MARCH 2011
VOLUME 58
PART II OF TWO PARTS

NUMBER 3

IEBEAX

(ISSN 0018-9294)

(a) Photographs of handheld OCT scanner and lens mounts. All lens mounts were packaged in threaded lens tubes for
convenient interchange. (b) Photograph of OCT imaging procedure. Physician positions handheld scanner on tissue,
orients to the desired imaging location, and clicks a save button mounted on the scanner handle while monitoring
both video and OCT images. (c) Schematic of optical paths for the OCT and LED beams in the lens mount.
Two red LEDs are permanently mounted in the handheld scanner for video imaging. The lens in
the interchangeable tube guides and focuses the OCT beam as well as the LED beams to
scan and uniformly illuminate the tissue. As shown in “Handheld Optical
Coherence Tomography Scanner for Primary Care
Diagnostics” by Jung et al., p. 742.

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 58, NO. 3, MARCH 2011

741

Handheld Optical Coherence Tomography
Scanner for Primary Care Diagnostics
Woonggyu Jung, Jeehyun Kim, Mansik Jeon, Eric J. Chaney, Charles N. Stewart,
and Stephen A. Boppart*, Fellow, IEEE

Abstract—The goal of this study is to develop an advanced pointof-care diagnostic instrument for use in a primary care office using handheld optical coherence tomography (OCT). This system
has the potential to enable earlier detection of diseases and accurate image-based diagnostics. Our system was designed to be
compact, portable, user-friendly, and fast, making it well suited
for the primary care office setting. The unique feature of our system is a versatile handheld OCT imaging scanner which consists
of a pair of computer-controlled galvanometer-mounted mirrors,
interchangeable lens mounts, and miniaturized video camera. This
handheld scanner has the capability to guide the physician in real
time for finding suspicious regions to be imaged by OCT. In order
to evaluate the performance and use of the handheld OCT scanner, the anterior chamber of a rat eye and in vivo human retina,
cornea, skin, and tympanic membrane were imaged. Based on this
feasibility study, we believe that this new type of handheld OCT
device and system has the potential to be an efficient point-of-care
imaging tool in primary care medicine.
Index Terms—Handheld imaging scanner, optical coherence tomography (OCT), primary care medicine.

I. INTRODUCTION
RIMARY care is the medical specialty that offers most
patients their first contact with the health care system. A
primary care physician typically encounters and diagnoses a
wide variety of diseases and illnesses, requiring a broad knowledge base in many areas of medicine. Primary care physicians
initially collect information about the present symptoms and
signs, past medical history, and other health details from the patient and conduct a physical examination. Despite technological
advances in many other areas of medicine and surgery, primary
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care physicians still use somewhat historical methods that rely
on keen observations and comprehensive knowledge to diagnose illness and monitor a patient’s condition. These qualitative
diagnostics based on symptoms and signs can frequently be a
cause of misdiagnosis in less common or new cases of disease.
As medical imaging technology has advanced over the last
few decades, imaging has been primarily used for the detection
and diagnosis of diseases in tissue. It permits the acquisition,
visualization, and analysis of new types of diagnostic data that
can further improve the outcome of the patient visit. However,
most available imaging modalities such as MRI, CT, plain-film
X-ray, and ultrasound imaging have significant constraints that
make them impractical to adapt to the primary care setting. Two
ubiquitous diagnostic imaging tools in the primary care office
are the otoscope and ophthalmoscope, which offer magnified visualization and access to the ear canal and tympanic membrane,
as well as the anterior chamber and retina of the eye, respectively. However, these simple optical devices are only able to
image the surface morphology of tissues, and are unable to image subsurface features which may be of significant diagnostic
value. Due to this current lack of advanced diagnostic imaging instruments in primary care offices, there is a great need
to develop new visual and quantitative methods to improve the
diagnostic outcome of the patient visit, to assist the physician
in reaching the correct diagnosis, and to ensure appropriate patient referral to subspecialists, particularly in a cost-conscious
healthcare system.
Optical coherence tomography (OCT) is a cross-sectional
imaging method based on the detection of backscattered near
infrared light from tissue [1]. It is capable of noninvasive, highresolution imaging in real time. The miniaturization of OCT
beam delivery systems with optical fiber and micro optics in
endoscopes and catheters [2], [3], microscopes [4], needleprobes [5], and handheld scanners [6], [7], is another advantage. These characteristics of OCT are well suited for imaging
in the primary care clinical setting because OCT meets the requirements for diagnostics in limited time and space. In addition,
laboratory-based OCT and large commercial OCT systems have
been extensively used to image the eye [8], [9], skin [10], and
oral cavity [11], [12], which are some of the more common
tissue sites examined by the primary care physician. In fact, to
date, ophthalmic imaging has become the largest clinical application for OCT. However, no OCT technology or research has
been specifically targeted for primary care medicine, despite a
clear need.
In this letter, we report a new handheld OCT scanner and
system as a high resolution, fast, and convenient diagnostic
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Fig. 1. Schematic and photograph of the cart-based SD-OCT system and
handheld scanner. The optical setup, including the spectrometer and reference
optical path, is contained within a small portable medical cart. The handheld
scanner has a 2 m-long connecting cable with optical fiber and electrical wires,
so that the physician can readily access multiple tissue sites on the patient. Abbreviations: DG, diffraction grating; PC, polarization controller; DC, dispersion
compensation materials; NDF, neutral density filter.

instrument for primary care. This technology enables one to
visualize not only the surface of the various tissues, but also
cross-sectional structure using the high speed OCT imaging
technology. Therefore, it offers the potential for more accurate
and detailed feedback for quantitative diagnosis, and provides
digital 2-D or 3-D datasets that can be used in diagnostic decision making, or can be shared with other clinical providers
involved in the care of the patient. We tested the performance
of our system by imaging in vivo human and rat tissues.
II. MATERIALS AND METHODS
A. Compact and Portable OCT System
Our OCT system was specifically designed for the unique
clinical environment of a primary care office. Since a typical
primary care setting has limited available space and the physician needs to rapidly acquire data to reach a diagnosis, an OCT
system must be compact in size and should have the capability of
high-speed imaging. Fig. 1 shows a schematic and photograph
of the cart-based spectral domain OCT (SD-OCT) system that
was developed in this study. The portable medical cart (66 cm
depth × 50 cm width × 94 cm height) contained all the optical hardware including light source, handheld OCT imaging
scanner, computer, and computer monitor.
Our SD-OCT system has a fiber optic Michelson interferometer configuration which has four ports. The light from a superluminescent diode (Superlum) source, having a 70-nm full-widthhalf-maximum spectral bandwidth at the center wavelength of
830 nm providing ∼4 μm axial resolution in tissue, was guided
into one port of the 2 × 2 fiber coupler, and split into reference
and sample arms. In the sample arm, a versatile handheld scanner was implemented with a 2-m long optical fiber and electrical
wire. Our handheld OCT scanner utilizes a pair of galvanometermounted mirrors and interchangeable lens mounts for imaging
different tissue sites. The lens mounts were designed and optimized to image the cornea, retina, tympanic membrane, mouth,

Fig. 2. (a) Photographs of handheld OCT scanner and lens mounts. All
lens mounts were packaged in threaded lens tubes for convenient interchange.
(b) Photograph of OCT imaging procedure. Physician positions handheld scanner on tissue, orients to the desired imaging location, and clicks a save button
mounted on the scanner handle while monitoring both video and OCT images.
(c) Schematic of optical paths for the OCT and LED beams in the lens mount.
Two red LEDs are permanently mounted in the handheld scanner for video
imaging. The lens in the interchangeable tube guides and focuses the OCT
beam as well as the LED beams to scan and uniformly illuminate the tissue.

and the skin. Depending on the focusing optics, the transverse
resolution of the system was ∼15 μm. In the reference arm,
two different optical paths were constructed, a long optical path
length was used for retinal imaging while a short path was
used for imaging other tissues. The reference path for retinal
imaging also contained a dispersion compensation unit to account for the dispersion within the optics of the human eye
and the handheld scanner. Reference paths were switched by
way of a flip mirror. The reflected signals from each arm are
recombined at the 2 × 2 fiber coupler and the resulting spectral interference is captured by a custom designed spectrometer.
The spectrometer consists of a collimator, transmittance grating
with 1200 lines/mm (Wasatch Photonics), achromatic doublet
lens, and CMOS line scan camera (Basler) with 2048 pixels
and a line scan acquisition rate of 140 kHz. Spectral data from
the line scan camera of the spectrometer are then digitized by
a frame grabber (National Instruments), sampled, and rescaled
as a function of the wave number, and finally visualized after
image processing. Data were acquired and processed at 70 422
axial scans per second, or an image rate of ∼70 frames/s with
each image having 1000 axial scans (columns) of data.
B. Handheld OCT Scanner
All the optics in the handheld scanner were packaged inside
a light and robust plastic box (11.5 cm × 11.5 cm × 6.3 cm)
as shown in Fig. 2(a). Three different lens mounts for imaging
the retina, ear, and other tissues were designed to conform to
the outer shape of the ear and eye and to provide ready comfortable access to tissue in real time. In particular, the ear lens
mount was constructed by modifying the same metal ear tip
used in existing commercial otoscopes. This allowed for the use
of disposable ear specula for each patient. All lens mounts were
housed in a 1-in threaded lens tube. The focal lengths of the
lenses were optimized for the position where the scanner was in
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contact with the tissues, as shown in Fig. 2(b). In our scanner,
a miniature (charge-coupled device) CCD-based color video
camera having a size of 1.6 cm (diameter) × 2.1 cm (length)
and 0.27 megapixel was integrated for capturing video images
of tissue surface features during acquisition of OCT images.
This camera was essential for precise positioning of the OCT
beam over small suspicious areas, and provided digital video
documentation correlating surface features with depth-resolved
OCT imaging.
In order to illuminate the imaging site for CCD-based video
imaging, two red LEDs were used that were located immediately behind the focusing lens, as shown in Fig. 2(c). This
configuration avoids the back-reflection of LED light from the
focusing lens, and provides a uniform illumination across the
imaging site by the focusing lens. Electrical wires powering the
LEDs were connected to the analog outputs of the data acquisition (DAQ) board in the computer, and the operations module
for the LEDs was integrated within the existing imaging software so that the on/off and brightness levels of the LEDs could
be adjusted by the user with the computer. Physicians can also
operate the system and save OCT and video images using button controls mounted on the scanner handle. These functions
help the primary care physician to direct the OCT beam to the
specific regions of tissue or suspicious sites in real time, and
without requiring any additional personnel assistance to operate
the system.
C. Enhancement of Imaging Speed
SD-OCT is based on a wavelength-resolved detection
scheme. The modulated spectrum detected by the line scan
camera contains information that is used to infer the location of
reflections from tissue sites in depth, along the sampling beam.
One of the drawbacks of SD-OCT is the broadening of the
point-spread function with increasing depth, when a linear relationship between the wave number and the pixel position is not
maintained. Therefore, precise spectral calibration is required
for obtaining accurate biological tissue cross-sectional images.
Various methods have been introduced for this linear calibration [13]–[15]. Software-based methods are relatively common
because they provide a convenient calibration procedure [16].
However, software-based methods are computationally very intensive, which significantly decreases the imaging speed.
In this study, we used a novel linear calibration method that
offers a sufficient number of sampling points and does not require any computation. This method uses a translating-slit-based
wavelength filter to acquire information on the wavelength-pixel
position. The wavelength-swept spectra are coregistered with
the pixel positions, which can be automatically measured with a
camera and an optical spectrum analyzer. Since this calibration
method is a one-time procedure, it does not require a filter or
a software recalibration algorithm during OCT imaging. Currently, our software is based on Visual C++ having a multithreading structure. It takes advantages of parallel-data processing and system control, allowing efficient data communication.
Therefore, both the calibration method and multithread structure that were used in this study increases the imaging speed by
reducing the computational load.
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Fig. 3. In vitro 3-D OCT images of a rat eye (a) and in vivo OCT and video
images acquired from normal human tissue (b–i). (a) Reconstructed 3-D OCT
images of anterior chamber of a rat eye at angled view (left) and a top view
(right), (b) fingernail plate and fold, (c) uvula, (d) oral mucosa along gumline,
(e) skin on arm, (f) cornea, (g) tympanic membrane in ear, (h) foveal region of
retina, and (i) optic nerve head. Abbreviations: NFL, nerve fiber layer; GCL,
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; ELM,
external limiting membrane; IS/OS, junction between the inner and outer segment of the photoreceptors; RPE, retinal pigment epithelium.

III. RESULTS
Under protocols approved by the Institutional Review Board
and the Institutional Animal Care and Use Committee at the
University of Illinois at Urbana-Champaign, real-time 2-D and
3-D OCT images were acquired from a rat eye and normal
human volunteers as shown in Fig. 3. Fig. 3(a) shows the reconstructed 3-D anterior chamber image of the rat eye from a
top view and an angled view. For 3-D imaging, sequential 2-D
images (B-scans) were continuously saved and displayed in real
time during scanning. The size of the acquired 3-D volume was
10 mm × 10 mm × 1.5 mm, with 2048 axial sampled points in
depth along each A-scan, and with each cross-sectional B-scan
composed of 1000 A-scans or columns of data. In both images,
eye structures such as the cornea, iris, and even thin hairs, are
clearly identified. We also found detailed structural information
by extracting 2-D OCT images from this 3-D data set at various
locations. Fig. 3(b)–(i) shows OCT images and corresponding
video images of various in vivo human tissues that visualize
detailed tissue morphology.
The lens mount for imaging the oral cavity included a cover
glass to protect the optics from contamination. The distance
from the lens mount to the focal plane was 2.5 cm, which was
sufficient to image back to the uvula. For ear imaging, an ear
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piece [see Fig. 2(a)] having a 2-mm exit aperture was used,
which determined the size of the OCT image in the lateral direction, as seen in Fig. 3(g). A soft eyecup was attached to the
lens mount for imaging both the anterior and posterior chambers of eye. This not only provided comfortable contact for the
human subject, but also matched the focal length of the eye
and provided flexibility for angular positioning. Currently, this
handheld scanner does not provide CCD-based video images of
the ear and the posterior chamber of the eye because the focus
of the camera lens and the magnification of the camera are fixed
by the optics within the scanner. However, video imaging at all
sites is possible by varying the camera optics. The current field
of view of the camera is limited to 10◦ , providing a 2-cm video
image at the focal plane of OCT beam. The center of the video
image was aligned with the lateral scanning path of the OCT
beam as seen in Fig. 3(b)–(f). Thus, the video image helps to
determine and direct the precise location of a suspicious region
in the tissue that a primary care physician may wish to image
with OCT in real time [17]–[19]. In addition, the physician can
readily make direct comparisons between the OCT and video
images because both images are co-registered in both space and
time, and digitally stored together. Thus, the entire imaging procedure using this handheld OCT scanner is straightforward and
convenient.
IV. CONCLUSION
In this letter, we have demonstrated a new type of handheld
OCT scanner and a system that can be used at the point-of-care
in the clinical primary care environment where both space and
time during a patient visit and exam are limited. Experimental results show that our handheld OCT scanner and system
have great potential for use in the primary adult and pediatric
care offices. Our device provides not only fast 2-D imaging
without motion artifacts, but also high resolution 3-D imaging. However, the current imaging speed of our device is not
sufficient for full 3-D in vivo imaging in the clinic. To enable
this, we are currently developing fast signal processing algorithms using graphical processing units. A fully developed and
ergonomically engineered handheld probe with a more compact
OCT unit would find numerous applications where point-ofcare OCT can be applied and potentially used for screening,
detecting, diagnosing, and monitoring disease. The ability to
utilize more advanced imaging technology in the primary care
clinic, particularly by advancing the diagnostic capabilities of
otoscopes and ophthalmoscopes, is likely to improve a physician’s diagnostic ability, to collect quantifiable data, and to make
a more informed decision on patient referral. These advantages
have the potential to improve not only the quality of healthcare,
but also to reduce costs.
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