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Abstract 

Optical coherence tomography (OCT) is the gold standard of care for clinical 

ophthalmic diagnosis and procedures. It is a non-contact, nonionizing imaging technique 

that delivers cross-sectional and volumetric images at high resolution. During surgery, 

OCT is often paired with microscopy to provide micron-scale views in all dimensions. 

Microscope-integrated optical coherence tomography (MIOCT) systems have been 

developed, combining the optics of microscopy and OCT to optimize surgical routines. 

Clinical microscopes often come with hands-free controllers; however, OCT systems are 

generally controlled by computer applications.  

This thesis describes 4D MIOCT, the current device used at the Duke Eye Center 

for guiding ophthalmic surgery. It explores recently-published research involving the 4D 

MIOCT system. This thesis focuses on the development of a new software program to 

allow real-time control of OCT via a custom-built footpedal. The software uses Vortex, an 

open-source library to interact with the OCT engine. With the program, surgeons can 

dynamically change system parameters and image settings. An automated focusing 

feature was added as well. The software application eliminates the need for a trained staff 

member to interpret the surgeon’s instructions and manage the OCT system. Ultimately, 

it will increase speed, efficiency, and quality of ophthalmic surgery within the operating 

room. 
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1. Introduction 

Optical coherence tomography (OCT) is a volumetric imaging modality that takes 

high-resolution cross-sectional images. OCT is often described as being analogous to 

ultrasound. Instead of sound waves, it uses light waves to visualize tissue structure. It was 

initially developed in the early 1990s by Dr. James Fujimoto’s lab at MIT for ophthalmic 

applications, specifically to image the human retina.1 Over the past three decades, as its 

speed, imaging depth, and resolution have improved, commercial and clinical 

applications have expanded to other areas, which include coronary arteries2, the 

esophagus3, the GI tract4, skin5, teeth6, and the middle ear7. 

Microscope-integrated optical coherence tomography (MIOCT) was first 

conceptualized in 1998 by the Fujimoto lab. Although OCT did not share optics with the 

microscope in the design, this research conveyed the idea of using OCT and microscopy 

simultaneously. In vitro results indicated that the two imaging modalities were compatible 

and could eventually be used together to monitor patient eye health.8 Eventually, full-

fledged MIOCT systems were built. The models combined the optics of OCT and 

microscopy for the purpose of intraoperative imaging. Optical designs allowed OCT 

cross-sections to be displayed alongside the microscope view, either inside the oculars or 

on an external screen.9 MIOCT overcame limitations of standard surgical microscopy by 

providing depth profiles and volumetric renderings of the imaging field. 
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Since MIOCT is an intraoperative modality, it must be fast and easy to operate. 

Standard OCT systems are controlled by a computer application. In the operating room, 

a trained staff member will manage the application and change settings based on 

directions from the surgeon. For example, they may change the scan density, update the 

B-scan position, or move the field of view. Although this has been the process for years, it 

is not ideal. It relies on another person to correctly understand the surgeon’s needs and 

respond quickly. 

This thesis outlines the construction of a footpedal-activated computer application 

to grant a surgeon hands-free control of the MIOCT system. This thesis addresses the 

following aims: 

 Aim 1: To develop a stand-alone software program to update real-time OCT 

system parameters and visualization settings via keyboard presses 

 Aim 2: To create a surgeon-friendly graphical interface with simple and 

intuitive visual indicators 

 Aim 3: To implement Z-finding, a type of automated OCT focusing based on 

matching reference arm length to sample arm length 

In the thesis, Chapter 2 provides background on the history of optics and human vision. 

It also describes the theory of OCT and introduces other ophthalmic imaging technologies. 

Chapter 3 focuses on the current MIOCT system developed by Dr. Joseph Izatt’s lab at 

Duke University. It reviews new research, showcasing this system’s potential in the 
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operating room. Chapter 4 presents the OCT software application and footpedal built to 

increase surgery efficiency and speed. It discusses the development timeline, focusing on 

the evolution of the application’s features and user interface. Chapter 5 analyzes 

preliminary system tests conducted on the software. Chapter 6 evaluates the entire project 

and concludes with next steps for the work. 
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2. Background Information 

2.1 Brief History of Ophthalmology and Optics 

The earliest reference to ophthalmology dates back to 2250 BCE. Hammurabi, king 

of Babylon-Assyria, which is modern-day Iraq, wrote laws about ophthalmology to 

prevent its improper use. One such law stated that a doctor shall receive silver coins in 

return for saving a man’s eye. If the man’s eye was destroyed, the doctor would be subject 

to losing all of his fingers. If a slave’s eye was destroyed, the doctor would have to pay 

half of the slave’s price to the owner.10 These laws indicated the importance and value 

placed on human vision. The study and treatment of eyes continued throughout the 

ancient times. The Papyrus Ebers, a famous Egyptian document wriĴen in 1650 BCE, 

holds over one hundred pages of diseases and treatments recognized at that time. Eight 

of its pages describe eye ailments in detail.10 In Greece, during the mid 400s BCE, 

Hippocrates treated eye conditions through cupping, phlebotomy, and counter-irritation 

methods in aĴempt to drain fluids from the eye. The practice of Greek medicinal 

techniques was brought across continents to Rome and Alexandria, leading to the growth 

of eye care.10 Galen, a Roman physician alive from 131 to 201, wrote many books on optics 

and ophthalmic diseases. He valued the eye greatly, implying it to be “the most divine of 

organs”. He believed that the lens, often called the crystalline body, was the key aspect of 

vision. He aĴempted to explain how vision works. He hypothesized that people could see 

because the retina recognizes and conveys changes occurring in the lens.10  
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Initial thoughts on the function of the eye set a foundation for understanding the 

organ’s importance and developing the theories of optics. Arabic scholar Abu Ali al Hasan 

(Alhazen8), born in 965, brought forth new ideas regarding human vision and optics. In 

his most influential writing, Kitab Al Manazer (Book of Optics), he theorized about the 

physical concept of light and explained natural events such as rainbows, shadows, and 

eclipses.11 He tried to describe light reflection and refraction, and he developed the first 

known camera obscura. Alhazen was the first person to correctly characterize parts of the 

eye, helping advance ophthalmic surgery and medicine. Further, he figured out that light 

rays transmitting information about one’s surroundings do not originate at the eye, but 

rather at the object or a different light source.12 This explanation contradicted the theory 

developed by well-known mathematicians, Euclid and Ptolemy.11 He also determined that 

the speed of light was finite and changed based on the media it was traveling through. 

Alhazen did not get all theories correct. In fact, he thought that pure light was colorless; 

it just allowed our eyes to perceive color. Isaac Newton was the first to understand that 

(white) light consisted of different colors. Additionally, Alhazen believed Ptolemy’s law 

of refraction, where the angle of incidence is proportional to the angle of refraction. This 

law was later proven incorrect. It only held true when a light ray was normally incident 

to the interface. Alhazen thought that reflection was a stronger version of refraction, 

which was inaccurate.12 Alhazen’s unique understanding of light and great success in the 

field of science for his time granted him the title, “Father of Modern Optics”.11 
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The native peoples of North America developed early eye treatments similar to 

those of ancient Greece and later of European nations. The Nahuatl, a group of tribes that 

include the Aztecs, used cupping and phlebotomy.13 Tribal healers would clean irritated, 

red eyes with cold water. They would chant and command “that the ‘snakes’ (conjunctival 

vessels) stop ‘mistreating’ the ‘enchanted mirror’ (the eyes)”.13 Topical preparations made 

from coconut milk or breast milk were used as remedies for corneal scarring. The Nahuatl 

had words for external parts of the eye. For example, eyelid was ixquatolli, eyebrow was 

ixquamolli, eye was ixtelolotli, and pupil was tixtotouh.13 Further, native doctors had 

procedures in place to remove extra growth on eyes. They used roots to scrape away 

cataracts. Huichol healers from northern Mexico treated trachoma, a bacterial infection of 

the eye, through a traditional healing ceremony. They sucked blood and fluid out of the 

affected eyes. Then, they spit it out with a crystal to symbolize the ejection of disease.13 

The Inuit and Tlingit of Alaska made snow goggles out of wood or Caribou antler to 

protect their eyes from the elements. Smoke could cause eye irritation and blindness. 

Sunlight reflected off snow could cause snow blindness. In addition to goggles, they 

would wear headbands or darken the skin on their faces to absorb reflecting light rays.13  

During the age of European exploration and start of colonization in the Americas, 

rich settlers would often return home to receive ophthalmic treatment. One person was 

Christopher Columbus. During his second voyage, he experienced temporary vision loss. 

During his third trip, he got arthritis with painful, red eyes (now known to be caused by 
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uveitis, an intraocular inflammatory disease).13 In the mid to late 18th century, skilled 

European eye doctors began moving to the Thirteen Colonies. Over the following decades, 

eye treatment improved as optical science and medicine was better understood. Harvard 

Medical School was founded in 1782. John Warren, Chair of Anatomy and Surgery, 

contributed to the advancement of ophthalmology during his tenure. He began his career 

with limited knowledge but learned more through instruction from well-established 

European surgeons. Eventually, he was able to successfully perform a cataract surgery 

and assist in a glaucoma operation.13  

The 19th and 20th centuries brought forth new inventions. The ophthalmoscope 

was invented in 1850 by Hermann von Helmholtz.13,14 This handheld instrument allows 

inspection of the posterior of the eye, known as the fundus. Specific locations include the 

retina, vitreous (space between the lens and retina), and the optic nerve (connection to the 

brain). The ophthalmoscope works by illuminating the fundus through the pupil, the 

opening at the center of the iris.14 With this instrument, eye doctors were able to diagnose 

new diseases, which they could not do before. For example, they could detect macular 

conditions, retinal vascular conditions, open-angle glaucoma, and retinal detachment.11 

From 1911 to 1916, Allvar Gullstrand developed the original slit lamp. Its purpose was to 

visualize the anterior of the eye. The first use measured the cornea’s curvature and lens’ 

structure. The device sends out a narrow beam of light into the eye. Once magnified, the 
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cornea appears as a bright, slightly curved rectangle. From this view, the doctor can 

interpret the health of the patient’s eye.15  

In the early 1800s, Cuignet began studying the refractive error of his patients’ eyes 

and developed retinoscopy. Eyes with refractive error do not bend light normally and 

cause blurry vision. Hyperopia and myopia are kinds of refractive error. Cuignet’s 

methods were built upon the Foucault “Knife-Edge” Test.16 In the test, an edge of a knife 

is positioned near the focus point. As it passes through a slit source, a shadow is produced. 

A lens without refractive error will darken immediately, whereas a lens with refractive 

error will see a pattern of light and dark with blurred edges.17 In 1901, an internally 

illuminated retinoscope was developed. It differed from earlier models, which had used 

mirrors to direct light from outside sources into the eye. The first streak retinoscope was 

built in 1927 to help diagnose astigmatism.16 Astigmatism is a deviation in the lens’ 

spherical curvature. The axis of the retinoscope’s streak can be rotated to study eye 

reflexes. If the reflex changes in either thickness or intensity, then the patient has an 

astigmatism.18  

The human retina was first photographed in vivo during 1886. In 1926, Carl Zeiss 

made the first ever commercial fundus camera to image the back of the eye, where the 

retina is located. A year later, the first stereoscopic fundus photographs were published. 

With this method, two photographs are taken at slightly different angles. The 

photographs are then viewed together, which gives more depth and detail to the overall 
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image. Over subsequent decades, fundus photography continued to improve, with the 

addition of the electronic flash tube (to direct light at the pupil) and Eastman Kodak’s 

invention of the digital camera.19  

     

Figure 1: Reproductions of the original fundus photographs that were published in 
the Philadelphia Photographer in 1886.20 

Scanning laser ophthalmoscopy (SLO) reduced the number of aberrations and returned 

images of high contrast. SLO is based on reflectance imaging. In confocal SLO, light from 

a laser source is sent to the retina in a specific scan pattern (e.g. raster). Then, back-

scattered light is detected, converted to a digital signal, and used to reconstruct a 3D 

retinal image. The development of SLO and fundus imaging led into a new age of 

ophthalmology, starting in the 1980s.21 

2.2 Theory of Optical Coherence Tomography  

In 1991, optical coherence tomography (OCT) was developed.1 It is an imaging 

technique that produces cross-sectional profiles and volumetric views at micron-level 

axial and lateral resolution. It is the analogue of ultrasound. It collects back-scattered or 
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back-reflected light (near-infrared range), instead of ultrasonic waves, to form images. 

OCT is based on interferometry. It combines light waves returning from a sample with 

light waves reflecting off a mirror.22 The resulting interferogram detected at the 

photoreceiver is used to create a single A-scan. The A-scan illustrates the sample’s depth 

values at the beam’s focal point at a specific lateral position. The lateral position is 

determined by the scanning mechanism. New A-scans are acquired at new positions as 

the light beam moves laterally. These A-scans are combined to form a 2D cross-section 

known as a B-scan.  

 

Figure 2: Diagram depicting an OCT A-scan, B-scan, and volume.23  

Rendering all B-scans in a particular imaging field can build a volumetric image. On the 

other hand, processing multiple A-scans at the same position over a time will construct 

an M-scan.22  

There are two main types of OCT: time-domain (TD-OCT) and Fourier-domain 

(FD-OCT). FD-OCT is split into spectral-domain (SD-OCT) and swept-source (SS-OCT). 
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TD-OCT has a broadband, continuous-wave source. The reference arm position is 

changed laterally to collect light from various depths. A single-channel photoreceiver is 

used to collect interference signals, which are then processed to form A-scans.22,24  

 

Figure 3: Schematic of TD-OCT with its resulting interference signal.24 

SD-OCT also has a broadband, continuous-wave source. The reference arm is at a specific 

position, which is roughly equal to the sample arm position. The interference signal is 

gathered by a spectrometer. Its diffraction grating separates out the signal by frequency. 

Light is converted to electrical signals with a 1D charge-coupled device array. The new 

signals are depth-based intensity values. SS-OCT has a source that is rapidly scanned by 

a narrow instantaneous linewidth over time. The reference arm does not move; it stays at 

a fixed position. The frequency-based interference signal is then acquired by one or a few 

photoreceivers over time. It is converted to electrical pulses corresponding to depth via 

an inverse Fourier transform. The electrical signals from SD-OCT or SS-OCT are processed 

to create A-scans.22,24  

Fourier-domain systems generate A-scans at once, whereas time-domain systems 

generate A-scans as a function of time. The key difference between SD-OCT and SS-OCT 
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is when the light is separated based on different wavelengths. For SD-OCT, light is 

separated at the detector. For SS-OCT, light is separated at the source.24 SS-OCT is faster 

than SD-OCT, allowing for denser scan patterns and larger scan fields. SS-OCT also has a 

higher sensitivity at greater depths. It uses a longer wavelength of light, which gives better 

tissue penetration.25,26 Some limitations of SS-OCT are lower signal-to-noise ratio, worse 

motion artifacts, and poorer axial resolution.26 

 

Figure 4: Schematic of two types of FD-OCT systems: SD-OCT (spectrometer based) 
and SS-OCT (swept-source based).24 

 

 

Figure 5: Plot of a possible FD-OCT interference signal with its inverse Fourier 
transform.24 
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2.3 OCT Compared to Other Imaging Techniques  

Currently, OCT is the gold standard for ophthalmic disease diagnosis and 

monitoring. It is non-invasive and nonionizing. It provides micron-scale resolution and 

millimeter-scale imaging depths at fast acquisition speeds.27 It is becoming a common 

modality for microsurgical guidance in anterior and posterior regions of the eye.28 Such 

procedures include corneal transplants, cataract operations, macular surgery, and diabetic 

retinopathy treatment.9 OCT’s cross-sectional and volumetric views help surgeons easily 

visualize anatomical features and surgical tools at various depths. Use of OCT is shown 

to improve surgical outcomes and decrease patient recovery time.28  

Other widely-used ophthalmic imaging modalities include ocular ultrasound, 

computed tomography (CT), magnetic resonance imaging (MRI), and microscopy.  

 

Figure 6: Comparison of resolution and penetration depth between OCT and other 
clinical imaging technologies.29 
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The strengths and weaknesses of these modalities become apparent when evaluating their 

use within primary care and surgical applications.  

Common intraocular disorders diagnosed with ultrasound include vitreous 

hemorrhage (blood vessel rupture), vitreous detachment, and retinal detachment. 

Ultrasound can also be used to find ocular tumors, foreign growths, or globe ruptures 

(from blunt or piercing forces).30 In general, ultrasonography has good soft-tissue contrast, 

spatial resolution, and imaging depth. It has fast data acquisition speeds, and its cost is 

relatively low.27 On the contrary, ultrasound needs a conductive gel to send ultrasonic 

signals into the tissue and receive them for image reconstruction. For ocular scanning, the 

patient’s eye must be closed with the conductive gel covering the eyelid. This method 

makes it impractical to use during surgery since the patient’s eye must be open. 

CT sends out narrow beams of x-rays as it rotates around the patient. With each 

change in beam orientation, signals are collected by an x-ray detector located directly 

opposite the source. The signals are used to generate a cross-sectional image. The cross-

sections (known as slices) are combined to create a 3D image. CT provides excellent spatial 

resolution and imaging depth, but it has poor soft-tissue contrast and uses ionizing 

radiation.27 Ionizing radiation can be harmful with repeated exposure. CT is used to 

inspect orbital and ocular lesions. Although these abnormal growths are normally benign, 

they can cause blindness and discomfort if not treated. CT is used for neuro-

ophthalmology as well. The brain and eyes can be scanned together to evaluate the brain 
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and optic nerve. Reasons include orbital (eye socket) fracture, optic nerve meningiomas 

(tumors), and heritable retinoblastoma (eye cancer).31 CT cannot be used to perform 

surgical procedures. 

MRI creates a strong magnetic field that aligns protons within tissue. A current is 

then sent into the body, stimulating the protons and causing them to spin out of alignment 

with the magnetic field. Images are formed based on the time it takes to protons to realign, 

the amount of energy released, and other changes happening in the tissue. Different kinds 

of tissue respond differently to the current pulses. Overall, MRI has excellent soft-tissue 

contrast and imaging depth. It uses nonionizing radiation, just like ultrasound. On the 

downside, MRI is an expensive procedure. It has slow data acquisition speeds.27 MRI is 

mainly used for neuro-ophthalmology and studying the optic nerve.32 Due to its 

limitations, it is not great for visualizing the structure of the eye itself. Similar to CT, MRI 

cannot be not used intraoperatively. 

Microscopy provides excellent soft-tissue contrast. The spatial resolution and 

imaging depth are good. This technique is safe, non-invasive, and nonionizing. 

Microscopes have fast data acquisition rates and are low cost.27 They are often used for 

intraoperative imaging. Fundus photography uses a low-power microscope with an 

attached camera to image the back of the eye. Different cameras have different angles of 

view, with wider angles creating less magnification. A typical camera has a 30° angle of 

view. Wide angles are generally between 45° and 140°, whereas narrow angles are less 
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than 20°. Fundus photography is used for retinal exams and surgeries, for it provides a 

clear view of the retina. Diseases detected and monitored with fundus cameras include 

diabetic retinopathy, macular degeneration, glaucoma, and retinopathy of prematurity.33 

Confocal microscopy can be used to image the cornea and investigate the outer eye’s 

health. In addition to detecting diseases, confocal microscopy helps physicians track 

changes caused by contact lenses or laser eye surgeries.34 Microscopy is mainly limited to 

en face imaging, which restricts the overall functionality. Clinicians can only see details 

from a horizontal plane and must make inferences on depth details. 

Table 1: Comparison of ophthalmic imaging modalities. 

 MRI CT Ultrasound OCT Microscopy 

Spatial 
resolution29 

1 mm 300 µm 150 µm 2-10 µm 1 µm 

Maximum 
imaging depth29 

 >10 cm          
(entire body) 

 >10 cm          
(entire body) 

1-10 cm 10 mm 100 µm 

Soft-tissue 
contrast27 

Excellent Poor Good Excellent Excellent 

Nonionizing 
radiation27 

Yes No Yes Yes Yes 

Data 
acquisition27 

Slow Fast Fast Fast Fast 

Cost27 High Low Low Low Low 
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3. Literature Review 

3.1 Microscope-Integrated Optical Coherence Tomography 

In 2016, a microscope-integrated optical coherence tomography (MIOCT) system 

was built by Dr. Joseph Izatt’s Biophotonics Lab at Duke University. The system, known 

as 4D MIOCT, improved visualization during ophthalmic surgery by producing the first 

microscope-guided real-time volumetric images. The unique combination capitalized on 

the benefits of both microscopy and OCT. It allowed surgeons to see a three-dimensional 

view of the surgical field at micron-level spatial resolution. Further, its real-time display 

allowed surgeons to view continuous motion, which is a necessity during microsurgery.35 

4D MIOCT was built with a swept-source OCT engine. The scanner optics began 

with a collimating lens to ensure that light rays entered the setup in parallel. Next, there 

was an afocal (infinite focal length) magnifying telescope which adjusted the numerical 

aperture of the OCT system to equal that of the microscope. A turning mirror was 

included. Its purpose was to orient the OCT scan field, so it was centered inside the 

imaging field of the microscope. A dichroic mirror combined the optical paths for OCT 

and the microscope, and the microscope objective focused the OCT light beam. A linear 

translation stage (reference arm) was used to change the OCT focus plane. The stage was 

positioned before the collimating lens. The OCT sample arm, including the dichroic 

mirror, was constructed within the infinity space of the microscope. 4D MIOCT was used 

for retinal and anterior segment imaging. In both cases, the OCT beam was aimed at the 
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cornea. With retinal imaging, a surgical contact lens was used to direct light toward the 

retina. With anterior segment imaging, the light beam was not altered.35 

The first generation and subsequent early models utilized a 100 kHz laser, 

operating at a wavelength of 1050 nm. The original model acquired and processed data at 

a maximum of 10 volumes per second. Its sampling speed was 800 MS/s, and its 

digitization speed was 1.8 GS/s. The optical power was 1.7 mW at maximum. The system 

had a 7.8-µm axial resolution and a 14-µm lateral resolution. The maximum imaging 

depth was 7.4 mm, with a 4.9-mm 6-dB signal falloff. OCT data was rendered using 

custom GPU software and displayed inside the microscope oculars. It used a dual-channel 

heads-up display to help surgeons see OCT images (both 3D volumes and 2D B-scans) at 

the same time as the microscopy images.35  

Over the years, Dr. Izatt’s lab improved upon 4D MIOCT, increasing processing 

speeds and incorporating an Alcon NGENUITY visualization system. Currently, the 4D 

MIOCT system runs on a swept-source engine with a 400 kHz ping-pong laser. It operates 

at a 1060 nm wavelength with a 100 nm sweep. Its digitization rate was 1.8 GS/s and used 

less than 4.7 mW of power on average. The system’s axial resolution was 11.8 µm and its 

lateral resolution was 23 µm. The imaging depth was 7 mm at maximum. The 6-dB signal 

falloff was 4.15 mm. The purpose of the Alcon NGENUITY visualization system was to 

replace the use of standard microscope oculars during surgery. The Alcon NGENUITY 

camera digitally collects the microscope view and displays it on a 4k 3D screen, next to 
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three OCT views: en face (maximum intensity projection), surgeon-selected B-scan (cross-

section), and 3D volume. The OCT views were added using a heads-up display. 

Ultimately, the large screen makes it easier for the surgeon and clinical staff to visualize 

and follow ongoing surgical maneuvers. Lateral imaging location and OCT reference arm 

position are adjusted by a clinical staff member upon request by the surgeon.36 

   

Figure 7: (a) Optical schematic of 4D MIOCT system. (b) Labeled images of the OCT 
cart and Leica Proveo 8 surgical microscope.36 

 

 

Figure 8: Alcon NGENUITY visualization system displaying an OCT volume (green), 
OCT en face (yellow), OCT B-scan (red), and surgical microscope image (blue).36 

4D MIOCT was initially developed to monitor sub-surface pathologies, view 

microsurgical cuts, and track operating instruments. It enhanced general surgical 

microscopy by adding micro-resolution depth (from OCT) to images, while keeping the 

ability for real-time observation. It granted new opportunities within surgery, helping 
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increase operation efficiency and speed. Therefore, it provides possibility for faster patient 

recovery and fewer complications. With use of 4D MIOCT, execution of microsurgical 

tasks at sub-surface areas improved. For example, average distance between the tool and 

region of interest decreased. Precision of suture placement at various depths increased. 

Moreover, 4D MIOCT guidance helped with accurate diagnoses of disease. During in vivo 

testing, 93% of retinal pathologies and 100% of anterior segment pathologies were 

correctly identified.35  

3.2 Research with 4D MIOCT 

Intraoperative OCT retinal imaging requires the light beam to be refracted and 

pivoted about a point above the crystalline lens (near the cornea). This indirect viewing 

procedure can cause lateral distortions within OCT images, making it difficult to get 

correct measurements, even with system calibration. Using the most recent 4D MIOCT 

system, Li et al. from the Izatt lab have found a novel method to calculate accurate volumes 

from retinal imaging.37 To minimize the distortion effect, this method considers three main 

factors: the optical path of the OCT sample arm, the theory behind indirect viewing, and 

the size/shape of the eye.  

During the procedure, distances, thicknesses, and refractive indices are either 

directly measured or taken from company specifications to create a virtual optical model. 

The axial and lateral voxel pitch are then derived from the model. To determine axial voxel 

pitch, spectral sampling bandwidth of the source and refractive index of the sample must 
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be found. To determine lateral voxel pitch, the galvanometers in the model are swept to 

find specific A-scan positions and the scan length. Together, with the known Z-voxel 

pitch, the volume of a single voxel can be calculated. The total number of voxels in the 3D 

region of interest is found through segmentation. It is then multiplied by the single voxel 

volume to calculate the full region volume. This research with the 4D MIOCT system has 

potential to make big strides in ophthalmology. For example, with further optimization, 

this research can help build patch grafts to repair macular holes and retinal tears.37  

Improved data visualization and OCT image processing have been worked on by 

Trout et al. in the Izatt lab to build upon the functionality of 4D MIOCT.38 The original 

system provided views that could be difficult for surgeons to interpret during ophthalmic 

operations. For real-time surgical guidance, there must be a large field of view, sharp 

resolution, high frame rate, and low latency. The team developed a fusion pipeline based 

on traditional image processing techniques to create an interpretable image view. Shaders 

were implemented to add certain color cues for tools, fundus tissue, blood vessels, and 

other anatomical features. Further, greater axial and transverse ranges were used to collect 

data.  

The pipeline began with Gaussian filtering of the OCT volume to increase feature 

contrast and decrease noise. Then, three surfaces were segmented from the volume: the 

tool, the internal limiting membrane (on the retinal surface), and the retinal pigmented 

epithelium surface. Next, image-order ray casting was used to render the three surfaces. 
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Pixels were shaded based on original color, opacity, and orientation to other surfaces. 

Each pixel’s shade was determined by a light ray sent into the original data.  

 

Figure 9: 4D MIOCT images, showing movement of surgical forceps over time. Color 
microscope view (row 1), OCT volumetric view (row 2), fusion view (row 3).38 

Ultimately, the fusion pipeline integrated more color and opacity into the OCT images. In 

the future, this can perhaps mitigate the need for color video during surgery. Although 

there are issues with added tool shadow and glare (as well as unaddressed concerns with 

artifacts and signal attenuation), the results are promising. They provide better 

contextualization and clarity for the surgeon. With improved processing speeds, the 

fusion pipeline could be very practical for image-guided surgery.38 
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4. Intraoperative OCT and Surgeon View 

4.1 Motivation 

Ophthalmic surgery for posterior and anterior segment cases is commonly 

conducted using microscopy and OCT at the same time. Microscopy is the original 

imaging modality for microsurgeries. Fundus cameras are used to view the retina and 

back of the eye. Confocal scanning microscopes are used to see the front of the eye. 

Microscopes provide adjustable magnification and bright illumination of the surgical 

field. OCT provides volumetric and cross-sectional views of the surgical target at 

microscale resolution.33,34 OCT is the gold standard technology for studying eye health. 

About 30 million OCT procedures are conducted worldwide each year on 50,000 OCT 

systems. In 2017, the total OCT market was approaching $1 billion per year.39 As of 2023, 

over 64,000 research publications have been about OCT.40  

The Duke Eye Center uses the combined microscope and OCT system (4D MIOCT) 

developed by Dr. Izatt’s lab. Like many commercial surgical microscopes, the Leica 

Proveo 8 used in 4D MIOCT comes with a footpedal. The footpedal allows physicians to 

change system settings while performing surgery. It eliminates the need for another staff 

member to maneuver the microscope to the correct orientation or magnification. 

Therefore, it makes the process faster for the physician. A similar need has been expressed 

for guiding OCT during surgery. Currently, a surgical staff member controls the OCT 

system with a computer application. The development of a footpedal and new application 
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will allow the surgeon to be in complete control of the OCT setup. Modeling the OCT 

footpedal off the microscope footpedal will aid the constant transition between the two 

modalities throughout surgery.  

This chapter describes the development of the custom footpedal, focusing on the 

creation of software to run the OCT engine, update scan parameters, and adjust image 

settings. The software application is currently referred to as “Surgeon View”. Previously, 

it was called “Vortex View”. The chapter will also present work on Z-finding, a type of 

automated OCT focusing. 

4.2 Vortex 

Surgeon View was built with Vortex, an open-source C++ library with Python 

bindings. Vortex was originally created by Dr. Mark Draelos in 2020 during his time at 

Duke University. Dr. Draelos currently leads the Image-Guided Medical Robotics Lab at 

the University of Michigan. Vortex is used to construct real-time, high-performance OCT 

engines and aid with the visualization of OCT data (en face, B-scan, and volumetric 

images). Vortex smoothly integrates with custom user interfaces. Its modularity supports 

flexible use cases, including unique scan patterns, speeds, and system configurations. In 

order to process OCT data in real-time, Vortex works with GPU or FPGA acceleration. Its 

simple setup and ease of use encourages rapid prototyping and data reproducibility. The 

Python bindings allow data to be shared with CuPy and NumPy. They allow GUIs to be 

developed in PyQt.41 
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There are several types of open-source OCT software available in addition to 

Vortex. When initially evaluating our user-defined needs and system specifications, it 

became evident that Vortex was the best option.  

Table 2: Comparsion of Vortex with other open-source OCT software.  

Name Software 
Style 

Programming 
Language 

OCT   
Type 

Processing 
Platform 

User 
Interface 

Latest 
Release 

OCTSharp42 Application C#, CUDA SD GPU 
(CUDA) 

GUI Feb 2023 

OCTProZ43 Application, 
Plugins 

C++, CUDA SS GPU 
(CUDA) 

GUI Active 
development 

OCTView44 Application C++, Python SD CPU GUI June 2023 

myOCT45 Application Matlab SD CPU GUI Active 
development 

ABC-OCT46 Application C++ SD GPU 
(CUDA) 

Viewers March 2020 

Vortex41 Library C++, Python 
Bindings 

SD, SS GPU 
(CUDA) 

None Active 
development 

 
Most OCT software are free-standing applications, whereas Vortex is a library. It 

allows researchers to build custom programs from ground up, but also provides demos 

and default settings for quick development. Out of the OCT software we compared, 

Vortex was the only one compatible with both SD-OCT and SS-OCT. In fact, only one 
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other, OCTProZ43, was compatible with SS-OCT. The rest were compatible with SD-OCT. 

This is important to note since 4D MIOCT uses SS-OCT. Further, Vortex processes and 

displays data with CUDA, NVIDIA’s parallel computing platform. CUDA utilizes the 

graphical processing unit (GPU) to speed up computing and display sharper visuals. This 

method is better than utilizing the central processing unit (CPU). A GPU can perform 

simple, repetitive tasks faster. It can divide each task into smaller parts and run them in 

parallel on its multiple cores. Since Vortex is a library, it does not have a built-in user 

interface. The developer must create their own. However, there are demos included to 

help make a basic user interface. The demos show how to create image widgets for the en 

face, B-scan, and volume views. This customizability and flexibility make Vortex a 

versatile platform. Finally, Vortex is in active development. Software is updated to 

maintain compatibility and functionality as technology advances. New features are 

deployed, giving users the ability to do more with their OCT systems. All in all, Vortex is 

a strong OCT library that matches the current and future needs of 4D MIOCT. 

Vortex was created with the eventual aim to replace BROCT. BROCT is a software 

tool for acquiring, processing, and visualizing OCT data. It was initially developed by 

PhD students at the Izatt lab: Brenton Keller (the BR of BROCT), Mark Draelos, and 

Christian Viehland. BROCT closely tied back-end and front-end elements together, thus 

limiting the flexibility and expandability of the software. While development efforts have 

been halted, it is still the primary tool used to gather OCT images (for both research and 



 

27 

clinical purposes). On the other hand, Vortex provides the foundation to build a solid 

back-end for projects with unique front-end environments. It aims to be more developer-

friendly and encourage software growth. Currently, there have been two attempts to 

construct a front-end application for Vortex to replace BROCT. The most recent is known 

as OCTApp. This project is led by Rick Laoprasert, a medical student in Dr. Anthony 

Kuo’s lab at Duke. From the outside, OCTApp replicates much of BROCT’s functionality. 

Its Vortex-based back-end makes it a more stable and flexible application for future 

revision cycles. OCTApp is currently in its alpha development stage.  

4.3 Design of the OCT Footpedal 

The custom OCT footpedal was modeled after the Leica Proveo 8 footpedal. It was 

designed and built by Zhigang (Sam) Lin, a Master’s student in Dr. Izatt’s lab. It is 

comprised of a joystick (with four directions), six push buttons, and two flip-flop buttons.  

 

Figure 10: Photograph of OCT footpedal. 

A flip-flop button has two sides, each with its own actuator. The button acts similarly to 

a switch. When one side is pressed down, the other side stays up. This type of button is 
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generally used for one function with two directions. For example, pressing one side of the 

button would cause a value to increase, whereas pressing the other would cause the value 

to decrease. 

All of the buttons are wired to an Arduino Leonardo. Using the Arduino Keyboard 

library, button presses are able to emulate keyboard presses. When a Python application 

runs, it reads in button presses and keyboard presses as the same. Using a GUI toolkit 

(e.g. Matplotlib or PyQt), keyboard presses (or in our case, button presses) can activate 

functions. Functions for the OCT footpedal were discussed with ophthalmologists at the 

Duke Eye Center. The team conducted an analysis of the Leica Proveo 8 footpedal and 

evaluated the important features of BROCT. The purpose of having a similar style and 

concept to the Leica pedal is to encourage a smooth transition between using the 

microscope and OCT system during surgery. A preliminary diagram was created to 

outline the main features and their footpedal positions.  

 

Figure 11: First layout of OCT footpedal with tentative features and their button 
placements. 
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Over the course of software development, the footpedal’s features were adapted, and new 

ones were added. 

4.4 Development of Surgeon View 

Surgeon View was developed over many stages. Early stages provided proof of 

concept and showed how to control OCT via Python commands and external libraries. 

The eventual goal was to provide an application that allows ophthalmologists to control 

OCT imaging in real-time while performing surgery. 

Table 3: Surgeon View progress with regard to the three project aims. 
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4.4.1 Stage I: Live View Simple 

The first version of Surgeon View was based on the Live View Simple demo, 

provided on the Vortex website. The demo described how to run a default OCT engine 

and acquire image data. The demo included a simple Matplotlib GUI. It implemented 

keyboard shortcuts with Matplotlib to switch between a raster and radial scan. Keyboard 

presses also allowed the lateral field of view to move.47  

Firstly, a manual start and stop was added to the program. In the original demo, 

the program would completely shut down when the window was closed. With the 

manual stop, a keypress would turn off the OCT scan and close the window. But instead 

of fully shutting down, the program would enter a limbo stage, where the user is given 

the option to reopen the window and start the OCT scan again. While it is not ideal for 

the application window to disappear, this provided a starting point for determining how 

to manually stop and restart the OCT engine through keyboard presses. 

Next, image contrast was added. Contrast is the range of brightness from light to 

dark. A grayscale colormap was used so the change in brightness could be better 

emphasized. To adjust image contrast, the max grayscale value of the colormap was 

altered. Increasing the max value added more grayscale shades, while decreasing max 

value lowered the number of shades.  

To adjust image clarity and focus, reference arm control was added as well. The 

position of the reference arm is especially important for 4D MIOCT because the sample 
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arm length is constantly changing due to patient eye movement or microscope movement. 

The reference arm length must match the sample arm length for OCT to work. The 

reference arm length in 4D MIOCT is dictated by a Zaber motorized linear stage. Its length 

ranges from 0 to 150 mm. It can be controlled by Python functions imported through the 

Zaber library.  

The Live View Simple demo showed the en face view, or maximum intensity 

projection (MIP), and the B-scan view. The B-scan view updates every time a new B-scan 

image was generated by OCT. This setup was not ideal since surgeons prefer to self-select 

the B-scan being displayed. In BROCT, surgeons are able to cycle through all B-scans in 

the OCT volume and choose one. This same concept was implemented in Surgeon View. 

A line was placed on the MIP to indicate which B-scan has been selected. 

A footpedal diagram was also added to the Surgeon View GUI. Each button on the 

diagram was labeled with its corresponding keyboard symbol. A red X flashed on the 

diagram to show which button was pressed. Horizontal scales were added as visual 

indicators for the image contrast value and reference arm position. The lower ends 

denoted the minimum possible values, while the upper ends denoted the maximum. 
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Figure 12: Screenshot of Surgeon View (Stage I), imaging an Allen key. 

As mentioned before, the Live View Simple demo allowed the user to switch 

between a raster scan and radial scan. Both scans had the same size datasets: 500 B-scans 

per volume, 500 A-scans per B-scan. The scan lines were also the same size, with the range 

sweeping from -5 to 5 units. The team wanted scans configurations of differing sizes to be 

used within Surgeon View. For example, the team wanted to include a raster scan of 250 

B-scans per volume and 250 A-scans per B-scan. Despite having lower resolution, scans 

with smaller datasets are faster. Thus, they are a valuable asset to ophthalmologists during 

surgery. Unfortunately, when the 250 x 250 raster scan was added, the new image did not 

seamlessly replace the old image from the slower scan. Instead of sharing the same 

dimensions in the GUI, the new image took up an area with smaller dimensions. Because 

the original image was bigger, it was still partially visible under the new (smaller) image. 

It was determined that the data structure holding the image data was not being recreated 
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each time a new scan pattern was called. Instead, the new dataset was added to the 

original data structure, regardless of size. This issue called for an analysis of the Vortex 

library and other demos to see if there was a way to process OCT image data differently. 

4.4.2 Stage II: Live View Dynamic 

After a search through Vortex documentation, a new demo was uncovered: Live 

View Dynamic. This demo allows the user to dynamically change scan parameters (e.g. 

shape, size, density) by updating downstream format and display buffers exactly when 

called. Live View Dynamic did not include an in-depth GUI. Instead, it provided three 

windows with image widgets: a raster en face, a radial en face, and a B-scan. With the new 

demo base, features from the first version had to be migrated over and a GUI needed to 

be created.48 

But first, the feature to dynamically change scan parameters was investigated. By 

reading keyboard presses with the PyQt library, the demo would switch between raster 

and radial scans of the same size (500 x 500). Using this as a starting point, the faster (250 

x 250) raster scan was added. Downstream data structures were easily called and resized 

through an “event interrupt”. The data structures could also be reformatted to process 

new scan patterns if necessary. In Surgeon View, one en face MIP view was presented 

instead of multiple, as shown in the demo. 

Similar to the first version, a Matplotlib GUI was created for Surgeon View. It 

included the MIP view, the B-scan view, and the visual indicators. Most of the features 
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from the previous version were moved over, including lateral movement, reference arm 

movement, and B-scan selection. The manual start/stop function was not implemented. 

Surgeons wanted a way to stop and start OCT imaging without closing the application 

window. Increasing/decreasing image contrast was also not added. The format of the 

image data had changed, so it was not an intuitive fix. 

 

Figure 13: Screenshot of Surgeon View (Stage II), imaging a tape phantom. 

One main issue that emerged during this stage was that button-press visual 

indicators lagged. They did not immediately appear and disappear with the press and 

release of the footpedal buttons. A solution to this problem brought forth the next stage 

of Surgeon View. 

4.4.3 Stage III: PyQt 

There are many limitations to using Matplotlib as a GUI toolkit. In some regards, 

it can be considered rudimentary. It is first and foremost a library for plotting and 

visualizing data. Its shortcomings became apparent when trying to create user interactive 
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elements for Surgeon View. Issues with lagging visual cues were encountered. Further, 

not having a GUI builder app with drag and drop features made it difficult to design the 

Matplotlib-based GUI. The placement of objects required a lot of trial and error. Exact 

pixel locations had to be specified instead of relative positioning and alignment. 

PyQt was used as a substitute for Matplotlib. It is a C++ library with Python 

bindings made for building GUIs. It has about 440 classes with more than 6,000 functions 

and methods.49 It has a free GUI builder app called Qt Creator. The app has premade UI 

elements as well as drag and drop capabilities to easily design custom GUIs. PyQt has 

specific functions that detect key press and key release events. These are useful, especially 

for Surgeon View, which solely depends on key presses and releases. Implementing these 

events helped mitigate lags with the visual indicators. 

As UI elements were made with PyQt, the visual indicators were adapted to be 

more aesthetic and intuitive. For example, blocks denoting available scan types were 

created. The blocks initially had labels but were eventually changed to have symbols. The 

slow (high density) scan had a detailed tortoise symbol, while the fast (low density) scan 

had a pixelated hare symbol. Both alluded to “The Tortoise and The Hare” fable. 
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Figure 14: Base PyQt layout for Surgeon View (Stage III), including symbols for 
different scan types. 

4.4.4 Stage IV: First Clinical Evaluation 

To make Surgeon View ready for clinical use, a couple extra features had to be 

included. First, audio feedback was added with an external library called winsound. The 

library allowed mp3 files to be played. Our custom recordings described the functions 

activated by corresponding buttons. The recordings were created using pyttsx3, a text-to-

speech Python library. 

Secondly, an OCT volume image was added to Surgeon View. Many OCT systems 

built in the Izatt lab have this feature. The volume view is formed using ray tracing. 

Specifically, ray tracing is a rendering technique to generate computer graphics. A light 

ray from a view camera is sent through a 2D pixel plane into the 3D OCT scene and back 

to the light source.50  
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Figure 15: Ray tracing.50 

As the light travels, the ray could be blocked, reflected, or transmitted by objects, thus 

creating shadows, reflections, or refractions, respectively. Based on these interactions, the 

pixel is given a final color and brightness value. Gathering the information for each pixel 

in the 2D plane creates a 2D view of the 3D volume.50 The Izatt lab uses NVIDIA 

algorithms paired with GPU acceleration to implement ray tracing.  

     

Figure 16: Screenshots of Surgeon View (Stage IV), imaging a plastic phantom with 
the (a) fast, low-density scan and (b) slow, high-density scan. 
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The footpedal diagram was adapted to include mouse click buttons as well. It is 

always important to have backup systems in place for clinical instruments. If the physical 

footpedal ever breaks or the computer keyboard loses connection, there must be another 

way to activate functions. Qt Creator was used to design a new footpedal diagram that 

could accept mouse clicks. New visual indicators were also added. When the mouse 

hovers over a button on the diagram, the button becomes a lighter color. When a button 

is activated by the footpedal or mouse, it gets outlined in red. When the button is released 

by the footpedal or mouse, it returns to normal. At this point, code was also refactored to 

separate the view and design elements from the control elements. An independent View 

class was created. 

 

Figure 17: Surgeon View (Stage IV) next to the surgical microscope view, displayed on 
the Alcon NGENUITY visualization system in the operating room. 
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4.4.5 Stage V: Second Clinical Evaluation 

After the first clinical evaluation, Surgeon View was modified further. The manual 

start/stop feature was revisited and finally implemented. Essentially, there had been a 

check (originally from the Live View Dynamic demo), which forced the program to quit 

if there was a pause longer than 0.10 seconds. Stopping the OCT engine had created a 

pause and thus forced the program to shut down. The check was removed, and another 

check was added to ensure that the program only quit when the last window was closed. 

Surgeons wanted a home function for both the B-scan selection and the reference 

arm position. The B-scan home function returned the B-scan located at the center of the 

MIP. The reference arm home function moved the linear stage to a fixed position. The 

default position could be set internally by the software developer. While Surgeon View is 

running, the position could also be changed and saved by the surgeon with another button 

press. Clinicians specified that they also wanted a simple mute/unmute toggle for the 

audio feedback. It was easily implemented using the pynput library. This library allows 

developers to manage various input devices, including computer audio controllers.  

With five new features implemented and additional ones in the pipeline, the team 

decided to add a “shift” function to the footpedal. The button functions would change 

depending on whether the shift function was activated, similar to shift on a keyboard. 

New footpedal designs were created and code was refactored to fit the two layouts. 

Essentially, each layout is controlled by a Python definition, which handles key presses. 
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When the layout changes, the definition being called changes too, thus affecting the button 

functions. 

At this stage, two features in the pipeline were the control menu and Z-finding/Z-

tracking. These were added to the footpedal diagrams but were not yet implemented. The 

control menu would allow the surgeon to access extra, hidden features that may only be 

applicable in unique situations. It would accommodate spur-of-the-moment decisions 

and give surgeons more independence. They could change more OCT system parameters 

without the need for another staff member. Both Z-finding and Z-tracking would allow 

the reference arm distance to automatically match the sample arm distance set by the 

microscope position. Z-tracking would keep the patient’s eye at a specific depth within 

the B-scan, while compensating for small microscope movements and axial motions 

caused by eye twitches or surgical tool pressure. 
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Figure 18: Screenshots of Surgeon View (Stage V), imaging an Allen key. Two 
footpedal button layouts: (a) without shift activated, (b) with shift activated. 

 

4.4.6 Stage VI: Z-Finding 

Z-finding, the precursor to Z-tracking, was added to Surgeon View. Z-finding is 

the equivalent to one iteration of Z-tracking. It allows the reference arm distance to match 

the sample arm distance, thus bringing the sample (i.e. patient’s eye) into focus within the 

B-scan. Z-finding uses B-scan center of mass and intensity calculations to determine the 

ideal position of the reference arm. It looks for a B-scan with a relatively high intensity 

and close proximity to the field of view center. 

Z-finding is comprised of three main parts, which were identified by Xiao Tang, a 

former Master’s student in Dr. Izatt’s lab. These parts include a rough search, a refined 

search, and a complex conjugate analysis. For the rough search, the surgeon selects a B-

scan. The reference arm stage moves to the 0 mm position. The stage then moves across 
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150 mm to the end. Surgeon View collects B-scan images every 3.7 mm and calculates the 

total intensity of each B-scan. One B-scan has an imaging depth of 3.7 mm. Matching the 

step size to the B-scan depth ensures that every B-scan is measured once. Out of the 40 B-

scans collected, the one with the highest intensity value is determined. Its position is called 

P1. 

Next, the refined search is performed. The stage is moved to position (P1 - 4 mm). 

Starting at that point, Surgeon View collects a total of 10 B-scans, each separated by 1 mm. 

The center of mass and intensity is measured for every B-scan. The three B-scans with the 

highest intensity values are noted. The differences between their centers of mass and the 

middle position of the B-scan (in this case, 256 pixels) were calculated. The B-scan with 

the smallest difference is determined. Its position is called P2. 

Finally, a complex conjugate analysis is conducted. In Fourier-domain OCT, depth 

profiles are acquired by Fourier transforming the interference spectrum. Motion artifacts 

can occur from eye twitches, patient breathing, and surgical tool movement during 

operation. When the target (patient’s eye) moves across the DC line (zero path length 

difference), a complex conjugate artifact is formed. The complex conjugate causes image 

degradation, making it difficult for the surgeon to fully interpret the field. An analysis 

must be performed to determine whether the B-scan at position P2 is the desired image or 

its complex conjugate. Two B-scans are taken at positions P2 and (P2 + 0.5 mm). The 

centers of mass are compared. If (P2 + 0.5 mm) has a larger center of mass, the B-scan is 
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the complex conjugate. Therefore, the stage position must be increased one imaging depth 

(3.7 mm) to find the desired image. If (P2 + 0.5 mm) has a smaller or equal center of mass, 

the B-scan is the desired image. At this point, after the analysis, the target should be 

brought into focus. 

 

Figure 19: Screenshot of Surgeon View (Stage VI) with the developer command 
prompt open, showing a successful run of Z-finding.  

For the most part, Surgeon View’s Z-finding feature works. Unfortunately, when 

it does not work, the stage is moved to an extremely incorrect position. The calculated 

intensity values are sometimes negative, which should not happen. It is possible that there 

is a mismatch between numeric data types in the Python code, thus causing negative 

values to appear. The issue is currently being investigated. As Surgeon View enters the 

wet-lab phase, Z-finding will be tested extensively for bugs and corner cases. 
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5. Performance Testing 

Preliminary system tests were conducted on Surgeon View while running on the 

optical development system. This development environment has the following 

specifications: 

- Operating System: Windows 10 Pro (64-bit) 

- Processor: Intel Core i9-7920X CPU @ 2.90GHz, 2904 MHz, 12 Cores 

- GPU: NVIDIA GeForce RTX 2080 Ti 

- RAM: 64 GB 

- Hardware IO: National Instruments NI PCIe-6321 

- Data Acquisition Card: Alazar ATS9360 Waveform Digitizer 

- Laser Source: Axsun 1060nm 100kHz, Swept-Source 

CUDA profiling was run with NVIDIA NSight Systems to analyze application 

performance. We determined that GPU processing time and latency are likely the 

performance bottleneck since less than 1% of CPU time is spent on direct, active processes 

and data handling.  

Specifically, we observed the fast, low-density raster scan. For this scan pattern, 

50% of time was spent on the “multirendering” process. The majority of the remaining 

time was spent on CuPy operations. The volume data was internally refreshed every 

0.0343 seconds (or 29.16 Hz). This refresh rate was close to 30 Hz, which is the standard 

TV broadcast frame rate (“real time”). However, the display rate was significantly slower, 

updating every 1.8 seconds on average.  
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Table 4: Speeds of different functions in Surgeon View. 

 

 

Figure 20: Bar graph comparing speeds of functions in Surgeon View. Not including 
application start-up, OCT off, OCT restart. 

 

We measured the average speeds of various functions using the Python time 

library. Based on the results, the application start-up took the longest at 4.6 seconds. 

Button detection was the fastest at 0.01 seconds. We noticed that the direction of functions 

did not affect the speed. For example, shifting the field of view in any direction took about 
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0.03 seconds, moving the B-scan up or down took about 0.01 seconds, and increasing or 

decreasing the reference arm length took about 0.12 seconds. One interesting result was 

that switching to the slow scan from the fast scan took double the time compared to 

switching to the fast scan from the slow one. We predict that this is because the slow scan 

acquires double the data as the fast scan. 

In reality, the specific speeds are not as important as the relative speeds. Since 

these tests were run on the optical development system, the speeds are expected to be 

slower than those on the clinical 4D MIOCT system. Based on these analyses, we plan to 

look further into display functions and GPU processing in order to bring the display rate 

closer to “real-time”. The volume update rate and function speeds seem acceptable for 

now. Ultimately, these tests must be run on the clinical system to accurately determine 

the potential of Surgeon View in the operating room and to verify the functions of most 

concern.
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6. Conclusion 

This thesis presented the development of a software application, which enables 

real-time surgeon control of intraoperative imaging. The 4D MIOCT system produces 

microscope-guided real-time OCT images for anterior and posterior segment surgeries. It 

is capable of running scans at different densities and speeds. OCT data is displayed as en 

face MIPs, B-scans, and 3D volumes, next to scenes acquired by the surgical microscope.  

With 4D MIOCT, real-time OCT merges with microscopy to provide many benefits 

and possibilities to ophthalmic surgery. Real-time volumetric imaging is crucial for 

observing microsurgeries. These can include macular hole patching, corneal transplants, 

and cataract operations. 4D MIOCT helps physicians view surgical maneuvers and 

anatomical structures within the region of interest. Cross-sectional imaging helps 

physicians see the depths of their surgical tools in relation to ocular features. Improved 

surgical precision will lead to faster patient recovery and lower chance of complications. 

Continuous view of the surgical field can lead to more accurate disease detection and 

monitoring, particularly in unsuspecting areas.  

Significant strides have already been made to improve 4D MIOCT, showing the 

strength and remarkable potential of this system. 4D MIOCT can be used to make 

quantitative measurements of subretinal injections. Perhaps, this can eventually be 

expanded to further applications, such as measuring retinal thickness or phaco groove 

depths.36,37 A fusion pipeline has been constructed to further process OCT volume images. 
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Using ray-tracing algorithms and shaders, the pipeline adds color and opacity to 

volumetric views, therefore providing surgeons with more context and information. The 

improved image clarity creates a more interpretable view where it is easier to identify 

tools from ocular features.38 

The new software application, known as Surgeon View, allows surgeons to access 

4D MIOCT features via a custom footpedal. Therefore, they can operate the system in a 

completely hands-free manner while performing surgery. Surgeon View is currently a 

stand-alone program. Its simple back-end environment was built using Vortex, an open-

source OCT library. The footpedal hardware converts button presses into computer 

keyboard presses, which activate different functions. Some functions include lateral field 

of view movement, reference arm movement, B-scan selection, and scan type adjustment. 

Surgeon View also includes an auto-focusing feature, called Z-finding. Ultimately, 

Surgeon View eliminates the need for another staff member to run the imaging system, 

improving ease of use. 

Next steps for Surgeon View involve wet-lab and clinical testing. While the system 

works in the optical development lab, not all corner cases have been uncovered and 

addressed. Using Surgeon View with the 4D MIOCT system in a wet-lab setting will help 

determine clinical viability. Surgeons will operate on phantoms and pig eyes to 

thoroughly test the application. Further, system tests need to be run. These may evaluate 

display rate, update rate, running speed, and latency. A usability study may be conducted 
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to gather data on surgeons’ experiences with the application. These qualitative and 

quantitative results should identify points of success and failure to fully understand the 

application’s performance in the operating room. 

Currently, Surgeon View is in the process of being added to OCTApp, a front-end 

application also built from the Vortex library. OCTApp was created to replace BROCT, 

the current tool for visualizing OCT data. OCTApp has more features than Surgeon View, 

for it provides support for both research and clinical activities. Surgeon View is solely for 

surgical guidance. Once merged, Surgeon View will run off OCTApp’s more 

sophisticated back-end environment. This change requires a considerable amount of code 

refactoring but will give Surgeon View greater functionality, which could lead to the 

option of customizability. Functions available on the footpedal could change based on 

surgery type or physician preference. The stability and extensibility of OCTApp will 

provide a strong backbone for Surgeon View, allowing it to develop over many software 

revision cycles. Hence, Surgeon View has the potential to make a large impact on the 

efficiency and accuracy of surgical ophthalmic procedures.  
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