

development and implementation of an enhanced ray casting model that adds 

volumetric filtering, edge enhancement, feature enhancement, depth based shading, and 

Phong lighting while remaining computationally efficient. We have implemented this 

enhanced model on GPU hardware with sufficient performance to produce high quality 

volumetric renders at over 60 renders/second. We demonstrate this new rendering 

pipeline integrated into our real-time, volumetric SS-MIOCT system for significantly 

improved visualization of volumetric features. 
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2.3 Theory of Enhanced Volume Rending 

Ray casting is a standard computationally convenient absorption plus emission 

optical model that describes the generation and propagation of light through a scalar 

volume [126]. A basic ray casting algorithm consists of five steps: projection, 

thresholding, classification, shading, and compositing. The flow chart in Figure 1 shows 

the steps of the basic ray casting algorithm indicated in the square blocks. Our additions 

to the ray casting algorithm are shown in the oval blocks, and are discussed in the 

following paragraphs. In basic ray casting, each pixel in the output image (I(x,y)) is 

computed by projecting a ray (r) from the view point, through the image plane, and into 

the volume (Figure 1 right). At M discrete points (ri) on the ray, the voxel value is 

interpolated and thresholded. The color (c(ri)) and opacity (α(ri)) of the current location 

are assigned by piecewise classification and shading transfer functions. The emission 

from the voxel is defined as its color multiplied by its opacity. The emission from each 

voxel is attenuated by the opacities of the other voxels between it and the viewer via 

Beer’s Law. The algorithm iterates down the ray and the output color of the pixel in the 

image is determined by front to back compositing [126, 132]: 

 
1

0 0

( , ) ( ) ( ) (1 ( ))
iM

i i k
i k

I x y c r r rα α
−

= =

= −∑ ∏  (1) 
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Figure 1: Schematics of enchanced ray casting.  Left: Flowchart for the 
enhanced ray casting pipeline. Steps in the conventional ray casting pipeline are 

shown in square blocks while additions are shown in oval blocks. Right: Diagram 
illustrating ray casting in two dimensions. 

To improve the performance of basic ray casting, we first added volumetric 

filtering to de-noise the volume and to create smooth surfaces. We implemented a 3x3x3 

median filter as an edge preserving filter and a 5x5 two-dimensional Gaussian low pass 

filter operating on B-scans as a smoothing filter. This combination has been used in 

direct volume rendering of ultrasound volumes [133, 134] and OCT volumes in post 

processing [110]. In our experience (reported below) this filter combination provided 

enough performance to de-noise the volume, while remaining algorithmically and 

computationally simple. 

After filtering, the volume was thresholded. While thresholding could be done 

with the shading and classification transfer functions, we found that having a separate 
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thresholding step made interaction with the rendering user interface easier for the end 

user. Instead of having to precisely manipulate the amplitude and position of multiple 

points on two transfer functions, having an independent threshold allows the transfer 

function to remain relatively constant. Instead, only a single threshold value needs to be 

manipulated. 

In basic ray casting, the color and opacity values from the transfer functions are 

passed directly to the compositing function. In our enhanced ray casting method, we 

made four modifications (denoted with ovals in Figure 1) to these values to emphasize 

specific volumetric features. First, the original opacity was scaled by one plus the scaled 

(kg1) gradient magnitude to add gradient based edge enhancement to the image [126, 

132]:  

 2
1( ) ( )(1 ( ) )gk

g i i g ir r k rα α= + ∇  (2) 

Gradient based edge enhancement works well for ophthalmic datasets where it is 

desired to render the interface between transparent regions (i.e., the vitreous of the eye) 

and a tissue surface. The gradient was estimated using a discrete gradient operator in 

the x, y, and z directions. Raising the gradient magnitude to the power of kg2 allowed for 

non-linear tuning of the classification function.  

Feature enhancement relies on visual cues provided by the edges of an object. In 

a 3D scene with multiple objects, much of the relative depth and positional information 

can be conveyed by drawing edges of the objects. In our volume rendering 
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enhancement, object edges were emphasized by increasing the opacity of voxels where 

the gradient is orthogonal to the view direction (V) [132]:  

 ( ) ( ) ( )( ) 2

11 1 fk
gf i g i f ir r k rα α  = + − ∇ ⋅  

V  (3) 

Here, kf1 and kf2 determine the scaling and non-linear tuning of the transfer 

function, respectively. Increasing the opacity of edge voxels tended to make them 

darker, as the opacity threshold is reached faster and less emission is accumulated by 

the compositing function.  

Depth perception was enhanced by including intensity and color based depth 

queues. Dimming voxels that are further away can add an illusion of depth to the 

volume render. This can be furthered by adding a slight blue hue to far away voxels as 

per Eq. (4) [132]: 

 ( ) ( )( )2 2
1 31   d dk k

d i i d v d v bc r c r k d k d c= − +  (4) 

This technique is often used by artists and relies on the tendency for cool colors 

(such as blue) to fade into the background [132]. kd1 and kd3 weigh the relative 

contribution of intensity and color based shading, dv is the fractional depth along the ray, 

cb is the color of the depth based hue shading (blue), and kd2 allows for non-linear depth 

based shading.  

Finally, to simulate lighting we added the Phong reflection model. The Phong 

reflection model is a well-known lighting model which produces the illusion of smooth 
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surfaces at reasonable computational cost. It is the weighted contribution of ambient 

background lighting, Lambertian reflectance, and specular reflection [126, 135]:  

 4
1 2 3( )( ( (( ) ) ( ( ) ) )) pk

pd i d i p p i p ic r c r k k r k r= + ⋅ + ⋅N L N H  (5) 

Here, kp1, kp2, and kp3 are the ambient, diffuse, and specular reflection coefficients 

respectively, kp4 allows for non-linear tuning of specular reflection, N(ri) is the 

normalized gradient, L is the lighting direction, and H is the vector in the direction of 

maximum highlight defined as the normalized sum of the lighting direction and the 

view direction vectors.  

2.4 Methods 

Volumetric images of both ex vivo porcine and in vivo human retinas were 

acquired using a 100 kHz A-line scan rate SS-MIOCT system, described previously in 

[116]. The system used a swept source 1060 nm laser (Axsun Technologies; Bilerca, MA) 

and a Mach-Zender topology interferometer. Light from the laser was collimated and 

introduced into the infinity space of the surgical microscope using a custom microscope 

attachment and a dichroic mirror [23]. The signal was detected with a 1 GHz balanced 

photoreceiver (PDB481C-AC, Thorlabs; Newton, NJ) and sampled at 800 MS/s with a 1.8 

GS/s digitizer (Alazar; Quebec, Canada). Custom CUDA (NVIDIA; Santa Clara CA) and 

C++ software performed the acquisition and necessary signal processing of the data. 

Software was benchmarked on an NVIDIA GTX Titan Black GPU with 2880 CUDA cores 

and 6144 MB of GDDR5 memory. The 6 dB falloff and the axial resolution of the system 
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were measured to be 3.9 mm (Figure 2) and 7.8 µm in air respectively. Full-depth, 

complex conjugate resolved non-intraoperative anterior segment volumes were acquired 

with a long depth of focus sample arm and the same engine [78]. Additional in-vivo 

volumes of non-sedated pre-term babies with retinopathy of prematurity were acquired 

at the bedside using a commercial SD-OCT handheld system (Envisu c2300, Bioptigen; 

Morrisville NC) with a 32 kHz A-line rate. Importing the data from the commercial 

system into our OCT rendering software required converting the OCT data to the range 

and format expected by our software. 

 

Figure 2: The SS-MIOCT System.  Left: SS-MIOCT system in use during 
human macular surgery. Right: Resolution and fall off plot for the SS-MIOCT system. 

To date, we have imaged over 150 human surgeries at the Duke Eye Center with 

the SS-MIOCT system and enhanced rendering pipeline, and we have visualized over 30 

bedside preterm infant retinal volumes using the enhanced rendering pipeline. All 

human subjects imaging research was performed under protocols approved by the Duke 

Medical Center Institutional Review Board. Optical power from the intraoperative 

MIOCT system was set to 1.6 mW before the start of each imaging session, which is 
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below the ANSI standard for maximum permissible exposure at 1060 nm. When 

imaging during human surgery, surgical illumination was reduced to ensure that the 

combination of OCT light and surgical illumination posed no additional hazard when 

compared to the original surgical illumination. 

After being processed by our CUDA software, the volumes were de-noised using 

custom GPU implementations of median and Gaussian filters. A classic histogram based 

approach for the median filter performed poorly on current generation GPU hardware 

(up to CUDA compute capability 3.5) because the CUDA cores had inadequate low 

latency memory (registers) to support a sufficient number of parallel threads (each 

thread requiring more than the allowed 256 registers) to leverage the computational 

power of the GPU [136, 137]. Instead, we employed a forgetful selection algorithm [136] 

to calculate the median. A diagram illustrating forgetful selection is shown in Figure 3. 

Forgetful selection relies on the fact that the median of a set of n numbers cannot be the 

extrema of an n/2+1 subset of those numbers. Starting with an n/2+1 subset of the data, 

the extrema of the subset are identified and removed from the subset. An additional 

value is added to the subset from the set and the algorithm is iterated until only the 

median remains. While algorithmically more complicated, forgetful selection only 

requires n/2+1 registers. For a 3x3x3 median filter, this allowed all sorting operations to 

take place within registers while also allowing the CUDA cores to support a sufficient 

number parallel threads. Each thread was assigned to a pixel in a B-scan of the output 
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volume. The thread iteratively calculated the median in the slow scan direction. Memory 

access latencies were hidden by shared memory blocking, a standard form of explicit 

caching [136].  

The 5x5 2D Gaussian filter was implemented using the same blocking approach 

and thread structure as the median filter [137]. Since the Gaussian kernel was small, 

performing convolution was faster than taking the 2D Fourier transform of the data. 

Both filters were performed on data saved as 8-bit unsigned integers.  

 

Figure 3: Computation of the median via forgetful selection for a sample 
region of 7 pixels  [136]. 

The 5x5 2D Gaussian filter was implemented using the same blocking approach 

and thread structure as the median filter [137]. Since the Gaussian kernel was small, 

performing convolution was faster than taking the 2D Fourier transform of the data. 

Both filters were performed on data saved as 8-bit unsigned integers.  

Finally, real-time volumetric ray-casting was implemented in CUDA by 

assigning each pixel in the output image to a separate thread. Data was passed from the 
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filtering kernel to the rendering kernel. In the rendering kernel, each thread projected a 

ray from the user controlled virtual camera, through the image plane, and into the 

volume. Using geometry, the thread determined if the ray intersected the volume; if not, 

the output pixel was set to the background color (black) and the thread terminated. The 

ray was broken up into a series of discrete intervals and the scalar value at the current 

point was interpolated from the volume. The modified color and opacity were calculated 

from the scalar value and passed to the compositing algorithm (discussed in the 

previous section). In order to reduce computation time, if the accumulated opacity along 

a thread passed a certain threshold, the thread terminated as there was no significant 

accumulation of light from voxels further along the ray. Memory accesses were hidden 

using implicit caching by storing the filtered volume in 3D GPU texture memory. 

Texture memory was chosen because it supports accelerated trilinear interpolation. 

The parameters used in our enhanced rendering engine were empirically 

determined by optimizing edge enhancement, feature enhancement, depth encoding, 

and Phong shading in order. Once determined, all but the gradient magnitude (kg1) and 

the lighting direction (L) remained constant for all data shown in this paper. Default 

values kg1, L, and the constant values for the rest of the parameters are given in Table 1. 

We found that that the scaling of the gradient magnitude (kg1) and the lighting direction 

(L) had the most noticeable impact on image quality and our intraoperative software 

allows the user to further tune these parameter. However, we found that most users 
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only modified the threshold and the transfer function to perform live optimization of the 

volume render. Rendering of MIOCT data for anterior segment versus retinal surgery 

required different tuning of algorithm parameters. Unlike for retinal images in which 

the first surface encountered by a ray was rendered as opaque, in anterior segment 

images it is important to render the cornea transparent to allow for visualization of 

deeper structures. To allow for improved visualization of the anterior chamber, the 

contribution of opacity from edge and feature enhancement (kg1 and kf1 respectively) were 

reduced by a factor of 10. 

Table 1: Default Volume Rendering Parameters 

Parameter Value  Parameter Value 

kg1 2.5  kd4 1 

kg2 0.3  kp1 1 

kf1 0.5  kp2  0.3 

kf2 0.4  kp3 0.4 

kd1 1.2  kp4 1 

kd2 4  L Equal to: V 

kd3 0.5    

Ray step size: 0.01 AU (arbitrary units): Volume is 
defined as 1x1x1 AU 

 

 

2.5 Results 

In order to demonstrate improvements from our enhanced ray casting pipeline, 

Figure 4 shows the sequential addition of steps to the pipeline for live SS-OCT 
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visualization of a simulated surgical maneuver in a porcine eye. As seen in the figure, 

filtering smoothed the surface and removed opaque voxels in the vitreous that obscured 

the surface in the original unenhanced render. Edge enhancement made the surface 

appear sharper and added 3D features to the render. Feature enhancement furthered 

this effect and added additional texture to the volume. In addition, it increased the 

contrast between objects at different depths. Depth based shading had the most subtle 

effect, but increased the contrast between objects at different depths. Phong lighting 

added additional depth queues and three dimensional features by including information 

about surface orientation.  

 

Figure 4: Progressive addition of steps in the enhanced volume rendering 
pipeline.  (a) basic ray casting (b) volumetric filtering (c) edge enhancement (d) 
feature enhancement (e) depth based shading (f) Phong shading. The volume is of 
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coated forceps lifting a blood vessel in ex-vivo porcine retina. Volumes were acquired 
at 300 A-scans per B-scan and 128 B-scans per volume. 

When used for anterior segment rendering the retinal rendering settings 

produced renders in which the surface of the cornea is opaque, blocking visualization of 

features in the anterior chamber. Figure 5 shows a comparison of basic ray casting, 

enhanced ray casting with retinal settings, and enhanced ray casting with anterior 

segment settings for visualization of the anterior segment of the eye in a living patient. 

Enhanced volume rendering with cornea settings removed substantial spurious noise, 

rendered the cornea more realistically transparent, and allowed for enhanced 

visualization of depth features of the iris.  

 

Figure 5: Comparison of anterior segment renders : Regular ray casting (left), 
enhanced ray casting with retinal settings (center), and enhanced ray casting with 
anterior segment settings (right) of the anterior segment of a healthy of a consented 
subject. Complex conjugate resolved SS-OCT imaging was performed using a long 
depth sample arm. Volumes were acquired at 1000 A-scans per B-scan and 128 B-scans 
per volume. 

To demonstrate that the enhanced rendering pipeline supported real time 

performance, the NVIDIA profiler was used to generate a timing diagram (Figure 6). 

The timing diagram illustrates the computational performance of the enhanced ray 
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casting and OCT acquisition pipelines generating a 425x600 render (the default render 

size in our intraoperative software). In the acquisition pipeline, data was acquired and 

processed in groups of 16-B-scans. For 512x688 B-scans, a group of 16 B-scans took 86 ms 

to acquire and 18 ms for standard OCT processing. We demonstrate that the enhanced 

rendering pipeline has sufficient computational throughput to filter the acquired group 

of B-scans (10.0 ms) and render (2.5 ms) the entire volume before the start of the next 

acquisition. While this was a 11.8 ms increase in computational cost over basic ray 

casting (700 µs), the total cost for acquisition, OCT processing, filtering, and display was 

30.5 ms, much less than the acquisition time of 86 ms. Furthermore, the enhanced 

rendering kernel was fast enough to allow for the volume to be interactively 

manipulated and re-rendered multiple times between acquisitions with no perceived 

delay to the user.  

 

Figure 6:  Timing diagram of the rendering pipeline. Left: Timing diagram 
showing the acquisition and rendering pipeline for multiple groups of 16 B-scans. 

Right: Expanded view of a single acquisition. Kernels in the acquisition, filtering, and 
rendering pipelines are indicated with blue, purple, and green boxes respectively 
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The high speed obtained also enables visualization applications where more than 

one rendering from multiple viewpoints is desired, such as live stereoscopic display of 

volumetric SS-MIOCT data. Stereoscopic display requires renders to be offset by a fixed 

rotation and enhances user perception of depth features in the volume when compared 

to monoscopic display [138]. With our rendering pipeline, stereoscopic rendering 

required only an additional 2.5ms. A stereoscopic pair that was used for intraoperative 

visualization through a novel stereoscopic heads-up display incorporated in the surgical 

microscope is shown in Figure 7. Outside of the operating room we have also used 

stereoscopic rendering combined with a 3D monitor and NVIDIA 3D Vision glasses to 

enable live group viewing of MIOCT data in a microsurgery research laboratory. 

 

Figure 7: Volume rendering of intraoperative membrane peeling.  
Intraoperative MIOCT volume of forceps peeling a membrane rendered as a 

stereoscopic pair, with a 9 degree offset. This data was displayed live to the surgeon 
through a novel stereoscopic heads-up display incorporated into the surgical 

microscope. Volumes were acquired at 300 A-scans per B-scan and 128 B-scans per 
volume over a 5mmx5mm region. Volumes were re-rendered for display outside of 

the OR using the same pipeline as the intraoperative software. 
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Intraoperative SS-MIOCT provided live visualization of pathology and response 

to treatment. Figure 8 shows renderings before and after removal of an epiretinal 

membrane (ERM) adjacent to a macular hole. Removal of the pathological ERM, 

decrease in macular hole size after ERM removal, and foveal elevations due to inner 

limiting membrane (ILM) peeling with intraocular forceps are clearly visible in the post-

operative volumes. In addition to providing new prospective on pathology, volume 

visualization provided lateral context that was unavailable to B-scan only imaging. 

Figure 9 shows intraoperative visualization of the start of an ILM peel around a macular 

hole using a membrane scraper in a human eye, a common task in macular surgery. 

Volume rendering allowed for clear visualization of the tool and the macular hole, both 

of which are evident on both B-scans and volume renderings. However, volume rending 

allowed for visualization of the groove left in the retina by the surgical tool. This track 

was difficult to visualize in the B-scans because the depth and width of the track 

required 3D context to observe. 
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Figure 8: Comparison of intraoperative renders. Intraoperative volumes with 
(left) and without (right) enhanced volume rendering. Each pair of renders were taken 
from the same angle and annotations were placed at the same location in the renders. 

Top: Intraoperative visualization of a pre vitrectomy macular hole (MH) with an 
epiretinal membrane (ERM) causing macular pucker with (left) and without (right) 
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enhanced volume rendering. Middle: Visualization of the same volume from a 
different angle. Bottom: Image of the macula post vitrectomy and ILM peel showing 

the remainder of the ERM, the macular hole starting to close and the foveal elevations 
(FE) caused by the surgeon’s forceps. Volumes were taken at 512 A-scans per B-scan 
and 128 B-scans per volume over a 5mmx5mm region. Renders were re-rendered for 

display outside of the OR using the same pipeline as the intraoperative software. 

 

Figure 9: Comparison of volume and B-scan visualization. Volume 
visualization (top) and B-scans (bottom) of an inter-operative ILM peel around a 

macular hole (MH) with a diamond dusted membrane scraper (MS). The track (T) of 
the instrument across the retina left a transient groove in the surface which is 

highlighted in red. Volumes were acquired at 300 A-scans per B-scan and 128 B-scans 
per volume over a 5mmx5mm region. B-scans are tracked to the tool location in post 
processing. Renders were re-rendered for display outside of the OR using the same 

pipeline as the intraoperative software.  
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Finally, we illustrate the use of the enhanced rendering pipeline for a non-

surgical OCT, imaging of pre-term babies with retinopathy of prematurity, with a 

commercial hand held SD-OCT system at the Duke University Hospital. Application of 

our rendering pipeline allowed for improved visualization of volumetric features and 

differentiation of the states of abnormal neovascularization and vascular budding 

(Figure 10). In particular, volume rendering allows for visualization of the abnormal 

vascular growth as it extends above the surface of the retina. This was not readily visible 

during clinlinical examination and the clinical impact of this new information is still 

being studied [139]. Note that this volume has significant motion artifacts due to the 

slower scan rate (32 kHz) of the SD-OCT engine.  

 

Figure 10: Visualizations of  handheld OCT volumes.  Visualizations of 
pathologic neovascularization in retinopathy of prematurity in an infant who was 

born three months premature and was imaged two months later. Fan-shaped 
neovascularization (NV) is visible on the back left corner with smaller neovascular 

buds (NB) at the right. Volumes were acquired with a Bioptigen hand held SD-OCT 
system at 1000 A-scans per B-scan and 64 B-scans per volume. 
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2.6 Discussion 

The introduction of high speed real-time volumetric or “4D” MIOCT systems has 

motived the development of improved volumetric rendering algorithms which produce 

images with high visual quality and that are scalable in speed. The methods presented in 

this manuscript allow for real time visualization of 4D OCT data, which is unavailable to 

B-scan only display modes. While B-scans can provide better quantitative assessment of 

depth based features (such as the exact lateral extent of a macular hole), volume 

visualization enables assessment of the entire OCT volume and reveals lateral features 

(such as the retinal track and foveal elevations) that are difficult to visualize in a B-scan 

only display. Since the user only needs to tune a threshold and a single transfer function, 

the described methods can be easily adapted to meet the needs of clinical applications. 

For example, in corneal transplants it is sometimes desired to render the cornea opaque 

[112] and this change can be made dynamically in the operating room. The improved 

visual quality of our enhanced rendering pipeline has already allowed for new 

visualization of data for clinical applications, such as 3D renderings of abnormal 

neovascularization extending above the retinal surface in premature infants and tracks 

left in the retina by surgical tools. While the exact clinical impact of these applications is 

still unknown, it is anticipated that high quality visualization of intraoperative MIOCT 

data will lead to new assessments of pathologies, tool tissue interactions, and potentially 

aid in the development of surgical techniques as well.  



 

32 

The need for a high speed rendering algorithm is further motivated by constant 

improvements in swept-source OCT laser technologies, as well as new visualization and 

display applications. These visualization techniques, such as heads up stereoscopic 

display, have been shown to improve surgeon performance during simulated surgery 

[56]. They require generating multiple high quality volume renderings from different 

viewpoints simultaneously with low latency. To support higher speed systems, the 

processing and rendering could be implemented on multiple GPUs. The performance of 

CUDA programs will also scale with constantly improving GPU hardware; for example, 

the current generation GTX Titan X has at least a 20% increase in computational power 

(9% more cores and 12% higher clock rate) over the GTX Titan Black that was employed 

for this study [137]. Since both OCT processing and enhanced rendering fall under the 

same instruction multiple data programming paradigm, we believe the rendering 

algorithms described here are scalable for systems that operate at higher speeds, have 

faster GPU hardware, and require renderings from multiple simultaneous viewpoints. 

2.7 Conclusions 

We have demonstrated an enhanced rendering pipeline that includes volumetric 

filtering, edge enhancement, feature enhancement, depth based shading, and Phong 

lighting. Implemented on a current-generation GPU, this pipeline had sufficient 

computational throughput and low latency to support real time rendering and 

interactive manipulation of real-time volumetric 100 kHz SS-MIOCT in human surgery. 
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The pipeline is applicable to data from commercial as well as research OCT systems, and 

is scalable to future generations of ever faster OCT acquisition hardware and 

increasingly demanding visualization requirements such as real-time stereoscopic 

visualization.  
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3. Imaging of Retinal Microsurgery with Microscope 
Integrated OCT  
3.1 Chapter Summary 

The work presented in this section represents the collective effort from a large 

collaborative team. My personal contributions to this project include assisting in 

experimental design, data acquisition, hardware development, software development, 

and training other team members. Over the last two years I have taken the role of 

student lead on this project. The data presented below is selected from the 15 co-

authored publications that this project has generated [118, 140-152] with more 

publications in preparation. 

Optical coherence tomography (OCT) allows for imaging of the posterior and 

anterior segments of the human eye with micron scale resolution. In the past 

intraoperative imaging has been performed with hand held systems requiring pauses in 

surgery. In order to eliminate surgical pauses our group and others have developed 

Microscope Integrated OCT (MIOCT) systems [20-23, 25-41]. However, current 

generation research and commercial handheld and microscope intra-surgical systems 

are limited to live B-scan imaging as the line rate of their spectral domain engines are too 

slow to support live 4D volumetric imaging. In order to both eliminate surgical pauses 

and allow for live 4D volumetric imaging our group has introduced a Microscope 

Integrated OCT (MIOCT) system based on a swept source engine [141]. The swept 
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source MIOCT system can capture, record, and display 4D volumetric OCT data in real 

time. With an enhanced rendering engine, 4D OCT can combine depth information 

unavailable to the surgeon through the surgical microscope and lateral context that is 

unavailable to B-scans. When combined with a heads up display (HUD) [153] this 

composite of information can help with the real time evaluation of surgical maneuvers 

which require both axial and lateral manipulation of tools and tissue. 

3.2 Background 

Optical coherence tomography (OCT) is an interferometric technique that uses 

near infrared light and can provide micron scale imaging of biological samples. Since it 

is high resolution and non-contact OCT allows for imaging of the microstructures of the 

human eye and has become the gold standard for diagnosing many ophthalmic diseases 

[14, 154]. Expanding on this capability, portable OCT systems has been brought in the 

operating suite (or patients were imaged post operatively) to evaluate the success of 

surgical maneuvers [18]. However since these OCT systems are not build into the 

surgical microscope, they cannot provide live imaging of the surgical field. 

Ophthalmic microsurgery surgery is performed through a stereoscopic surgical 

microscope. While this gives the surgeon the magnification needed to perform the 

surgical micro-maneuvers, it limits the surgeon to an enface only view of the surgical 

field. In-order to judge depth, surgeons use tool shadowing, lighting, and other indirect 

cues. OCT in the operating suite could not only help surgeons judge the success of 
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surgical maneuvers, but when used intraoperatively could provide depth resolved 

imaging that is currently unavailable through the surgical microscope. Current 

generation research and commercial handheld and microscope intra-surgical systems 

are limited to live B-scan imaging as the 20 kHz line rate of their spectral domain 

engines is too slow to support live 4D volumetric imaging systems [20-23, 25-41]. While 

useful, live B-scan imaging only provides imaging over a small part of surgical field. To 

enable imaging of the entire surgical field, our group has developed a MIOCT system 

based on a 100 kHz swept source engine. This system has the speed to image the 

surgical field at over 3 volumes/second. When combined with real time GPU based 

processing software [155], an enhanced rendering engine, and a heads up display (HUD) 

[153] this 4D MIOCT system can combine the depth information unavailable to surgical 

microscope and the lateral context unavailable to B-scan imaging.  

In this section we present translational research on what the first real time 4D 

(volumetric over time) microscope integrated OCT system. This system provides real 

time 4D imaging of human microsurgery and provides the surgeon with a depth 

resolved image of the surgical field. When combined with a HUD, the surgeon can 

visualize and interact with intraoperative data. To date we have imaged over 150 human 

surgeries. During these cases MIOCT provides depth resolved visualization of 

pathology and allowed the surgeons to evaluate the success of surgical maneuvers. 

Additionally it provided visualization of tissue structures that are not visible through 
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the surgical microscope. We believe that this system is the first step to a complete 4D 

imaging system that could replace the surgical microscope and revolutionize ophthalmic 

surgery.  

3.3 Methods 

The system and optical design of the MIOCT system is shown in Figure 11. It 

uses a custom microscope attachment and a dichroic mirror to introduce collimated light 

from the OCT engine into the infinity space of the surgical microscope [22]. This allows 

the MIOCT system to be moved from operating room to operating room as needed. The 

OCT system is a telecentric scanner and both imaging systems are coaxial and parfocal 

[23]. In order to achieve high speed imaging the OCT engine uses a 100kHz swept source 

laser (Axsun Technologies; Bilerca, MA) with a center wavelength of 1050nm. Light 

from the laser illuminated a Mach-Zender interferometer, the interferogram were detected 

with a dual balanced detector (Thorlabs; Newton, NJ), and digitized at 800 MS/s (Alazar; 

Pointe-Claire, Quebec). Custom GPU software performed real time OCT acquisition, 

processing, rendering, and display in real time. The system has a peak sensitivity of 102 

dB, 7.4mm imaging depth, and 4.9 mm –6dB signal falloff. OCT volumes were rendered 

in real time using a modified GPU based ray casting algorithm [155]. 
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Figure 11: The SS-MIOCT system. Left: Optical design of the MIOCT scanner. 
Right: photograph of the MIOCT system during use in human retinal surgery. 

Since data was processed and rendered in real time, the operator can customize 

the scan pattern and the visualization for the current surgical procedure. A custom dual 

channel heads up display allows for real time stereoscopic visualization of intrasurgical 

data by surgeons [153]. The HUD uses rotated beam splitters to project different images 

into each ocular. Rotating the volume render shown in each eye by 7 degrees allows for 

a stereoscopic effect. Both the volume and selected B-scans were projected in the ocular 

in the region not occupied by the surgical field of view. A foot joystick allows the 

surgeon to interactively manipulate the volume.  

3.3 MIOCT in Mock Surgery  

Before being introduced into the operating suite, the MIOCT system was 

demonstrated using a replica of the surgical microscope in the surgical wetlab. Surgical 
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tools including needles and membrane scrapers were imaged in both the anterior and 

posterior segments of ex-vivo porcine eyes. To evaluate the MIOCT’s impact on selected 

surgical maneuvers we performed two wetlab studies [141]. In our first ex-vivo study 

we were interested in if 4D MIOCT guidance could help improve corneal suture 

accuracy of ophthalmic surgery residents. We recruited 14 Duke University 

ophthalmology residents who were randomized into two groups, one that used MIOCT 

guidance during suture placement and one that didn’t. Each subject was asked to place 

sutures at two depths (50 and 90%) and were given three practice trials before two 

graded attempts at each depth. MIOCT volumes of the suturing were taken and graded 

by a trained grader who recorded the suture depth after completion of the study. As 

shown in Figure 12 MIOCT Guidance improved the suture placement accuracy at both 

target depths. Both the mean error of the suture placement and standard deviation of the 

suture placement decreased with MIOCT guidance for both target depths. The increase 

in performance was statistically significant with p values of 0.039 for 50% and P<0.01 for 

the 90%.  
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Figure 12: MIOCT increases suture placement accuracy in mock surgical trials. 
(A) Representative B-scan located at the point of maximal needle depth. The needle, 

cornea, and iris are labeled in orange, yellow, and green, respectively. (B) 
Corresponding volumetric image. The B-scan (A) location is denoted by white 

rectangle. In this trial, the surgeon inserted the suture needle at a 44% corneal depth, 
6% away from the 50% target depth. The crosssectional view allowed accurate grading 

of the suture needle placement within corneal tissue. (C,D) Box plots summarizing 
suture placement with and without MIOCT guidance for 50% (C) and 90% (D) target 
depths, respectively. The data is plotted in percent difference from the target depth; 

closer to 0% difference is more accurate. At both target depths, the surgeons achieved 
increased suture placement accuracy with MIOCT [141]. 

The study examined if MIOCT guidance could improve the performance of 

surgeons during mock retinal surgeries (Figure 13). For this study we recruited 3 

surgical fellows. Each subject was asked to place their instrument (a surgical loop) as 

close to the retinal surface as possible. After training each subject was asked to do this 

task 8 times with 4D MIOCT guidance and 8 times without. Distance from the tool to the 



 

41 

retinal surface was measured manually from the OCT B-scans. For all three surgeons the 

statistically significant with p-values less than 0.0391. 

 

Figure 13: MIOCT improves tool positioning accuracy. Porcine retina and 
surgical tool as viewed through the operating microscope. The green 

dashed box denotes the 5 × 5 mm MIOCT lateral field of view. (B) B-scan 
located at the point of the instrument’s closest proximity to the retinal 

surface. The instrument and retina are labeled in red and yellow, 
respectively. (C) Corresponding volumetric image with the B-scans (B) 

location denoted by the white rectangle. In this trial, the surgeon placed 
the instrument 214 μm above the retinal surface. (D–F) Box plots 

summarizing instrument placement relative to the retinal surface with and 
without MIOCT guidance for all 3 ophthalmic surgeon participating in 

the study. Improved visual feedback with MIOCT guidance allowed each 
surgeon to place their instrument closer to the retinal surface (closer to 

zero without contacting) than without MIOCT guidance [141]. 

3.4 MIOCT in Human Surgery 

As shown by the results in the previous chapter the 4D MIOCT system is able to 

provide clear, live visualization of pathology and surgical instruments. To date we have 



 

42 

imaging over 150 human surgeries with the MIOCT system. Sample image of tools and 

pathologies are shown in Figure 14. The following results describe a subset of cases that 

demonstrate the type of imaging we are able to perform. We found that the MOICT 

system was particularly effective at visualizing peeling of diseased membranes known 

as epiretinal membranes (ERM). These membranes are a few hundred micron thick and 

their depth features are difficult to visualize through the en-face view of the surgical 

microscope. Before the peel has started B-scan imaging provides clear visualization of an 

ERM (indicated with red) causing traction around a lamellar macular hole (indicated in 

blue). In addition 4D MIOCT provides enhanced visualization of the complex 3D 

architecture of the membrane and the macular hole that is unavailable to the surgical 

microscope or B-scan only imaging (Figure 15). Visualizing this 3D architecture could 

allow the surgeon to better appreciate the traction on the retina caused by the 

membrane. A post peeling 4D MIOCT volume shows the removal of the membrane 

structure from the retina, and the surgeon used this data to verify that the ERM was 

successfully peeled and the lamellar hole had not progressed to a full-thickness macular 

hole during surgery. 
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Figure 14: Various pathologies and tools visualized with MIOCT. Top row 
(left to right) A membrane scrape deforming a macular hole, vitreomacular traction 

causing macular pucker, and a full thickness macular hole. Bottom row (left to right) 
A retinal detachment, a lamellar macular hole, and an epiretinal membrane.  

 

Figure 15: MIOCT during macular hole surgery. Top: images taken prior to 
membrane removal. Bottom: images taken after completion of surgery. From left to 

right. Left: Microscope view with the macular hole indicated with the blue circle, and 
the OCT field of view indicated by the green box. Center left: B-scan across the 
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macular hole with ERM and macular hole indicated by the red and blue respectively. 
Center right:  En-face volume rendering with same marking convention. Right: 

Second volume rendering showing the surgical field from a different perspective. 

Figure 16 shows surgical forceps removing an epiretinal membrane in a separate 

human surgery. Both the tool and the membrane flap used to initiate the peel are clearly 

visible on the 4D MIOCT. During the peeling procedure live 4D MIOCT allows the 

surgeon to visualize the progress of the peel, and the deformation of both the retina and 

the epiretinal membrane. 

 

Figure 16: MIOCT during membrane peeling. Top: Microscope View with the 
OCT field of view indicated by the green square and the surgical forceps by the 
purple arrow. Bottom: 4D MIOCT image sequence showing membrane removal. 

Forceps are indicated by the purple arrow and the epiretinal membrane flap by the 
red arrow [141]. 

The 4D MIOCT system was also able to provide intrasurgical feedback during 

anterior segment surgery. Figure 17 shows excerpts from a partial thickness corneal 

transplant procedure known as DSEAK. During the procedure the surgeon removes the 

posterior 10% of the cornea and replaces it with a donor graft. To place the graft the 

surgeon must unfold, insert, and position the graft underneath the cornea. While the 
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placement of the graft is evident through the surgical microscope and MIOCT, the axial 

relationship between the graft and cornea is only visible with 4D MIOCT. During 

surgery the surgeon used MIOCT to confirm that there were no fluid between the graft 

and the cornea. The presence of fluid could result in a post-operative graft detachment 

and the need for an additional surgery to reattach the graft. 

 

Figure 17: 4D MIOCT images from a DSEAK procedure.  Top: Microscope 
view. Middle: Selected B-scans. Bottom: Volume renderings. The graft is indicated in 

blue while the cornea graft interface is indicated in orange. OCT field of view is 
indicated by the green box [141].  

We have also used 4D MIOCT in new surgical procedures. Figure 18 shows a 

volume rendering and B-scan from the placement of an ARGUS II retinal implant. The 

ARGUS II provides electrical stimulation of the retina to give a blind person to perceive 
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changes in light. MIOCT can verify proper tacking and positioning of the ARGUS II 

[148]. Figure 19 shows the use of MIOCT during treatment of a high myopic macular 

hole. In high myopic macular holes the hole is not only created by tension for 

membranes above the retina, but also from buckling of the sclera [146]. In order to 

promote healing the surgeon can inject platelet rich plasma into the macular hole. The 

platelet rich plasma contains growth factors that can help close these larger macular 

holes. In order to contrast the PRP from the retina, the PRP was manually segmented 

and colored red in the volume render.  

 

Figure 18: MIOCT during ARGUS II retinal implant surgery.  Left: 4D MIOCT 
volume render Right: representative B-scan from an ARGUS II retinal implant 

surgery. Images are from two separate surgeries. 
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Figure 19: MIOCT during treatment of a myopic macular hole. Left: Colored 
MIOCT rendering Right: 10 times averaged B-scan from a high myopic macular hole 

treated with platelet rich plasma 

3.5 Conclusion 

We have demonstrated the first real time 4-D intraoperative MIOCT system. This 

system allows for imaging of live human retinal surgeries and when combined with a 

HUD provides real time feedback to surgeons and allows for evaluation of surgical 

maneuvers. In both retinal and anterior segment surgery MIOCT provided depth 

resolved imaging that shows pathology not visible through the surgical microscope. 

Combined with the ex-vivo studies that show the MIOCT improves surgical 

performance in mock surgeries, there is compelling argument that MIOCT can enhance 

ophthalmic microsurgery.  
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4. Microscope-Integrated Optical Coherence 
Tomography Angiography in Young Children with 
Retinal Vascular Disease 

4.1 Chapter Summary 

The paper presented in this section was co-first authored with Dr. Xi Chen from 

the Department of Ophthalmology. My contributions to this manuscript include 

experimental design, data acquisition, data processing, and critical review of the 

manuscript. 

Intraoperative optical coherence tomography (OCT) has gained traction as an 

important adjunct for clinical decision making during vitreoretinal surgery and OCT 

angiography (OCTA) has provided novel insights in clinical evaluation of retinal 

diseases. These two technologies have not been applied in combination to evaluate 

retinal vascular disease in the operating suite. 

We conducted microscope-integrated swept source OCTA (MIOCTA) during 

examination under anesthesia in two children with retinal vascular disease. The first 

was a two-year-old boy with history of idiopathic vitreous hemorrhage and the second a 

seven-month-old girl with familial exudative vitreoretinopathy (FEVR). In one case, the 

MIOCTA images showed more detailed vascular pattern than fluorescein angiograms, 

without staining or leakage, on side-to-side comparison. Additional MIOCTA imaging 

was performed in another child with a history of treated FEVR. In this patient MIOCTA 

reveals deep vasculature that was obscured by laser scaring on fluorescein angiography.  
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To the best of our knowledge, this is the first report of microscope-integrated 

OCT angiography in young children with retinal vascular disease. Further optimization 

of this system may allow non-invasive detailed evaluation of retinal vasculature during 

surgical procedures and in subjects that could not cooperate with in-office examinations. 

4.2 Background 

Intraoperative optical coherence tomography (OCT) technology has significantly 

advanced over the past few years. Intraoperative imaging was first performed with 

handheld and microscope-mounted spectral domain OCT (SDOCT) systems during 

surgical pauses [18, 156]. More recently, both commercial and research spectral-domain 

microscope-integrated OCT (MIOCT) systems have been reported [24, 43, 156, 157]. Our 

group showed a custom swept-source microscope-integrated OCT (SS-MIOCT) system 

based on a faster 100 kHz laser.[141] The faster scan rate of this laser allowed for live 

volumetric intraoperative imaging and as reported herein, enabled OCT angiography 

(OCTA). OCTA uses changes in complex OCT signal induced by vascular flow for 

contrast instead of exogenous fluorescent tracers, and has provided significant insight 

into retinal vascular pathology [99, 158, 159]. Previous OCTA implementations were 

limited to tabletop clinical OCT systems, which require cooperative and upright subjects 

for imaging. Here, we report integration of OCTA to our SS-MIOCT system and describe 

its first use in the operating room during examination under anesthesia (EUA) of two 

young children with retinal vascular disease. 
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4.3 Methods 

All human subject research was performed under research protocol approved by 

the Duke University Health System institutional review board and adheres to the Health 

Insurance Portability and Accountability Act and all tenets of the Declaration of Helsinki 

(clinicaltrials.gov #NCT01588041). The research system used a 100 kHz swept source 

laser (Axsun Technologies, Bilerica, MA) with a center wavelength of 1050 nm. 

Intraoperative MIOCT angiography (MIOCTA) was performed with the MIOCT scanner 

and a BIOM lens (Oculus; Port St. Lucie, FL) without microscope illumination. The 

BIOM allowed for MIOCTA images to be taken at up to a 30º field of view. The size and 

location of this field of view is controlled in real-time by the operator through manual 

tracking. MIOCTA images were acquired at 300 A-scans/B-scans with 150 lateral 

location sampled with six repeated B-scans [141]. Total imaging time for each MIOCTA 

scan was 4 seconds. The repeated B-scans were registered with phase correlation to 

compensate for inter-B-scan motion. Speckle variance was used to compute the 

angiograms [160, 161]. The inner retinal layers were segmented to create en face 

projections of the retinal vasculature [162]. Fluorescein angiograms with Retcam fundus 

photography (Clarity Medical Systems, Inc., Pleasanton, CA, USA) using the 130 degree 

lens (D1300) were performed as part of the planned clinical examination. 
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A literature search of the PubMed database on October 24th, 2016 for 

“microscope-integrated” or “intraoperative” “optical coherence tomography 

angiography” did not identify publications that address this new technique 

4.4 Report of Cases 

4.4.1 Case 1 

A two-year-old otherwise healthy boy presented to the pediatric retina service 

for evaluation of new onset of esotropia and was found to have unilateral vitreous 

hemorrhage of the right eye. He underwent vitrectomy to remove old vitreous 

hemorrhage and was found to have a presumed vascular stump superonasal to the optic 

disc with focal adherent vitreous and blood but no clear vascular anomaly. He returned 

4 months after surgery for repeat EUA, fluorescein angiography (FA), and research 

MIOCTA.  

FA and MIOCTA were performed to evaluate macular (Figure 20A) and 

peripheral vasculature. FA of the left eye showed normal macular and peripapillary 

vascular pattern, which was confirmed by en face MIOCTA (Figure 20A and data not 

shown). MIOCTA was not able to reach the more peripheral focal hemorrhagic site in 

the right eye during the time allocated for research imaging. FA demonstrated normal 

peripheral vasculature beyond the focal hemorrhagic site (data not shown). In this case, 

MIOCTA confirmed FA findings without definitive additional benefit. 
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4.4.2 Case 2 

A seven-month-old baby girl who was born at 31.7 weeks gestation with a birth 

weight of 1134 g and had a history of peripheral laser treatment in both eyes for what 

had been described as stage 3 retinopathy of prematurity was referred to the pediatric 

retina service for evaluation of an epiretinal membrane and vitreous traction in the left 

eye. During the initial EUA, she was found to have 360 degree of laser scars in both eyes, 

and temporal ridges of neovascular tissue posterior to laser scars in the right eye. In the 

left eye, she had a partial vitreous detachment with subhyaloid hemorrhage, macular 

fold with epiretinal membrane, intraretinal exudates, and neovascularization 

temporally. Both eyes had active neovascularization with leakage on FA. She underwent 

fill-in laser photocoagulation in the right eye and vitrectomy, membrane peel and 

endolaser in the left eye. Based on the gestational age and late onset of progressive 

neovascularization, she was diagnosed with familial exudative vitreoretinopathy (FEVR) 

[163]. Testing for FEVR-associated genetic variants was negative, and she received 

additional laser photocoagulation to the non-perfused retina in both eyes in follow up 

EUAs. Six months after the initial surgery during repeat EUA with FA, she had research 

MIOCTA. 

Intraoperative MIOCTA showed similar vascular pattern as seen on FA, as well 

as fine perifoveal vasculature that was not evident on the Retcam FA (Figure 20 B, D). In 

the left eye, OCT angiogram of the retinal periphery demonstrated disorganized 
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peripheral vasculature and capillaries adjacent to prior laser scars which were difficult 

to discern on FA (Figure 20C). While a limitation of OCTA is the absence of fluorescein 

leakage as a marker of abnormal retinal vessels, unlike in the fluorescein angiograms, 

these fine vascular abnormalities on OCTA were not masked by leakage or staining from 

prior laser scars. In the right eye, the peripapillary capillary network was evident 

(Figure 20B). The peripheral vascular capillary network in the temporal periphery was 

more organized compared to the left eye (data not shown). 
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Figure 20: Fluorescein Angiography (FA) vs Microscope-Integrated Optical 
Coherence Tomography Angiography (MIOCTA) During Pediatric 
Examination Under Anesthesia.  Fluorescein angiographic, magnified FA, and 
corresponding MIOCTA images depict the vasculature of a 2-year-old child 
with previous vitreous hemorrhage and a 7-month-old infant with familial 
exudative vitreoretinopathy (FEVR) and previous vitreoretinal surgery and 
retinal laser treatment. A, Magnified FA image (area of blue box on FA) shows 
the microvasculature of the retina (arrowhead), which can be compared with 
that visible on the MIOCTA image. B, Magnified FA image (area of blue box 
on FA in B and C) shows small retinal vessels visible in the temporal macula 
(arrowhead) in contrast to the MIOCTA image of the same area. C, Magnified 
FA image (area of orange box on FA in B and C) shows small retinal vessels 
(arrowhead) visible at the margin of laser treatment scars; the MIOCTA image 
of the same area shows retinal vessels that are visible over laser treatment 
scars. D, Enlarged images (area of blue box on FA) show small retinal vessels 
(arrowhead) that are more visible on the MIOCTA image than on the 
magnified FA image [73]. 

4.5 Discussion 

These two cases illustrated the first MIOCTA in young children with retinal 

vascular disease. In the second case, MIOCTA allowed study of pathological changes in 

smaller retinal vessels in the retinal periphery that were obscured in FA by leakage or 

staining. While a limitation of OCTA is that this modality does not reveal sites of 

vascular leakage, we recognize that FA is a time-dependent modality and that once 

leakage has occurred, it is difficult to obtain imaging of the microvasculature in that area 

(e.g.  Figure 20C). Our MIOCTA system allowed non-invasive retinal vasculature 

imaging in supine infants who could not be imaged with the available commercial 

OCTA systems. A current limitation of this MIOCTA system is that imaging of the 

peripheral retina is still limited to mid-periphery. Further application of this system 
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include potential for monitoring for immediate vascular changes during vitreoretinal 

surgery, such as macular vascular flow after internal limiting membrane peel and 

during segmentation and delamination of fibrovascular proliferation in diabetic surgery. 

The intense interest in the vitreoretinal field in OCTA has led to rapid 

popularization in the clinic setting and significant advances in our knowledge and 

application of OCTA in retinal diseases of adults and children (not infants) [99, 158, 159]. 

This SS-MIOCT system allowed for microscope-integrated OCTA and real-time OCT. 

Further image processing and optimization of image capture are still needed to segment 

layers of deep and superficial capillary network and choroidal vasculature. Imaging 

capture and processing speed will need to be increased to allow for real-time feedback. 

Additional efforts in enhancing image resolution, and further FA-to-MIOCTA 

correlation will be performed to validate the current system.  

4.6 Conclusions 

Microscope-integrated OCT angiography to image macular and mid-peripheral 

retinal vascular networks is feasible in supine infants with a SS-MIOCT system. Further 

optimization and utilization of this system may allow significant insights into the 

neurovascular patterning during development and disease, as well as vascular changes 

and complications during vitreoretinal surgery. 
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4.7 Additional Data 

MIOCTA was performed in an infant with a history of treated FEVR.  MIOCTA 

reveals a similar vascular pattern as FA. However, in regions of laser scaring, the FA 

images are obscured while the MIOCTA enable visualization of the vasculature. MIOCT 

also reveals the presence of deep vascular tufts underneath regions of laser scarring. 

Separating the vasculature into flow from the outer retina (above the RPE) and inner 

retina (below the RPE) reveals tufts of vasculature emerging from the choroid into the 

inner retina on both the en-face angiograms and the OCTA B-scans. 
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Figure 21: MIOCTA in a child with treated FEVR.  Top: superficial (left) and 
deep (right) vasculature. Bottom: FA (left) from the same region showing laser 
scarring. B-scan (right) with OCTA flow overlaid. The red line denotes the location of 
the selected B-scan. The dashed yellow and blue lines indicate the same lateral 
locations on the OCTA images and the B-scan. The boundary between the superficial 
and deep flow is denoted by the green line on the B-scan.  
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5. Ultra-compact swept-source optical coherence 
tomography handheld probe for pediatric imaging 
5.1 Chapter Summary 

The paper presented in this section was co-first authored with Dr. Francesco 

LaRocca from the Department of Biomedical Engineering. My contributions to this 

manuscript include data acquisition, providing engineering support throughout the 

duration of the project, and drafting the manuscript. 

Handheld optical coherence tomography (OCT) systems facilitate imaging of 

young children, bedridden subjects, and other patients that have difficulty fixating. 

Smaller and lighter OCT probes allow for more efficient imaging and reduced operator 

fatigue, which is critical for prolonged use in challenging imaging environments such as 

the operating room or neonatal intensive care unit. In addition to size and weight, 

imaging speed, image quality, field of view, resolution, and focus correction capability 

are critical parameters that determine the clinical utility of a handheld probe. In this 

manuscript, we describe an ultra-compact swept source OCT handheld probe weighing 

only 211 g. The probe has a 20 µm lateral resolution, 7 µm axial resolution, 102 dB peak 

sensitivity, a 27° x 23° field of view, and motorized focus adjustment for refraction 

correction between -10 to +16 D. A 2D microelectromechanical systems scanner, a 

converging beam-at-scanner telescope configuration, and an optical design employing 6 

different custom optics were used to minimize device size and weight while achieving 

diffraction limited performance throughout the system’s field of view. Custom graphics 
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processing unit-accelerated software was used to provide real-time display of OCT B-

scans and volumes. Retinal images were acquired from young children in the operating 

room and neonatal intensive care unit. In this report we present representative data 

from longitudinal imaging of over 50 infants in the neonatal intensive care unit, showing 

the development of retinal layers and pathology. 

5.2 Background 

Optical coherence tomography (OCT) is a non-invasive, non-contact imaging 

modality that enables in vivo volumetric imaging of biological tissues, such as the retina, 

with micron scale resolution [1, 12]. Due to these characteristics, OCT has become the 

clinical standard of care for diagnosis and monitoring of retinal diseases [13]. However, 

the majority of commercial OCT systems are tabletop devices and are designed for 

imaging patients who are able to sit in an upright position and cooperate with ocular 

exams. This unfortunately excludes an important set of patients that cannot be imaged 

in a seated position including bedridden patients, patients undergoing surgery, small 

children, and infants.  

Infants and young children are of particular interest because they cannot 

communicate about problems with their visual function and yet may be at risk for 

blinding diseases such as retinopathy of prematurity (ROP), inherited retinal diseases, 

and retinoblastoma. While the stages of these diseases may progress and result in life-

long visual impairment or blindness [45], the disease activity may not be visible on 
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conventional examination, but only with OCT imaging [46-48]. Longitudinal bedside 

OCT imaging, typically performed with commercial handheld OCT probes such as the 

Envisu c2300 (Bioptigen/Leica, Morrisville, NC), can provide valuable information about 

these and other pediatric retinal diseases [49-53]. However, these probes are fairly heavy 

(the Envisu weighs 1.5 kg) and the line rate of their spectral domain OCT (SDOCT) 

engines (~36 kHz) limits acquisition speed and volumetric acquisition. This can make 

imaging challenging in awake infants particularly in the confined space of an incubator 

in a neonatal intensive care unit (NICU). Furthermore, over the course of multi-patient 

imaging sessions with non-compliant patients, operator fatigue may occur. These factors 

motivate the need for a light-weight, compact, and high-speed handheld OCT system. 

Numerous prototype handheld OCT probes have been developed with varying 

degrees of portability, imaging speed, image quality, field of view, resolution, and focus 

correction ability [75-80]. A few of these instruments employ swept-source (SS) OCT in 

the 1 µm wavelength range [77, 78, 80] and therefore benefit from faster imaging speeds, 

improved sensitivity roll-off, and increased penetration into the choroid compared to 

instruments employing current-generation spectrometer domain OCT (SDOCT) systems 

[81, 82]. However, due to the use of mostly commercially available optics, additional 

non-OCT-related hardware (such as cameras, screens, LEDs, flip mirrors, etc.), and 

conventional telescope configurations, multiple compromises were made that limited 

the OCT imaging performance and/or increased the weight and size of these devices.  
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In this report, we describe the system design, fabrication and testing of an ultra-

compact SSOCT handheld probe, and summarize imaging results compiled over 400 

imaging sessions in 50 infants in the NICU. The probe weighs only 211 g; half the weight 

of the next lightest handheld SSOCT probe in the literature [80] and a seventh of the 

weight of the Envisu. This system has motorized refraction correction and features an 

ergonomic design to facilitate extended periods of use, which are particularly important 

for applications in the NICU. 

 

5.3 Methods 

5.3.1 The Ultra-Compact SSOCT system 

A schematic of the ultra-compact SSOCT handheld probe system is depicted in 

Figure 22. A swept-frequency laser (AXP50125-3, Axsun Technologies Inc., Billerca, MA) 

was used as the light source and had a 1047 nm central wavelength, a 113 nm 

bandwidth, and a 100 kHz sweep rate. The laser illuminates a Mach-Zehnder 

interferometer consisting of an 80/20 coupler to split the light into reference and sample 

paths, a transmissive reference arm, and a 50/50 coupler to combine the reference and 

sample light. The probe collimates light from the fiber using a custom achromatic lens, 

L1 which is subsequently focused by a commercially available achromatic lens, L2, such 

that the 1/e2 Gaussian beam waist just filled the 4.2 mm diameter aperture of the MEMS 

scanner (Mirrorcle Technologies, Richmond, CA) for all scan configurations. To prevent 
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light outside the 1/e2 beam width from reaching the MEMS scanner (which would result 

in light scattering off the non-mirror portions of the MEMS device), an iris was placed 

directly after L2. This truncation factor was applied to provide a ~34% improvement in 

the lateral resolution of the system given the limited MEMS scanner aperture compared 

to a design using a Gaussian beam, in which the 99% Gaussian beam width filled the 

MEMS scanner aperture.  

 

Figure 22: Ultra-compact SSOCT handheld probe system schematic and optical 
design. L, Lens; MEMS, MEMS scanner; PC, Polarization controllers; RR, 
Retroreflector. L8 and L9 are commercially available aspherized doublets. 

Following the scanner, a telescope comprised of an air-spaced triplet (L3-L5) and 

an air-spaced doublet (L6, L7) was used to de-magnify the beam from the scanner by a 

factor of 1.8 to create a 1.6 mm beam at the pupil of the eye. The converging light on the 

scanner design allowed for the use of a non-traditional relay telescope [164]. This 

telescope is shorter than a 4F relay telescope while maintaining a similar working 

distance and diffraction limited optical performance. All lenses were optimized in 

raytracing software (Radiant Zemax LLC, Redmond, WA) to minimize monochromatic 
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and chromatic aberrations (including the longitudinal chromatic aberration of the eye) 

across the illumination spectrum to provide a diffraction-limited lateral resolution of 

20.1 µm (1/e2 beam waist diameter) over up to a 33.8° square FOV in a model eye [165] 

as shown in Figure 23A. However, due to the limited response of the MEMS scanner 

(resonant frequency of 464 Hz) when driven in a non-resonance mode, the FOV was 

reduced to 27° x 23° when imaging with 1000 A-scans/B-scan and 22°x 20° when 

imaging with 512 A-scans/B-scan. The frequency response of the MEMS scanner limited 

the stable scan range as a function of the B-scan rate.  

 

 

Figure 23: Performance of the ultra-compact probe. A) Spot diagrams for the 
OCT illumination on the retina of a model eye spanning a 33.8° FOV. Black circles 

represent the diffraction-limited 1/e2 beam waist (diameter of 20.1 μm) at the retina of 
a model eye. The largest RMS spot radius for the spot diagrams was 11.55 μm. B) 

Sensitivity fall-off (dB) and axial resolution (μm) of the system plotted vs axial depth 
(mm). 

The interferometric signal was detected and digitized with an AC coupled, dual 

balanced receiver with a 1 GHz bandwidth (PDB481C-AC, Thorlabs Inc., Newton, NJ) 
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and a 12 bit 1.8 GS/s digitizer (ATS9363, Alazar Technologies, Pointe-Claire, QC, 

Canada), respectively. The peak sensitivity of the system was 102 dB (given 1.65 mW 

incident power at the sample) with an axial resolution of 6.95 µm (Figure 23B). The 

imaging depth was limited to 3.7 mm due to the use of the on-board external trigger 

provided by the Axsun laser for triggering the sample clock of the digitizer. All 

hardware was controlled using custom software and graphics processing unit (GPU)-

accelerated software was used to provide real-time display of OCT images [141]. The 

retroreflector in the reference arm was mounted on a high speed, motorized translation 

stage (A-LSQ075D-E01, Zaber Technologies Inc., Vancouver, BC) to provide software 

control of reference arm length. 

The mechanical design was developed in Solidworks (Dassault Systèmes 

SolidWorks Corp., Concord, MA) and renderings of the probe with and without its 

outer casing are shown in Figure 24. In order to minimize weight, all the mechanical 

components were custom-made except for the screws, alignment pins, several retaining 

rings, the fiber adapter, and miniature motorized stage (MM-3M-EX, National Aperture 

Inc. Salem, NH). The use of undersized dowel pins along with a tightly toleranced 

skeleton enabled accurate positioning of components, while the use of tangential and 

toroidal interfaces minimized stress induced distortions of the optical wavefront. Zemax 

was used to determine the maximum permissible positional error of optical components 

and a mechanical tolerance stack analysis was performed to ensure that the optical 



 

66 

design specifications were satisfied given standard commercial mechanical fabrication 

tolerances. The motorized stage had a total travel of 25.4 mm, which allowed for 

refraction correction from -10 to +16 D at a rate of up to 6.7 D/s. The enclosure was 3D 

printed (Proto Labs Inc., Maple Plain, MN) from a rigid stereolithography plastic 

(RenShape SLl 7820 Black) and consisted of two halves that were joined during assembly 

and secured with 5 low profile set screws and hex nuts. The enclosure was mated with 2 

screws to the mount of the objective lens bore, which remains stationary during 

translation of the motorized stage. The handheld probe weighed 211 g including the 

enclosure (166 g without enclosure) and was 4.2 cm tall x 4.9 cm wide x 19.1 cm long.  

 

Figure 24:  Renderings of the ultra-compact SSOCT handheld probe 
optomechanical design.  A) Isometric view showing all of the internal components of 
the probe, which in total weighed 166 g. B) Isometric view of the probe with enclosure 
which brings the total weight of the probe to 211 g. The outer dimensions of the probe 

are 4.2 x 4.9 x 19.1 cm. 

5.3.2 Imaging Protocols 

Due to the non-linearity of MEMS scanner’s voltage-angle response, a previously 

reported distortion correction technique [78, 79] was applied for each scan setting used 
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when imaging. In short, the distortion present in the system was measured by imaging a 

diffusely reflecting dot test target with 0.5 mm dot spacing (62951, Edmund Optics, 

Barrington, NJ). The test target was placed at the image plane of the handheld probe 

when a 25 mm focal length lens was used in the place of the eye. The distortion 

correction was performed by detecting the centers of each dot using thresholding and 

blob centroid detection. A piece-wise linear transformation of the detected dot locations 

was compared with the expected dot locations of the test target and used to generate the 

de-warping transform. 

To ensure that the correct working distance was maintained and that the 

illumination beam at the eye was pivoting in the pupil (minimizing vignetting), we 

applied eye length-based correction for the reference arm position. In pediatric retinal 

imaging, this correction is particularly important because the infant eye grows from 

~14.6-15.1 mm at 30 weeks post menstrual age (PMA) to ~21.8-22.5 mm at 2 years of age 

[166, 167]. Additionally, shorter eye lengths result in reduced lateral scan sizes on the 

retina (i.e. a 10 x 10 mm scan in an adult becomes a 9.1 x 9.1 mm scan in a 2 year old and 

a 6.3 x 6.3 mm scan in a 30 week PMA infant [72]). To estimate the lateral scan size for all 

subjects, we modified an eye model [165] using measured eye length data or an 

estimation of eye length (based on the subject’s age) and applied ray tracing through the 

modified eye model to determine lateral field size.  
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Images from healthy adult volunteers and pre-term infants were acquired with 

the ultra-compact SSOCT handheld probe. Images were acquired using 1280 spectral 

samples per A-scan, and scan parameters of either 1000 A-scans/B-scan and 256 B-

scans/volume or 512 A-scans/B-scan and 112 B-scans/volume resulting in FOVs of 27° x 

23° or 22° x 20°, respectively. NICU images were typically acquired with the faster 512 

A-scan/B-scan protocol to facilitate imaging of non-compliant subjects. Real-time display 

of OCT B-scans and volumes was possible due to the use of custom GPU-accelerated 

software written in C++/CUDA, and a custom GPU-enabled ray casting algorithm to 

enhance volume visualization [155]. For pediatric imaging the software maintained a 

circular buffer of 10 OCT volumes that could be saved by the operator at any time 

during imaging. All images were dewarped in post-processing using the distortion 

correction technique described previously.  

The OCT engine and electronics were placed in an enclosure on a cart along with 

the acquisition computer and probe to enable portable imaging.  For all imaging, optical 

power was set to be less than 1.7 mW on the cornea, which was determined to be under 

the maximum permissible exposure limit for 1050 nm light under the American National 

Standards Institute (ANSI) laser safety standards [168]. All human subjects research was 

performed under protocols approved by the Duke Institutional Review Board. 
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5.4 Results 

Representative dewarped and motion corrected images from a consented, 

healthy normal and a picture of the assembled probe being used to image an infant in 

the NICU are shown in Figure 25. These images demonstrate volumetric imaging and 

visualization over a 27° x 23° FOV and correction of warping from the MEMS scanner. 

OCT B-scans were registered using an image processing program, ImageJ (National 

Institutes of Health, Bethesda, MD), with the StackReg plugin [169]. OCT volumes were 

registered by applying automatic segmentation algorithms using graph theory and 

dynamic programming [124, 170] to extract the top layer of the retina followed by cross 

correlation of the segmentations to determine axial motion. The custom mechanical 

design resulted in a probe that was light weight (211 g) and compact (~19.1 x 4.9 x 4.2 

cm). 
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Figure 25: Retinal images from a healthy adult volunteer acquired with the 
ultra-compact SSOCT handheld probe.  A) Retinal volume comprising 128 x 1000 x 

256 voxels over a 27° x 23° FOV. B) Summed-voxel projection of the volume in A). C) 
Representative B-scan (5 frame average) at the location specified by the dashed red 

line in B). The volume and B-scan acquisition times were 5.1 s and 20 ms, respectively. 
D) Probe being used to image an infant in the NICU. 

To date we have imaged over 50 pre-term infants in the NICU with an average of 

8 longitudinal imaging sessions per patient using the ultra-compact SSOCT system. 

Figure 26 shows foveal B-scans of a representative pre-term infant born at risk for ROP, 

selected from 14 longitudinal NICU OCT exams between 32 weeks and 47 weeks PMA. 

This sequence shows the development of cystoid macular edema between 32 and 34 

weeks PMA causing a thickening of the inner retina. The cystoid macular edema 
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regresses during the course of imaging and by 47 weeks normal foveal features had 

developed. These results correspond well with the clinical ROP exam, where the infant 

progressed from zone II stage 0 ROP (no ROP) at 32 weeks PMA, to zone II stage 2 

(moderate abnormal blood vessel growth) at 34 weeks PMA, and then improved to zone 

III stage 1 (minimal abnormal blood vessel growth) at 47 weeks PMA [66].  

 

Figure 26: B-scans showing foveal development in a preterm infant between 32 
and 47 weeks PMA.  Cystoid macular edema (purple) developed under the fovea 
(yellow). By 47 weeks PMA, the edema had regressed and normal foveal features 

developed. B-scans were selected from volumes taken with 512 A-scans/B-scan and 
112 B-scans/Volume. 

In addition to imaging of the development of pathology, the ultra-compact 

SSOCT probe allowed for imaging of the development of retinal structures and layers. 

Figure 27 shows the development of the inner segment-outer segment (ISOS) layer as a 

function of age. At 30 weeks PMA, the ISOS is not visible near the fovea. As the 

sequence progresses, the edge of the ISOS can be seen developing toward the fovea, and 
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by 47 weeks PMA the ISOS has fully developed underneath the fovea. Imaging of this 

change in the cellular level structures of the retina has been reported before and could be 

an important indicator of retinal development and predictor of visual outcomes [61, 69]. 

 

Figure 27: Foveal B-scans showing the development of the ISOS.  At 30 weeks 
PMA, the ISOS is not present. At 36 and 43 weeks PMA, the edge of the ISOS (yellow 

arrow) developed closer to the foveal center. By 47 weeks PMA, the ISOS had fully 
developed underneath the fovea (purple arrow). B-scans are selected from volumes 

taken with 512 A-scans/B-scan and 112 B-scans/Volume. 

In addition to cross sectional imaging, the ultra-compact SSOCT probe was 

capable of producing high quality 3D visualization of retinal and preretinal pathology. 

Figure 28 shows the 3D development of neovascular buds into a neovascularization 

complex which is characteristic of ROP’s pathogenesis. To enhance the 3D visualization, 

the volumes were flattened and the depth of the rendered surface was encoded in color. 

This combination allowed for visualization of both depth features that were unavailable 

to enface modalities and lateral features that were unavailable to cross-sectional imaging.  
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Figure 28: Longitudinal volumetric images from a preterm infant with ROP. 
Images show the development of neovascular buds (purple arrow) at 37 weeks PMA 
into a neovascularization complex (green arrows) at 39 and 40 weeks PMA. The red 

circle marks a vascular junction that was present in all three volumes. Volumes were 
flattened using RPE segmentation and a depth based color gradient was applied 

relative to the retinal surface [149]. 

5.5 Discussion 

The light weight and compact form factor of the ultra-compact handheld OCT 

system has facilitated imaging of over 50 infants in the NICU. To the best of our 

knowledge, this is the lightest handheld SS-OCT probe reported and the first SS-OCT 

system to be used in a large number of infants in the NICU. When compared to the 

Envisu c2300 (the other probe that has been used to image a large number of infants), 

the ultra-compact probe is lighter, faster, more compact, and provides motorized 

refraction correction (Table 2). This improvement to the weight, reduction of form factor, 
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and increase in imaging speed facilitates alignment in the NICU and extended imaging 

in all environments. With these advantages, our ophthalmic imaging staff report 

preferring the ultra-compact probe to the commercially available Envisu c2300. 

Table 2: Comparison of the ultra-compact handheld OCT systems to the 
Envisu c2300 

Parameter Leica Envisu 
c2300 

Prototype 

OCT Technology SDOCT SSOCT 

Line Rate 32 kHz 100 kHz 

Operating Wavelength 840 nm 1050 nm 

Axial Resolution (in air)  < 5.3 µm  7 µm 

Working Distance 13 mm 15 mm 

Weight 1500 g 211 g 

Size ~23 x 7.5 x 18 cm ~19.1 x 4.9 x 4.2 cm 

Refraction Correction Manual (cannot 
be adjusted 

during imaging) 

Motorized (live 
software controlled 

adjustment) 

 

The pediatric retina and infant retinal diseases, such as ROP, undergo rapid 

changes, which can vary week-by-week. As demonstrated above, longitudinal imaging 

with the ultra-compact SSOCT handheld system can show the weekly development of 

retinal structures and pathologies and has the potential to provide timely diagnostic 

information and guide treatment. The faster volumetric acquisition of the ultra-compact 

SS-OCT probe simplified imaging and allowed for identification of corresponding 

features, such as the intersection of retinal vessels or neovascular buds, between 

longitudinally acquired volumes. When combined with volumetric visualization, it 
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allowed for 3D mapping of the development of retinal pathologies. Although we have 

only presented results showing the development of pathology, the ability of this system 

to re-image retinal pathology could allow for imaging of the response of pathology to 

treatment. While a full analysis of the data from current and future subjects is outside 

the scope of this manuscript, one could provide insight into the micro-anatomic 

development of neonatal retina in both normal and diseased states, leading to new 

insights into the study of pediatric retinal diseases. 

5.6 Conclusions  

We have demonstrated an ultra-compact SSOCT handheld probe weighing only 

211 g with a 100 kHz A-line rate, 20.1 µm lateral resolution, 7 µm axial resolution, 102 

dB peak sensitivity, 27° x 23° field of view, and motorized focus adjustment for 

refraction correction between -10 to +16 D. The light weight of this probe facilitated 

NICU imaging and to date we have imaged over 50 infants in the NICU. Volumetric 

imaging with this system revealed the development of retinal structures and pathology. 

Further imaging with this system could allow for new insights into the study of 

pediatric retinal diseases.  
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6. Ergonomic Handheld OCT Angiography Probe 
Optimized for Pediatric and Supine Imaging 
6.1 Chapter Summary 

OCT angiography is a functional extension of OCT that allows for non-invasive 

imaging of the retinal microvasculature. However, most current OCT angiography 

systems are tabletop systems that can only be used to image a compliant, seated subject. 

These systems cannot be easily used to image important patient populations such as bed 

ridden patients, patients undergoing surgery in the operating room, young children in 

the clinic, and infants in the intensive care nursery. In this manuscript we describe the 

design and development of a non-contact, handheld OCT angiography probe that 

features a diverging light on the scanner optical design that provides improved 

performance over traditional OCT scanner design. While most handheld OCT probes 

are designed to be held by the side of the case or by a handle, we found that our imagers 

prefer to grip handheld probes by the tip of the probe for supine imaging. The 

ergonomics of the reported probe are designed to match this grip. The probes uses a 200 

kHz swept source OCT engine, has a motorized stage that provides +10 to -10 D 

refractive error correction, and weighs 700g. We present initial handheld OCT 

angiography images from healthy adult volunteers, young children during exams under 

anesthesia, and awake infants. To the best of knowledge these are the first handheld 

OCT angiography images of non-sedated infants, and the first handheld OCT 
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angiography images that provides visualization of key features of the retinal capillary 

complex including the vessels forming the foveal avascular zone, peripapillary 

vasculature, the superficial vascular complex, and the deep vascular complex. 

6.2 Background 

Optical coherence tomography (OCT) is a non-invasive imaging modality that 

enables in vivo cross-sectional imaging of live biological tissues with micron scale 

resolution [1, 12]. Due to these characteristics, OCT has become the clinical standard of 

care for diagnosis and monitoring of adult retinal diseases [13]. However, most OCT 

systems are tabletop systems setups that require a compliant, seated subject. These 

systems are difficult if not impossible to use on noncompliant or supine subjects, such as 

bed ridden patients, patients undergoing surgery in the operating room, and young 

children or infants. Handheld OCT (HH-OCT) systems have been used to bring point of 

care imaging to these important patient population [46, 48-53, 171]. Of particular interest 

to our group are infants born at risk for blinding disease such as retinopathy or 

prematurity (ROP), which can progress rapidly with pathology changing from week to 

week [45].  While longitudinal bedside imaging in the intensive care nursey (ICN) can 

provide valuable diagnostic information about the progression of the disease state, the 

constraints of the ICN and the incubators that the infants are cared for in further 

motivates the use of compact handheld probes.  
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OCT angiography (OCTA) is a functional extension of OCT that uses changes in 

speckle caused by blood flow as an endogenous contrast agent to image retinal 

microvasculature [83-90]. OCTA imaging of adult retinal diseases is area of active 

research in ophthalmology and has provided insight into the pathogenesis of many 

retinal diseases including age-related macular degeneration, glaucoma, and diabetic 

retinopathy [93-101]. While pediatric disease such as ROP have a vascular pathogenesis 

[102], most OCTA systems are table top systems that cannot not be easily used image 

infants in a supine position. These systems have been used to image infants, but require 

removing the infant from the incubator, holding the infant up to the chin rest, and 

topical anesthesia [103]. Armature mounted OCTA systems (Spectralis Flex Module, 

Heidelberg Engineering, Heidelberg, Germany) has been used recently to image supine 

patients and children during exams under anesthesia (EUAs) [104, 105] but these 

systems are difficult to align on a non-cooperative subject and are proven very difficult 

to use on an awake infant. The development of a handheld OCTA (HH-OCTA) system 

could enable point of care, longitudinal OCTA imaging and allow for new insights into 

retinal vascular development and pediatric retinal diseases. Towards this goal several 

groups have reported HH-OCTA systems. These systems include a contact system used 

to image infants during EUAs or after surgery [106, 107], two non-contact OCT systems 

that have been used to image adult subjects [80, 108], and a handheld probe designed to 

image the oral mucosa [109]. In this manuscript we present preliminary results from our 
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non-contact HH-OCTA system, including results from healthy adult volunteers, young 

children undergoing EUAs, and awake infants in the ICN or during clinic visits. To the 

best of knowledge the images reported in this manuscript are the first HH-OCTA taken 

of non-sedated infants and the first HH-OCTA images that show key features of the 

retinal capillary complex including the vessels bordering the foveal avascular zone 

(FAZ), peripapillary vasculature, the superficial vascular complex (SVC), and the deep 

vascular complex (DVC).  

6.3 Methods 

6.3.1 Optical Design of the HH-OCTA Probe 

Our group has previously reported several HH-OCT probes for various clinical 

applications [76, 78, 79] including an ultra-compact swept-source OCT probe for ICN 

imaging [172]. However, the microelectromechanical systems scanner mirror used to 

minimize weight of the probe had a limited frequency response (~150 Hz B-scans) when 

driven outside of resonant mode. Instead of minimizing the weight of the probe, we 

used galvanometric scanners (Scannermax, Orlando, FL) to support the high speed 

scanning (250-500 Hz B-scans) needed for OCTA [173]. The probe was designed to have 

a 30° field of view on the retina and the ergonomics were designed to facilitate supine 

imaging (see following section).  

Traditionally, OCT systems send collimated light onto the scanners and use a 4F 

relay telescope to image the scanners into the pupil. Configurations that use converging 



 

80 

light on the scanner to shorten the length of the relay telescope have been reported, 

however they were limited to ~16° field of view and required the use of custom lenses 

[164]. To improve optical performance and increase the diffraction limited field of view, 

we used a diverging light on the scanner optical design with an approximately 5F long 

relay telescope. Schematics for both a 4F and a “5F” scanner are shown in Figure 29. In a 

4F design, the intermediate image plane is designed to be as close to telecentric as 

possible, while in the 5F design the diverging light on the scanner deliberately induces 

field curvature in the intermediate image plane. Once imaged onto the retina the 

additional field curvature creates a retinal image plane that better matches the curvature 

of the retina (Figure 30). Both systems designed with the same commercially available 

lenses (Edmund Optics Inc., Barrington, NJ and Thorlabs, Newton, NJ) were optimized 

using ray tracing software (Radiant Zemax LLC, Redmond, WA) and an eye model 

[165]. While both systems have the same diffraction limited resolution (12.0 µm airy 

radius), the 5F design produces diffraction limited spots over a ~30° field of view 

(limited by clipping on a lens aperture) while the 4F design produces diffraction limited 

spots over a ~16° degree field of view (Figure 31). 
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Figure 29: Schematics for a 4F (top) and 5F (bottom) retinal scanner.  The solid 
black line denotes the location of the intermediate image plane of the respective 

scanner. 

 

Figure 30: Curvature of the intermediate and retinal image planes for the 4F 
scanner and 5F scanner.  The slight negative curvature of the 4F scanner in the 

intermediate image plane is primarily due to the use of an offset galvo pair and lens 
aberrations. 
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Figure 31: Zemax spot diagrams for the 4F scanner and the 5F scanner as a 
function of angle (measured as the angle between the chief ray and the optic axis in 

the eye). The circle denotes the airy radius (12.0 μm for both systems at 0°). 

6.3.2 Mechanical Design of the HH-OCTA Probe 

Most commercial or research handheld OCT systems are designed to be held by 

the side of the case in a camcorder grip or by a handle in a gun style grip [75-80]. 

However, in our experience with imaging of non-cooperative supine subjects in either 

the NICU or the operating room, we found that operators tend to prefer to hold HH-

OCT probes near the tip of the lens tube [72]. This grip allows them to use their free 

hand to brace the probe on the subject’s forehead or cheek and open the infant’s eye 

without the use of an eyelid speculum (Figure 32). This braced position simplifies 

alignment of the probe with the pupil and maintaining the correct working distance. 

When held by the tip the handle for the gun grip or the case for the camcorder grip adds 

additional components to the probe that cause the probe to be asymmetric and top 

heavy. This puts strain on the operator’s hand, leads to operator fatigue during over 

multiple imaging session, and can cause stabilization issues. 
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Figure 32: Demonstration of the grip used for supine imaging of infants in the 
ICN.  The pictured system is the Leica (Bioptigen) Envisu C2300. 

Since OCTA uses the motion of flowing blood as a source of contrast, it is also 

susceptible to other sources of motion causing the OCTA signal to wash out. This is 

most often seen when saccades cause bright streaks on OCTA images [174]. For HH-

OCTA operator hand motion adds another potential source of signal corruption. To 

minimize this effect, we carefully designed the ergonomics of the probe to match the tip 

grip that our operators were using for other HH-OCT systems. The probe was designed 

to be as symmetric as possible with a tapered tip. Additionally, an adjustable 

stabilization brace was included to give the operator a point of contact that was closer to 

the center of mass of the probe. The probe was designed in Solidworks (Dassault 

Systèmes SolidWorks Corp., Concord, MA) and renderings of the optomechanics, 

stabilization brace, and enclosure of the probe are shown in Figure 33. The collimating 

lens was placed on a motorized stage (National Aperture Inc., Salem, NH) to allow for 
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+10 D to -10 D refractive error correction. Undersized dowel pins and custom retaining 

rings allowed for precise positioning of mechanical and optical elements respectively. 

The optomechanics were CNC machined from aluminum while the enclosure and brace 

were 3D printed from high durability plastic (Formlabs, Somerville, MA). The probe 

weighs 700g and has a form factor of approximately 22x10x14 cm. 

 

Figure 33: Renderings of the HH-OCTA probe.  Left: Rendering of the HH-
OCTA optomechanics from the side. Center: Rendering of the HH-OCTA 

optopmechanics stabilization brace, and enclosure from the side. Right: Rendering of 
the HH-OCTA optopmechanics, stabilization brace, and enclosure from the front. 

6.3.3 OCT System and Imaging Protocols 

The HH-OCTA system used a 200 kHz, 1060 nm swept source laser (Axsun 

Technologies Inc., Bilerica, MA) illuminating a Mach-Zhender interferometer. The 

interferometric signal was detected with a 1 GHz dual balanced receiver (Thorlabs, 

Newton, NJ), and digitized using a 1.8 GS/s digitizer (Alazar Technologies Inc., Pointe-

Claire, Quebec). Custom GPU based software was used to perform real time processing, 

display, and rendering of OCT data [114, 155]. The entire system was placed in a cart to 
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allow for portable imaging. Structural OCT imaging in the ICN was typically performed 

with a 950 A-scans/B-scan, 128 2x averaged B-scans/volume imaging protocol (1.36s total 

acquisition time) over a 10x10mm field of view. HH-OCTA image was performed with 

two protocols; a faster 300 A-scan/B-scan, 4 repeated B-scans, 300 lateral locations 

sampled (2.5s acquisition time) protocol and a higher resolution 500 A-scan/B-scan, 4 

repeated B-scan, 500 lateral locations sampled (6.0s acquisition time). OCTA images 

were registered using phase correlation, generated using speckle variance [85], and 

graph search based segmentation to create enface projections of the retinal vasculature 

[124].  Segmentation was manually corrected by an expert grader in the presence of 

pathology. The inner plexiform layer (IPL) was used as the boundary between the SVC 

and DVC [175]. Corrections to reference arm delay and lateral scan dimension to 

account for the shorter length of the infant eye were applied [72]. 

HH-OCT and HH-OCTA imaging was performed in 7 awake adult volunteers, 9 

infants and young children during EUAs, and 10 infants in the ICN or during follow up 

clinic visits, with or without pharmacological dilation as clinically indicated. Total 

imaging time was limited to 15 minutes for each subject. Optical power was set to less 

than 1.8 mW on the cornea, less than the ANSI Z136.1 standard for 1060 nm light [168]. 

All human subjects research was performed under protocols approved by the Duke 

University institutional review board in accordance with the Declaration of Helsinki.  
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6.4 Results 

A picture of the HH-OCTA probe being used to image an infant in the ICN is 

shown in Figure 34. Initial HH-OCTA imaging was performed in healthy adult 

volunteers in a supine position (Figure 35). These images show clear visualization of the 

capillaries forming the FAZ, peripapillary vasculature emerging radially from the optic 

disc, and retinal capillaries in a nasal to the optic disc. These images also demonstrate 

the difference between artifacts caused by saccades and hand motion. Saccades 

manifests as narrow streaks on the angiograms with sharp discontinuities between the 

vasculature on each side of the artifact. Throughout the OCTA images presented in this 

paper there are broader but less corrupted artifacts with wavy but continuous 

vasculature. Due to their presence in images of cooperative, fixating adults, we believe 

that these artifacts are washout of the OCTA signal caused by operator hand motion. 

 

Figure 34: HH-OCTA probe in the nursery.  Left: The HH-OCTA probe being 
used to image an infant in the ICN. Right: Picture of the grip used with the HH-OCTA 

probe. 
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Figure 35: Representative OCTA images from a healthy adult volunteer.  Left: 
~1.5x1.5mm angiogram of the fovea showing the foveal avascular zone. Center: 

~3x3mm angiogram of the optic nerve head showing peripapillary vasculature. Right: 
~1.5x1.5mm angiogram of nasal retina. The red arrows denote the location of artifacts 
caused by saccades while the yellow arrows denote the location of artifacts caused by 

operator hand motion. 

Selected volume renders and B-scans from ICN imaging are shown in Figure 36. 

These images demonstrate the ability of the probe to capture clinically relevant features 

including the foveal depression, cystoid macular edema of prematurity, and peripheral 

preretinal neovascular elevations in an infant with ROP. While features like preretinal 

neovascular elevations are visible in cross-sectional imaging, the 3D context provided by 

volumetric imaging allows for better visualization of 3D structures such as engorged 

blood vessels, the extent and composition of preretinal neovascular tissues, and 

structural changes at the vascular/avascular junction in infants with ROP.  
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Figure 36: Selected B-scans and volume renders from ICN and clinical 
imaging.  Top: Images from 41 week PMA infant in the clinic showing cystoid 

macular edema (red star). Center: Images from a 37 week PMA infant in the ICN 
showing the foveal depression (yellow star) and engorged blood vessels on the 

surface of the retina (yellow arrow). Bottom: Peripheral images from the same 37 
week PMA infant showing neo-vascular buds (purple star) and the ridge 

corresponding to the vascular/avascular junction (purple arrow). All images were 
acquired at 950 A-scans/B-scan, 2x registered and averaged B-scans, and 128 B-

scans/volume.  

HH-OCTA imaging was performed in children and infants during EUAs (Figure 

37). When compared to fluorescein angiography (Retcam3, Natus Medical Incorporated, 

Pleasanton, CA), the current clinical standard of care for pediatric vasculature imaging, 

HH-OCTA offers visualization of capillary level vasculature that is not visible on FA. In 
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a young child with a history of retinopathy of prematurity (ROP), OCTA shows the 

tortuous microvasculature vasculature in multiple regions of the retina with the fovea 

dragged inferotemorally to the near periphery. Separating the retinal microvasculature 

into by depth reveals a network of stretched superficial vessels lying on top of deeper, 

larger vessels. Since the IPL is not visible due to the presence of thickened inner retina 

and the peripheral retinal location, 40% of the ILM to RPE thickness was chosen as the 

boundary between the superficial and deep vascular layers (Figure 37d). In another 

child undergoing EUA due to a family history of familial exudative vitreoretinopathy 

(FEVR) HH-OCTA shows a regular vascular microvascular pattern including the foveal 

avascular zone (Figure 37c). Separating the image into the SVC and DVC again reveals 

normal vascular patterns (Figure 37e). 
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Figure 37: HH-OCTA during EUA.  a) Fluorescein angiogram (FA) from an 
infant with a history of ROP. Fluorescein angiogram was performed as part of routine 

clinical care. Colored boxes denote the location of the corresponding HH-OCTA 
scans. b) HH-OCTA from the optic nerve (red), peripapillary region (blue), perifoveal 

region (purple) and the edge of the fovea (green). Images were taken with 300 A-
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scans/B-scan, 4 repeated B-scans, and 300 lateral locations sampled per volume c) 
Wider field HH-OCTA image of a child undergoing EUA due to a family history of 
familial exudative vitreoretinopathy. Images were taken with 500 A-scans/B-scan, 4 

repeated B-scans, and 500 lateral locations sampled per volume. d) Peripapillary 
image from b) split into superficial and deep layers. Boundaries of each layer are 

marked in green on the B-scan above the respective angiogram. 

A 39 week post menstruation age (PMA) with infant hypoxic ischemic 

encephalopathy (HIE) was imaged in the ICN shortly after birth (Figure 38). OCTA in a 

region of retina inferior to the optic nerve reveals vasculature in the SVC but no visible 

profusion in the DVC. A 41 week post menstruation age (PMA) infant with a history of 

ROP and cystoid macular edema was imaged during a follow up visit in the clinic 

Figure 39. The angiograms showed the peripapillary and macular microvasculature in 

the nasal macula. Near the edge of the fovea and within the region of cystoid macular 

edema there are several bulb-like vascular terminations, which could represent micro-

aneurysms, small vascular loops, or other microvascular abnormalities. The OCTA B-

scan, SVC projection, and DVC projection reveal that these loops are within the deep 

vascular complex and within the area of cystoid macular edema. While a full analysis of 

these structures is outside the scope of this manuscript, their presence demonstrates the 

ability of the HH-OCTA system to image depth-resolved pediatric vascular pathologies.  
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Figure 38: HH-OCTA images from a 39 week PMA infant in the ICN with HIE 
taken shortly after birth. Top: Angiogram showing vasculature inferior to the optic 
nerve. Bottom: OCTA split into SVC (left) and DVC (right). A selected B-scan with 

and without OCTA flow superimposed are shown below the angiogram. The 
horizontal dashed yellow line denote the location of the selected B-scan. The vertical 
dashed blue lines denotes the same lateral location on the angiograms and selected B-
scans. The green line on the B-scans denotes the automatically segmented IPL. Images 
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were taken with 500 A-scans/B-scan, 4 repeated B-scans, and 500 lateral locations 
sampled per volume. 
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Figure 39: HH-OCTA images from a 41 week PMA infant visit with a history 
of ROP during a follow up clinic.  Top: Overlaid angiograms showing the optic nerve 

head, peripapillary vasculature, and the edge of the fovea. The red star denotes the 
edge of the fovea. Bottom: the peripapillary/foveal angiogram of SVC (left) and DVC 

(right). A selected B-scan with and without OCTA flow superimposed are shown 
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below the angiogram. The horizontal dashed yellow line denote the location of the 
selected B-scan. The vertical dashed blue lines denotes the same lateral location on 

the angiograms and selected B-scans. The green line on the B-scans denotes the 
manually corrected IPL. Images were taken with 500 A-scans/B-scan, 4 repeated B-

scans, and 500 lateral locations sampled per volume. 

6.5 Discussion 

This manuscript describes the design of an optically novel, ergonomic HH-

OCTA probe optimized for supine, non-contact imaging. In normal subjects, pediatric 

patients undergoing EUAs, and in awake infants, this probe is capable of imaging key 

features of the retinal capillary complex. In infants, bedside imaging with the HH-OCTA 

probe shows clinically relevant structural and microvascular pathologies. We believe 

that ability of this probe to image awake infants will provide new insights into the 

development of the pediatric retina in normal and diseased states via longitudinal 

imaging of vascular development.   

Imaging infants in the ICN and clinic can be particularly challenging because the 

infants are awake and unable to fixate. Throughout the course of an imaging session 

their gaze will wander, requiring the imager to reposition the probe. This bulk motion 

also corrupts OCTA images and while an active tracking system could allow for 

compensation for some of the motion, quite often this motion is significant enough that 

it requires the operator to completely reset the position of the probe, limiting the utility 

of tracking. Since the exam with the HH-OCTA probe is non-invasive (it does not 

require the use of an eyelid speculum, topical anesthetic drops, and uses non-visible 
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light unlike a traditional ROP exam) we found that many young infants remain calm 

throughout the exam. While their gaze frequently moves, when they are calm their gaze 

will eventually remain still for short periods. Instead of including technology for active 

tracking we focused on operator comfort and optimizing the probe’s ergonomics for 

supine imaging. This facilitates sustained imaging where the imager is able to quickly 

make adjustments for eye motion. Real time display of the OCT data allows for the 

imager to identify when the infant’s gaze has stabilized and the longer OCTA scan can 

be taken. This approach allowed us to take use OCTA acquisitions that are three or six 

seconds long. However, as the infants get older they become less calm during the HH-

OCTA exams; by 9 months corrected gestational age most infants are too active and will 

react to being imaged. At this point while the 200 kHz OCT engine makes structural 

imaging possible, OCTA is usually not attempted. 

6.6 Conclusion 

We demonstrated an optically novel, ergonomic, 200 kHz HH-OCTA probe 

optimized for supine non-contact imaging. The probe weighs 700g, has -10D to +10D 

refractive error correction, and a 30° diffraction limited field of view. HH-OCTA 

imaging was performed in healthy adult volunteers, pediatric patients undergoing 

exams under anesthesia, and infants in the ICN/clinic. The OCTA images reported in 

this manuscript are the first HH-OCTA taken of non-sedated infants and the first HH-

OCTA images to show depth-resolved retinal microvascular abnormalities. These 
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images show vascular abnormalities in close proximity to pathological structures and 

we believe that further imaging with this probe 
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7. Conclusions 
The work presented in this dissertation covers the development of and 

translation of high speed OCT systems for novel clinical applications. We presented a 

microscope integrated OCT (MIOCT) system that provided the first ever real time 4D 

imaging of retinal microsurgery, giving surgeons live access to imaging tools that were 

previously only available pre-operatively for planning and post-operatively for 

assessment. The use of OCT as a complimentary imaging modality has improved 

surgeon performance in mock surgical maneuvers and provided enhanced visualization 

of human retinal and anterior segment surgery.  

While this system has been successful as a complementary imaging modality, the 

utility of this system for image guided surgery is limited by its ~3 Hz volume refresh 

rate. Towards goal of image guided surgery via 4D MIOCT we are developing a second 

generation MIOCT system capable of near video rate (>12 Hz volume refresh rate) 

imaging of retinal microsurgery. To achieve this, the next generation system will utilize 

a faster 200 kHz source and spectral splitting. Spectral splitting is a computational 

technique that increases the speed of the OCT system by using a fraction of the source’s 

bandwidth to capture an A-line allowing for doubling or tripling of the line rate. While 

this does reduce the axial resolution of the system, if volume rendering is the primary 

mode of visualization of the intraoperative OCT data, the high axial resolution is wasted 

as the rendering algorithm effectively performs first surface detection. With the higher 
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speed, spectrally split source the fundamental limit of the volume rate of the MIOCT 

system is no longer the line rate of the source, but instead is the kinematics of the 

galvanometric mirrors used to scan the OCT beam. While raster scanning (the current 

scan protocol) is efficient at lower frame rates, as the scanning speed approaches the 

maximum speed of galvanometric mirrors the duty cycle of OCT system decreases as a 

higher fraction of the A-lines are inactive due to mirror fly back or turn around. For a 

400 kHz source, the duty cycle of a raster scan can drop below 50% with significant scan 

warping. To address this we plan on switching to a spiral scan, where the OCT volume 

is acquired with a single constant linear velocity spiral. Since this pattern has no sharp 

turns, it has reduced bandwidth requirements and flyback is only required once per 

volume (instead of once per B-scan) enabling volume acquisition with much higher duty 

cycles. Interlaced with the volume acquisition a slower, high resolution B-scan without 

spectral splitting can be taken at an arbitrary orientation in the volume. This mixed, 

spectrally split, spiral scan protocol will enable volumetric imaging at greater than 12 

Hz. 

While OCT is the standard of care in clinical ophthalmology the large footprint of 

commercially available OCT systems prevents their use in more challenging imaging 

environments such as the intensive care nursery.  In order to bring point of care imaging 

into the nursery we developed the lightest handheld OCT probe reported and a high 

speed handheld probe capable of performing OCT angiography. The speed and compact 
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form factor of these probes has facilitated longitudinal imaging in the intensive care 

nursery. We presented images showing the development of retinal structures and 

disease in pre-term infants, and the first ever handheld OCT angiography images taken 

of an infant. We are particularly excited about the handheld OCT angiography probe 

and we believe that its ability to image awake infants will provide new insights into the 

development of the pediatric retina in normal and diseased states via longitudinal 

imaging of vascular development. 

Figure 38 demonstrates the ability of the HH-OCTA probe to image the lack of 

perfusion in the deep capillary plexus in an infant with hypoxic-ischemic 

encephalopathy. The ability to discriminate superficial and deep perfusions is not only 

important for study of hypoxic-ischemic encephalopathy, but for neuro-ophthalmology 

in general and potentially other fields including cardiology. The development of the 

nervous and vascular systems often parallel each other, a phenomenon known as 

neurovascular congruency. As a window into the brain, imaging of retinal vascular 

development could provide novel insights into other brain injuries, and the 

development of the central nervous system. In cardiology there is a high incidence of 

postoperative neurocognitive cognitive decline after cardiac bypass surgery. Of those 

patients affected by postoperative cognitive decline only half will fully recover their 

baseline cognitive status after one year. While the precise etiology remains uncertain 

and is probably multifactored, it almost certainly involves dysfunction of the cerebral 
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microvasculature. The ability to image changes to vascular profusion during and after 

surgery with HH-OCTA could provide new insights to post-operative dysfunction of 

the cerebral microvasculature and lead to better intraoperative assessment of 

hemodynamics during cardiac bypass surgery. 
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