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care via our optimized handheld OCT system, patients can be referred to a specialist
for treatment, preventing further disease progression. While many primary care
physicians are adept at using the ophthalmoscope, they can definitely take advantage
of more advanced technologies.

devices with handheld scanners to accommodate the

needs of specialists, as well as primary care physi-
cians."? Practically, physicians across all specialties
need to be able to easily maneuver a system in the
noninvasive, cross-sectional, real-time imaging.' Oph- limited available space O,f an examinatiog room and
thalmology is the most dominant clinical application ~Poetween rooms. Advancing to address this need, we
for OCT, where large commercial desktop systems have developed an OCT system suitable for primary
and laboratory-based research systems have been care imaging, as well as many other medical and
extensively used.”® With the advent of microelec- surgical specialties.'” This system has been used in
tronics, micro-optics, and microelectromechanical feasibility studies to examine the tissue sites common-
systems (MEMS) scanners,” ' OCT systems can be ly examined by primary care physicians including the
constructed as compact, portable, and cost-effective eye, ear, oral mucosa, and skin.'*

Optical coherence tomography (OCT) is an estab-
lished high-resolution modality capable of in vivo,
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Schematic diagram and photograph of the portable OCT system and handheld scanner equipped with the interchangeable

lens mounts for corneal or retinal imaging. Abbreviations: DG, diffraction grating; PC, polarization controller; NDF, neutral density filter;

DC, dispersion compensation unit.

In the United States, currently one in ten Americans
has diabetes, and one in four does not know it. If
current trends hold, one in three Americans will have
diabetes by 2050."° Diabetic retinopathy is the leading
cause of blindness in individuals younger than age 75.'°
The worldwide trend is equally worrisome. A number
of screening, diagnostic, and interventional measures
need to be put in place to control the disease and its
sequela. For most patients, the first encounter with a
medical provider is most likely to be at the primary care
level. It is essential, therefore, to place the appropriate
screening and diagnostic tools in the hands of these
healthcare providers. Early diagnosis is especially
relevant since there are now more effective therapeutic
modalities. Studies such as the Early Treatment
Diabetic Retinopathy Study (ETDRS), and a Study
of Ranibizumab Injection in Subjects With Clinically
Significant Macular Edema (ME) With Center Involve-
ment Secondary to Diabetes Mellitus the clinical trial
numbers RISE (NCT00473330) and RIDE
(NCT00473382) have consistently demonstrated the
positive effect of early treatment in diabetic macular
edema.'”"® Simplified classification systems and reli-
ance on OCT for quantitative three-dimensional (3D)

characterization of retinal edema have seen an increas-
ing trend.>*'"?* Corneal applications, especially for
monitoring refractive surgery outcomes, are impor-
tant®> ! but will be discussed in a separate article.

Due to the increasingly important role that OCT has
in ophthalmology, the goal of this study was to evaluate
the performance of our handheld OCT scanner at
imaging microstructures in the human retina, and
directly compare images of healthy and pathological
tissue with those acquired with a commercial desktop
ophthalmic OCT system, captured from the same
anatomical locations on the same patients.

Materials and Methods

Our handheld scanner was specifically designed to
rapidly acquire patient images at 70,422 A-scans/sec
(~70 frames/sec and ~1000 axial A-scans/image) with
4-um axial resolution and 15-pm transverse resolution
in tissue. To our knowledge, this is the fastest
acquisition rate of any handheld OCT system, at time
of submission. In our OCT system (Fig. 1), the
handheld scanner consists of a collimator, MEMS
scanning mirror, dichroic mirror, and a compact color
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OCT System Specification Comparison Between Our Handheld OCT Scanner System and a Leading

Commercial Desktop Ophthalmic System (RTVue, Optovue, Inc.’?)

Handheld Desktop
Scanner OCT image (A-scans/ 70,422 26,000
sec)
Frame rate (A-scans/ 1,006 (70 frames/ 256-1,024 (25-101
frame) sec) frames/sec)
Depth resolution, um 4 5
Transverse resolution, 15 (undilated) 8 (undilated)
pwm
Scan range Depth, mm 2 2-2.3
Scan beam wavelength A, nm 830 840
Exposure power at pupil mwW 1 0.75
OCT fundus image (en face) FOV, deg (H X V) 10 X 10 32 X 22
Minimum pupil 2.5 25
diameter, mm
External image (live IR) FOV, mm? 3X3 13 X 9°
Computer CPU 2.83 GHz quad-core 2.66 GHz quad-core
processor processor

“RTVue images were acquired at the standard system settings: 8 X 8 mm? (retinal) and 6 X 6 mm? (corneal).

charge-coupled device (CCD) video camera (0.27
megapixel) with light-emitting diode (LED) fiber-optic
illumination in a light and robust plastic box (11.5 X
11.5 X 6.3 cm?).

The CCD camera allows for viewing of the anterior
and posterior chambers of the patient’s eye, similar to
an ophthalmoscope, and enables precise positioning of
the OCT beam over small arcas of interest, while
simultaneously and synchronously capturing video
images of tissue surface features during OCT image
acquisition. Interchangeable lens mounts equipped
with a soft eyecup were designed and optimized for
use during corneal and retinal imaging.'” The reference
arm was constructed with two different and selectable
optical paths, a short optical path for corneal imaging
and a long path for retinal imaging. These paths are
easily interchanged using a magnetic flip mirror. For
retinal imaging, an attachment with an additional lens
is connected to the handheld scanner to lengthen the
optical path, and an additional dispersion compensa-
tion unit was used in the reference arm to account for
the dispersion of the human eye, as shown in Figure 1.
There was a manual dial for compensating for the
refractive error of the patient.

Light from a superluminescent diode source (Super-
lum, Cork, Ireland) with a 70-nm full-width half-
maximum (FWHM) spectral bandwidth at a center
wavelength of 830 nm is guided into a 2 X 2 fiber
coupler and split into sample and reference arms. The

reflected signals from each arm are then recombined at
the fiber coupler and a custom-designed spectrometer
captures the resulting spectral interference.'” The
spectrometer is comprised of a collimator, a diffraction
grating with 1200 lines/mm (Wasatch Photonics,
Logan, UT), an achromatic doublet lens, and a
complementary metal-oxide—semiconductor (CMOS)
line scan camera (Sprint, Basler, Ahrensburg, Ger-
many) with 2048 pixels and a 140 kHz line scan
acquisition rate. The spectral data from the spectrom-
eter camera are digitized by a frame grabber (National
Instruments, Austin, TX), sampled, rescaled as a
function of wave number, and visualized after image
processing. The size of the handheld scanner is 11.25 X
5 X 10 cm, and the total weight is 600 g, which to our
knowledge, makes it both the smallest and the lightest
handheld OCT scanner, at time of submission. In
clinical practice, the size and weight of the handheld
allow for very convenient acquisition of images, with no
significant image fluctuations due to polarization
dependencies or other artifacts.

Our handheld OCT system has comparable system
specifications to that of a leading commercial desktop
ophthalmic system (RTVue; Optovue, Inc., Fremont,
CA), as shown in Table 1. The commercial desktop
system is used primarily in ophthalmology specialist
offices to diagnose and track patient disease progres-
sion. Both systems have comparable axial resolution,
scan range depth, and scan beam wavelength, while
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Figure 2. In vivo human retinal OCT images from a healthy volunteer (control) acquired with the handheld scanner and commercial
desktop systems. The comparison reveals normal anatomical retinal layers as indicated. The commercial desktop system image was
focused on the perifoveal area to facilitate optimal comparison with the handheld system image. No compensation for the refractive
index of the tissue imaged was performed in the image from either system to facilitate comparison. The commercial desktop system
image was axially scaled to match the 1:1 aspect ratio of the handheld scanner system image and then cropped for image comparison
between systems. C, choroid; RPE, retinal pigment epithelium; OS, outer segment layer; ONL-IS, outer nuclear layer/inner segment layer;

OPL, outer plexiform layer; INL, inner nuclear layer; GCL-IPL, ganglion cell layer/inner plexiform layer; NFL, nerve fiber layer.

remaining under regulatory optical power exposure
limits at the pupil of the eye. Currently, the commercial
desktop system has a slightly higher transverse
resolution due to proprietary software while the
handheld system possesses a significantly faster scan
rate. To optimize anatomical feature comparison
between systems, the commercial desktop system
images were axially scaled to match the 1:1 aspect ratio
of the handheld scanner system image, and then
cropped to facilitate side-by-side comparison.

This human subjects study was conducted at the Eye
Center and the Beckman Institute for Advanced
Science and Technology under a protocol approved
by the institutional review board at the University of
Illinois at Urbana-Champaign, conforming to the
Declaration of Helsinki with informed consent from
all participants. All images presented here were
acquired by an ophthalmologist and retinal specialist
(SIS) with the patient in the sitting position and with no
additional support provided for the handheld. Compa-
rable images were obtained by technicians, as well as
scientists and engineers with no prior medical or
surgical training.

Real-time OCT images of both eyes were acquired
from six patients exhibiting diabetes-related retinal

pathology. One healthy volunteer was imaged as a
control. The control image comparison between the
two systems in Figure 2 illustrates the retinal layer
substructures including the choroid, retinal pigment
epithelium, outer segment layer, outer nuclear layer/
inner segment layer, outer plexiform layer, inner
nuclear layer, ganglion cell layer/inner plexiform
layer, and nerve fiber layer.”*** The images captured
by the commercial desktop OCT system appear
smoothed or averaged with less speckle, following
proprietary image processing. This is in contrast to
the single, nonaveraged, OCT images acquired by our
handheld scanner and system and presented for
comparison.

Six patients had their retina in each eye imaged
with both OCT systems. In both sets of images, the
structural irregularities of the retinal layers could be
identified, as seen in Figure 3. The retinal OCT
images of patients with nondiabetic (Figs. 3A, 3B)
and diabetic (insulin-dependent; Figs. 3C, 3D)
retinal edema depict characteristic swollen macula
structure due to intraretinal cysts, and similar
structures are observed in the images from both the
handheld and commercial desktop systems.*>**® For
patients with vitreomacular traction, the posterior
vitreous gel forms a strong adhesion to the retina
and pulls it forward, often causing retinal distortion,
and affecting the patient’s vision. These defining
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Figure 3. In vivo human OCT images of retinal pathology acquired with the handheld scanner (A, C, E) and commercial desktop (B, D, F)
systems. (A, B) Retina with cystic morphology corresponding to retinal edema. (C, D) Retina with cystic morphology corresponding to
diabetic retinal edema. (E, F) Retina with vitreomacular traction (VMT) and resultant cystic morphology changes. All commercial desktop
system images were focused on the perifoveal area to facilitate optimal comparison with the handheld system images. The commercial
desktop system image was axially scaled to match the 1:1 aspect ratio of the handheld scanner system image and then cropped for
image comparison between systems.

characteristics of the macula can be visualized (Figs.
3E, 3F) and differentiated from similar looking

diagnoses.’*?’

In Table 2 our handheld OCT system is compared
with current commercially-available ophthalmology
handheld scanners (iVue; Optovue, Inc. and Envisu
C-Class; Bioptigen, Inc., Durham, NC). Our device
has a faster scan rate, a lighter, more compact design,

and does not require a stand for stabilization. The
other scanners have a better depth of resolution.”®*

Discussion

This comparison study establishes the ability of
our handheld system to acquire patient images
quickly, with sufficient resolution and negligible
motion artifacts that would normally limit its

Table 2. OCT System Specification Comparison Between Current Commercial Handheld Ophthalmic Systems
(iVue, Optovue, Inc.’® and Envisu C-Class, Bioptigen, Inc.>’) and Our Handheld OCT Scanner System

Handheld iVue Envisu C2200 Envisu C2300
OCT image (A-scans/sec) 70,422 26,000 32,000 32,000
Frame rate (A-scans/frame) 1,006 (70 frames/ 256-1,024 (25-101 1,024 (31.25 frames/ 1,024 (31.25 frames/
sec) frames/sec) seq) sec)
Depth resolution, um 4 5 6 (840 nm) 6 (840 nm)
3 (870 nm) 4 (870 nm)
Transverse resolution, um 15 15 11 11
Scan range depth, mm 2 2-2.3 1.7 25
Scan beam wavelength,
nm 830 840 840, 870 840, 870
Weight, kg 0.6 2.2 1.5 1.5
Dimensions, cm 1125 X 5 X 10 31.75 X 1422 X 18 X 8 X 23 18 X 8 X 23
(h X w X1 27.69
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diagnostic use. This study also demonstrates that our
handheld system could be used to identify relevant
anatomical structures and pathologies in the eye,
potentially enabling earlier screening, disease detec-
tion, and treatment.

There are well-known tradeoffs between handheld
imaging systems compared with fixed desktop sys-
tems. While handheld systems often have more
limitations associated with motion artifacts and the
need for minimizing hardware to ensure portability,
they also enjoy distinct advantages. These include an
ability to dynamically and interactively explore areas
of interest, a portability that yields a prompt clinical
examination for efficient and effective clinical deci-
sion making, and the possibility of coupling imaging
with therapeutic options, such as delivering laser
treatment to visualized areas. There is a long tradition
of handheld systems in ophthalmology. The ophthal-
moscope that transformed the face of medicine as the
first imaging technology that allowed direct visuali-
zation of structures inaccessible by other means, such
as the vascular system (retinal vessels) and the central
nervous system (optic nerve/disk), quickly became a
handheld system.*>*' It remains a handheld system in
both direct and indirect forms for primary care
physician and specialist alike. In fact, one of the most
critical examinations in the ophthalmologist’s clinic is
an interactive, dynamic examination performed on a
patient’s dilated eye with a head mounted indirect
ophthalmoscope and a handheld 20 diopter lens. OCT
technology and handheld OCT systems can poten-
tially play a similarly influential role in the future of
medicine.

Improved transverse resolution and a larger field
of view (FOV) may allow ophthalmologists some
advantage in detecting and monitoring minute differ-
ences in the anterior and posterior chamber layers
during ocular disease progression. The software for
the handheld system can be adapted to process the
OCT images to improve the transverse resolution to a
degree that is comparable with that of the commercial
desktop system.*”** However, it is important to note
several observations. First, many of the break-
throughs identifying key retinal pathologies were
made with early time-domain OCT systems, when
the transverse resolutions were modest.”*>*” While
speed of acquisition is an important factor, particu-
larly for 3D volume acquisition and quantification of
clinical ocular characteristics, and while our system’s
rate is significantly higher than that of the commercial
desktop system and that of other handhelds (Tables 1,
2), the fundamental clinical diagnosis of a number of

pathologies does not necessarily improve in a linearly
proportional way with increased speed or resolu-
tion.>**3%% Second, while increasing the field of view
would expose a larger portion of the cornea or retina,
it is well established that the most clinically relevant
corneal and retinal pathologies lay at the center of
each, tipping the FOV-resolution tradeoff toward
improved resolution. Clinicopathological examples
include the facts that peripheral corneal scars most
often go unnoticed by patients and that the retinal
cone density drops off dramatically within less than a
degree.”® As demonstrated in the ETDRS study, the
diagnosis of clinically-significant macular edema
(CSDME) involves the examination of macular areas
of diameters varying from 500 to 1500 pm."'” Third, it
is possible to manually and dynamically scan the
periphery with the handheld. Finally, added func-
tionality at a significantly higher cost is neither
necessary nor appropriate in the context of primary
care, where the emphasis lies in screening new patients
and monitoring progress in patients with milder
expressions of ocular diseases.

Following screening and early disease detection in
primary care via our optimized handheld OCT
system, patients can be referred to a specialist where
more in-depth, clinical examinations can be per-
formed, where higher resolution images via OCT
and other modalities can be obtained as needed, and
where therapies can be selected and delivered to target
the specifically diagnosed condition. While many
primary care physicians are adept at using the
ophthalmoscope, they can definitely take advantage
of more advanced technologies and methods for
acquiring critical patient data, as provided by OCT.
Our handheld OCT system has the potential to be
such a tool without affecting the patient examination
pace, and at a fraction of the cost and size of other
quantitative imaging instruments. Since our system is
portable, a primary care office or multiphysician
practice group would ideally only need to purchase
one system, which can be moved between examina-
tion rooms, much like ultrasound imaging or electro-
cardiogram (EKGQG) instruments are used today in
these clinics. These advantages can potentially im-
prove the standard quality of primary care, which has
long been overlooked for commercial technological
advancements in imaging.

This light and fast handheld scanner and accom-
panying OCT system has the potential to be a flexible
and effective tool in the hands of all physicians, and in
particular, those at the “front-line” providing screen-
ing, early diagnosis, quantitative longitudinal moni-
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toring, and prompt intervention to safeguard the
health and well-being of patients.
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