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Abstract: To expand the clinical applications and improve the ease of use of ultrahigh-resolution
optical coherence tomography (UHR-OCT), we developed a portable boom-type ophthalmic
UHR-OCT operating in supine position that can be used for pediatric subjects, bedridden patients
and perioperative conditions. By integrating the OCT sample arm probe with real-time iris display
and automatic focusing electric lens for easy alignment, coupling the probe on a self-locking
multi-directional manipulator to reduce motion artifacts and operator fatigue, and installing the
OCT module on a moveable cart for system mobility, our customized portable boom-type UHR-
OCT enables non-contact, high-resolution and high-stability retinal examinations to be performed
on subjects in supine position. The spectral-domain UHR-OCT operates at a wavelength of
845 nm with 130 nm FWHM (full width at half maximum) bandwidth, achieving an axial
resolution of ≈2.3µm in tissue with an A-line acquisition rate up to 128 kHz. A high-definition
two-dimensional (2D) raster protocol was used for high-quality cross-sectional imaging while a
cube volume three-dimensional (3D) scan was used for three-dimensional imaging and en-face
reconstruction, resolving major layer structures of the retina. The feasibility of the system was
demonstrated by performing supine position 2D/3D retinal imaging on healthy human subjects,
sedated infants, and non-sedated awake neonates.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical coherence tomography (OCT) is an emerging technology for a wide range of biomedical
applications including organ imaging, real-time surgical guidance, and high-resolution imaging
of biological specimens [1–8]. The eye is composed of a series of transparent structures and
there are many lamellar structures with micrometer thickness in both the anterior and posterior
segments [9,10]. Thus, OCT is widely used as a noncontact and noninvasive imaging technique
for acquiring high-resolution, cross-sectional, in vivo images of ocular tissues [11–14]. It is
becoming a routine imaging tool and adopted as the gold standard in the diagnosis of many
ophthalmic diseases [15,16]. However, since most commercialized clinical available OCT
platforms are static, table-mounted machines, they can only scan cooperative subjects in an
upright seated position, placing their head on a headrest, guided by a fixation target and holding
their eyes open for several seconds [17,18]. Thus, these tabletop stationary OCT devices and
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their imaging procedures are not practical for non-cooperative infants, young children and supine
subjects like bedridden patients and patients undergoing surgery.

Retinal diseases, such as retinopathy of prematurity (ROP) and age-related macular degeneration
(AMD), are among the main causes of visual impairment in pediatrics [19,20]and bedridden
elderly, respectively [21,22]. Subtle changes less than a couple of micrometers could occur in the
retina during early onset and progression of these retinal diseases [23,24]. High-resolution retinal
imaging providing detailed structural and functional information is crucial for early disease
diagnosis and blindness prevention. In current clinics, retinal imaging modalities like binocular
indirect ophthalmoscope and handheld digital fundus camera e.g. RetCam (Massie Laboratories,
Inc., USA) are available for bedridden adults, young children and infants, providing fundus
photography with good reproducibility for retinal diseases diagnosis and neonatal screening
[25,26]. Nevertheless, they could not provide in-depth cross-sectional and three-dimensional
(3D) volume information. Thus, there is an emerging need of point of care bedside OCT imaging
for these populations, motivating the development of portable OCT systems with integrated
miniaturized/handheld imaging probes.

To address the clinical needs of bedside supine OCT imaging, various portable [27], armature
mounted [28] or handheld OCT instruments [29] have been developed and clinically applied.
Armature mounted Heidelberg Spectralis with Flex Module OCT (Heidelberg Engineering
GmbH, Germany) suspend the OCT system over the subject and can be used with cooperative or
anesthesia subjects in supine position, but these bulky devices are not practical for daily bedside or
incubator imaging [30]. With a miniaturized imaging probe, handheld OCT systems have shown
better suitability for supine position imaging especially for pediatric applications. Currently,
the only commercially available handheld OCT system Envisu C-Class (Leica Microsystems,
Germany) could be used on supine subjects. But its relatively low A-line scanning rate (32
kHz) leads to the compromise between the image acquisition time and the field of view (FOV),
and difficulties in providing high quality 3D volume images [31]. By integrating faster scanner,
real-time en-face imaging and on-probe display, Song et al improved the operator’s experience and
scanning efficiency, achieving faster 3D and wide-field imaging of human retina [32]. Ergonomic
handheld OCT probe design was optimized by Viehland et al for pediatric and supine imaging
[33]. Recently, Ni et al applied a novel optical design with advanced double aspheric lens,
achieving non-contact handheld 105°ultra-wide-field retinal imaging [34]. The feasibility and
repeatability of these commercial and lab prototype for imaging supine subjects and infants
were also demonstrated in different clinical environments [35,36]. All these technological
advancements have increased the performances of handheld OCTs, offering better imaging
modalities for the early detection and treatment response evaluation in pediatric eye diseases [37],
Which have also led OCT technology to more widespread use in infants and children, making it
an integral part in pediatric eye diseases management [38].

Although current handheld OCT devices are more compact and flexible by minimizing
hardware components on the probe, they still suffer limitations associated with motion artifacts
and relatively low imaging quality. During handheld OCT imaging operation, operators always
need to rest one hand on the subject’s forehead for stable lesion localization with fingers opening
the eye of anesthetized subjects and the other hand holding the imaging probe, which inevitably
induces the relative motion between the probe and the eye, causing motion artifacts and spatial
distortion of OCT images, especially during continuous operations [33]. Studies have shown that
compared with traditional table-mounted machines, normal handheld instruments on average
generate images with lower repeatability and reproducibility, and require more attempts by the
operator [23]. Moreover, normal handheld OCT systems not only make operators fatigued, but
also need more operating experience to successfully acquire satisfactory images, especially on
pediatric subjects.
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In this paper, we described the development and initial clinical application of a customized
portable boom-type spectral-domain UHR-OCT system with an integrated imaging probe for
supine position imaging. An OCT sample arm probe was designed incorporating with a real-time
iris camera and an automatic focusing electric lens for easy alignment. To resolve the motion
artifacts and reduce operator fatigue during imaging, the OCT probe was installed on a self-locking
flexible manipulator. The whole system was placed on a portable cart, ensuring easy movement
of the system for point of care bedside imaging. Imaging was performed on healthy human
subjects, young children under sedation, and non-sedated awake neonates, demonstrating the
feasibility of the system for non-contact high-resolution retinal images in supine position.

2. Materials and methods

2.1. Optical design and instrumentation

As illustrated in Fig. 1(a), our customized portable boom-type UHR-OCT is a SD-OCT (Spectral-
Domain OCT) system. The laser source used is a broadband super luminescent diode (SLD,
Superlum, cBLMD-850-HP, Cork, Ireland) centered at a wavelength of 850 nm with 165 nm
FWHM (Full Width at Half Maximum) bandwidth. After passing through an isolator used to
protect the light source from back reflections, the OCT light is equally split into the sample arm
and the reference arm of the OCT interferometry by a 50:50 fiber coupler (Thorlabs, TW850R5A2,
Newton, NJ, USA). The light of the sample arm then goes to our integrated imaging probe,
in which the laser beam is collimated with a fiber collimator (CL2, Thorlabs, PAF-X-11-B,
Newton, NJ, United States), passing through an electronically tunable lens designed for autofocus
(EL-10-30-C, Optotune, Dietikon, Switzerland), reflected on the galvanometric x-y scanners
(Gx, Gy, Cambridge Technology, 6210H set, Bedford, MA, United States), and then relayed
by the scan lens (L2, f= 100mm, Edmund Optics, NT45-806, Barrington, NJ, United States)
and the ocular lens (OL, Volk optical Inc. 60D, UK) for retinal imaging. The working distance
of the probe is ∼13 mm. The power of incident light on the human eye is adjusted to 750
µW, below the maximum permissible exposure dictated by ANSI (American National Standard
for Ophthalmics—Light Hazard Protection for Ophthalmic Instruments) [39]. To ensure easy
alignment during imaging, an iris camera (3206, LuoKe LRCP, Shenzhen, China) having a
resolution of 256×256 pixels is installed to the OCT imaging probe with a long-pass dichroic
mirror (DM1, Thorlabs, DMLP650, Newton, NJ, United States) inserted after the scanning
lens. The integrated iris camera lens (L3) working together with the ocular lens (OL) focus the
ocular surface image on the iris camera. In the reference arm, the laser beam is collimated by
a fiber collimator (CL1, Thorlabs, PAF-X-7-B, Newton, NJ, United States), passing through a
neutral-density filter (NF, Thorlabs, NDC-25C-4M, Newton, NJ, United States) for reference
signal control, dispersion compensation prisms (BK7 glass) and focused on a mirror by a focusing
lens (L1, f= 100mm, Edmund optics, NT45-806, Barrington, NJ, United States). The reference
mirror and the focusing lens are installed on a translational stage for the optical pathlength
adjustment of the reference arm, which is matched with the sample arm to its focal position. Two
fiber polarization controllers with a loop diameter of 18 mm (FPC020, Thorlabs, Inc, United
States) were installed to match the polarization state between the sample and reference arm.
The light reflected from the subject’s retina in the sample arm and the mirror in the reference
arm are collected, combined and sent to the OCT spectrometer (Wasatch Photonics, Cobra-S,
United States). The spectrum of the interference signal is acquired with a maximum speed of
128,000 A-lines per second, transferred using the image acquisition board (National Instruments,
PCIe-1433, Austin, TX, United States) and processed by our self-developed LabVIEW program
running on a computer with Windows 10.

The 3D mechanical design of the integrated OCT imaging probe is shown in Fig. 1(b). The
final assembled probe weighs around 500g with a dimension of 20×8×5cm. As shown in
Fig. 1(c), the integrated imaging probe is mounted on the end of a manipulator (V7, GLO, Guilin,
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Fig. 1. Schematic and photo of the portable boom-type UHR-OCT. (a) Schematic of
the system, SLD: super luminescent diode, CL: collimator, NF: neutral-density filter, DC:
Dispersion Compensation prisms, L: lens, G: Galvano scanner, TS: translational stage, WS:
work station, EL: electronically tunable lens, PC: polarization controller, DM: dichroic
mirror, BS: beam splitter, OL: ocular lens. (b) Main components layout of the probe (c)
Photo of the system and (d) Clinical imaging of an infant with novel portable boom-type
UHR-OCT.
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China). The tension on the manipulator is adjustable to maintain a smooth operation, and with
correctly tightness setting according to the probe weight, the manipulator could be self-locked in
any position and direction within its adjusting range. The multi-directional manipulator has a
maximum horizontal movement range of 100 cm on the installing side to ensure its extension
over the examination bed. On the vertical direction, the probe has a rough adjustment range
of 50cm by the manipulator arm and a fine adjustment range of 50mm through the manually
controlled slideway in the manipulator end. The multi-directional end joint of the manipulator
also allows a 360° tilt of the probe to adapt to different eye positions during imaging. The
operator could hold the lens tube of the imaging probe by a single hand for alignment and use
the other hand to gently open the eye and manipulate the eye position of the examined subjects
(needed for pediatric examinations). The flexibility, self-locking and multi-directional traits of
the manipulator allow the operator to easily align the probe over the eye of the subjects while
maintaining the probe stability to minimize the movement artifacts. Thus, the imaging probe
could potentially accommodate patients in different positions like upright, incline sitting or
supine position. The laser source, the reference arm, the spectrometer and the computer of the
UHR-OCT system are all placed on a moveable medical cart with the manipulator installed on
the side of the cart as in Fig. 1(c), ensuring easy movement of the system to adapt to multiple
point of care bedside imaging scenarios. The probe is connected with flexible communication
cables and optical fibers. A foot switch pedal (TFS-1, TAYB, Shenzhen, China) is connected
to the system to easily launch the image acquisition since both hands of the operator would be
occupied for imaging alignment. The final system footprint is 0.5m×0.5m with a height of 1.4
m. A photograph demonstrating the imaging of a sedated infant in supine position is shown in
Fig. 1(d).

2.2. System characterization

Figure 2(a) shows the measured spectrum of the light source in our system. With the center
wavelength of 850 nm with 165 nm bandwidth, the theoretical axial resolution of the system
should be ≈1.9µm in the air, nevertheless, as the profile of the laser spectrum was not perfectly
Gaussian and the fiber optic components will inevitably limit the available bandwidth, thus the
effective axial resolution of the UHR-OCT system would be weakened [40]. The measured
wavelength by the spectrometer is 845 nm with 130 nm FWHM bandwidth in Fig. 2(a). In order
to obtain the real axial resolution, the axial point spread function (PSF) was measured by imaging
a mirror [41]. In Fig. 2(b), the axial resolution of our UHR-OCT module was measured to be
≈3.2µm in the air, corresponding to ≈2.3µm in tissue (cornea and retina) with a refractive index
of 1.38 [42]. Figure 2(c) shows the system sensitivity test as a function of imaging depth. The
signal to noise ratio (SNR) was measured using a silver mirror as the imaged object without the
ocular lens. The maximum SNR of 94 dB was measured ∼100 µm away from the zero-delay line
at the maximum A-line rate of 128 kHz with an incident optical power of 750 µW. The SNR
roll-off in free space was measured to be ∼6 dB as the optical path length difference increased
from 0.1 mm to 1.2 mm. By imaging a Zeiss model eye with a 3D scan of 256×1024 A-lines,
the en-face projection showed that the system achieved a maximum FOV of 12 mm×12 mm
(Fig. 2(d), the checkerboard target printed on the back surface of the model eye has a grid size of
1mm×1mm). The measured beam size on the cornea by a scanning slit optical beam profiler
(BP209-IR, Thorlabs, Newton, NJ, USA) is 2 mm, and corresponding theoretical transverse
resolution is ∼12µm, the actual lateral resolution on retina may be worse due to the large FOV
and aberration of the eye.

2.3. Automatic focus mechanism

In OCT imaging, manually focusing tuning is typically slow and needs to subjectively decide
whether the image is in the best focus, thus not suitable for efficient imaging especially



Research Article Vol. 13, No. 6 / 1 Jun 2022 / Biomedical Optics Express 3300

Fig. 2. System performance characterization. (a) Measured light source spectrum of the
UHR-OCT system. (b) Measured axial point spread function (PSF) of the OCT system by
imaging a mirror in air. (c) Measured system sensitivity roll-off. (d) The en-face projection
image from model eye scan with maximum field of view.

when imaging uncooperative pediatric subjects. Translational stage based automatic focus
tuning mechanisms are commonly used in commercial table-mounted OCT systems, but these
mechanisms are usually bulky and not suitable for portable OCT systems with integrated imaging
probes. The electrical lens is fast-responsive, light-weighted and does not require a long tuning
range, making it suitable for our integrated imaging probe and achieving fast automatic focus
[43,44]. To improve the image acquisition efficiency, we have adapted an automatic focus
mechanism based on an electrical lens and a golden section search algorithm. This mechanism
has been applied to a handheld OCT imaging probe before and could be referred to our former
publication [45]. The effective tuning range of the electric lens is -1.5 to +3.5 diopter. During the
operation, once the desired region of interest appears, the operator could use the foot switch pedal
to initialize the autofocus procedure, achieving automatic focus within 1 second and the system
will automatically start the image acquisition process. The automatic focusing mechanism may
fail if the desired region of interest was not correctly located within the imaging range during
manual adjustment or continuous eye blinking happened during the optimization process.

3. Experiments and results

To verify the performance of our customized portable boom-type UHR-OCT system, experiments
were performed on healthy human subjects, sedated infants, and non-sedated awake neonates
in supine position. The experimental procedures were in accordance with the tenets of the
Declaration of Helsinki and were approved by the institutional review board of Zhongshan
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Ophthalmic Center, Sun Yat-sen University (protocol number: 2020KYPJ154). Informed
consents were obtained from all the subjects or their parents. For uncooperative infants, oral
chloral hydrate was applied for sedation under professional guidance. Mydriatics were used
when the subjects’ pupil diameter was below 3 mm. The clinical diagnosis of the subjects was
made based on standard clinical examinations including indirect ophthalmoscopy.

The procedures of the OCT imaging are briefly as follows: 1) Position the device at the bedside
with the probe manipulator sufficient to reach over the bed; 2) Initialize the acquisition software,
set scanning parameters, adjust the imaging probe to a ready position (Fig. 3(a)), and adjust the
system polarization state; 3) The subject is laid on the hospital bed or care bed with a comfortable
supine position; 4) With one hand holding the imaging probe, perform initial alignment to find the
pupil of the targeted eye with the iris camera image while opening the eyelids of the subject with
the other hand (typically for pediatric subjects); 5) Stably adjust the probe slowly approaching the
subject’s eye until the OCT image of the retina appears around the middle of OCT display range,
with the guidance of the real-time iris camera and en-face image (Figure3(b)), gently changing
the direction of the examined eyeball with fingers when needed, adjust the polarization controller
if significant OCT image quality damping is noticed during manipulator alignment; 6) Once
confirmed ready, tread down the foot switch pedal to start the automatic focus mechanism and
the image acquisition. With a well-trained operator, the total examination time would be within
10 minutes, including the system adjustment time and imaging acquisition time.

Fig. 3. (a) Picture showing the adjustment of the probe to a ready position for a non-sedated
infant subject, and (b) software interface showing real-time iris camera image, cross-sectional
and en face OCT images for imaging guidance.

In the experiments demonstrated in this paper, OCT images were recorded at a scan rate of
128,000 A-scans/s with a maximum scanning range of 12mm×12 mm. To identify and align the
target area, real-time en-face view of the target area was visualized continuously. Depending on
the subject and scanning mode, 2 scanning protocols were applied:

1. 3D structural OCT mode: Volumetric data is captured with 128×512 or 128×1024 A-scans
within 1.5 seconds. This mode is preferred for young children and infants who are awake
or subjects who have difficulty keeping their eyes fixed.

2. 2D structural OCT mode: Repeated B-scans at the same location with 2048 A-lines per
B-scan are acquired. The acquisition time depends on the number of B-scans used for
averaging. Normally, 5∼10 B-scans requires 0.1∼0.2 second. The acquired multiple
B-scans are registered and averaged to improve the image quality. This mode is suitable for
adults and cooperative children who could maintain a steady and fixed position, acquiring
OCT images with better quality.

In this study, OCT imaging was performed in 10 awake adult volunteers and 21 infant patients
(8 non-sedated and 13 sedated), achieving success rates of 91.2% on infant subjects and 100% on
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bedridden adults by a well-trained examiner. A successful imaging case is determined by the
OCT imaging operator and an ophthalmologist upon reviewing the captured images with the
criterion defined as at least one 3D volume structural scan is acquired, in which typical retinal
structures like fovea, optic disc and blood vessel, or major lesions are clearly visualized. The
failure cases are resulted from the lens opacity of congenital cataract and severe intraocular
hemorrhage due to orbital fractures. A summary of the basic information of the imaged subjects
is shown in Table 1.

Table 1. Basic information of the imaged subjects

Adult subjects Infant subjects

Total participants 10 21

Sex (male/female) 8/2 14/7

Age range 23 to 44 years 5 days to 40 months

Mean age 31 years 1 year and 3 months

Imaging
conditions

non-sedated non-sedated/ sedated (8/13)

Healthy (11 eyes)

High myopia (3 eyes)

Retinal hemorrhages (3 eyes,1 failed)

Retinitis (3 eye)

Retinoschisis (2 eyes)

FEVR (2 eyes)

Disease Condition Healthy (20 eyes) Cataract (2 eyes, 2 failed)

ROP (2 eyes)

Trauma (2 eyes)

Macular hole (1 eye)

RB (1 eye)

LCA (1 eye)

ERM (1 eye)

Total imaged eyes
(success/fail)

20(20/0) 34(31/3)

3.1. Healthy adult subject

Figure 4 shows the OCT imaging results with our portable boom-type UHR-OCT on a healthy
adult (29-year-old, male). 3D imaging results are shown in Fig. 4(a-c) acquired with a FOV
of 9.0×9.0mm containing 512×128 pixels. Figure 4(a) shows the en-face average intensity
projection image of the multiple B-scans, showing an overview of the retina in which typical
retinal structures like fovea, optic disc and blood vessel are clearly visualized. Figure 4(b) and
Fig. 4(c) are representative cross-sectional OCT images selected from the 3D volume, where
Fig. 4(b) is from cross-sectional planes on the fovea and optic nerve head, demonstrating clear
layer structures of the retina. Figure 4(d) shows the retinal OCT image acquired in 2D structural
OCT mode by averaging 5 repeated OCT images taken at the same location, resulting in reduced
speckle noise and enhanced structural details. Zoom-in areas of Fig. 4(d) are shown in Fig. 4(e)
and Fig. 4(f), resolving major layer structures of the human retina, such as the retinal nerve fiber
layer (RNFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL),
outer plexiform layer (OPL), outer nuclear layer (ONL), external limiting membrane (ELM),
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junction between inner and outer photoreceptor segments (IS/OS), end tips of photoreceptors
(ETPR), retinal pigment epithelium (RPE) and Choroid.

Fig. 4. Experimental results acquired from a healthy adult in supine position with our
portable boom-type UHR-OCT, FOV is 9.0×9.0 mm. Structural 3D OCT imaging results are
showed in (a-c): (a) En-face average intensity projection image of B-scans; (b) and (c) are
the selected representative cross-sectional B-scans, imaging locations are indicated by lines
in the en-face projection image. (d) The retinal OCT image acquired in 2D structural OCT
mode, which was averaged from five repeated B-scans at the same location. (e) and (f) are
zoom-in areas showing clear retina layer structures. RNFL: retinal nerve fiber layer, GCL:
ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer plexiform
layer, ONL: outer nuclear layer, ELM: external limiting membrane, IS/OS: junction between
inner and outer photoreceptor segments, ETPR: end tips of photoreceptors, RPE: retinal
pigment epithelium. All scale bars: 1 mm.

3.2. Pediatric subjects

Figure 5 shows the experimental results demonstrated on two pediatric subjects with our OCT
system both in 3D structural OCT mode with a FOV setting of 12.0×12.0mm. In magnification
of retinal images, because of the short eye length and the different lateral magnification in the
smaller eye, the same settings of OCT scan spans of pediatric retina images are smaller than in
adults [46]. Figure 5(a-c) are the OCT imaging results acquired on a healthy eye of a sedated
healthy infant (OD, 7-month-old, female), in which Fig. 5(a) is the en-face average intensity
projection image containing 512×128 pixels, Fig. 5(b) and Fig. 5(c) are selected representative
cross-sectional OCT images. The OCT images show normal retina structures of good fovea dip
and clear major retinal layer structures including the RNFL, GCL, IPL, INL, OPL, ONL, IS/OS,
RPE and Choroid. Figure 5(d-f) are the OCT imaging results acquired on a non-sedated and
uncooperative neonate with retinoblastoma (OD, 5-day-old, male), oral chloral hydrate was not
applicable for the neonate, and images were taken in non-sedated condition. The en-face average
intensity projection image Fig. 5(d) contains 512×128 pixels, observing an obvious round shape
tumor (triangle). Selected representative cross-sectional OCT images in Fig. 5(e) and Fig. 5(f)
show the hyper-reflective retinoblastoma tumor (asterisk) has infiltrated into the inner retina
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area, and Fig. 5(e) shows the tumor has involved the macula area (arrow). Hyper reflective
intra-tumoral foci of calcium (arrows) are also resolved with streak like shadowing in Fig. 5(f).

Fig. 5. Experimental results demonstrated on pediatric subjects in supine position of our
portable boom-type UHR-OCT. (a-c) show the imaging results acquired from a healthy eye
of a sedated infant: (a) En-face average intensity projection of retina, (b) and (c) are two
selected representative cross-section B-scans from 3D scanning result resolving normal
retinal layer structures. (d-f) are the imaging results acquired from a non-sedated awake
neonate with retinoblastoma. (d) En-face average intensity projection image of B-scans
showing a round shape tumor (triangle), (e) and (f) are selected cross-section B-scans, (e)
shows the tumor (asterisk) has infiltrated the inner retina and involved the macula area
(arrow), (f) shows the hyper reflective intra-tumoral foci of calcium (arrows). All scale bars:
1 mm.

Other representative imaging results acquired from infant subjects are presented in Fig. 6.
Figure 6(a-b) show images acquired on eyes of a non-sedated healthy infant (OD and OS, 2-year-
old, male), typical retinal structures like fovea, optic disc and major retinal layer structures are
clearly visualized. Figure 6(c) shows a cross-sectional OCT image acquired from a non-sedated
infant with high myopia (OD, 10-month-old, male) observing obvious retina deformation and
choroidal thinning is observed (arrow). Figure 6(d) is a cross-sectional OCT image acquired
from an infant patient with viral retinitis (OD, 8-month-old, female) showing intra-retinal oedema
(asterisk), disruptive inner retina layers (arrow) and some degree of choriocapillaris alteration
appears disrupted along the intra-retinal oedema area (triangle). The partial invisibility of the
retina was due to the fact that the lesion was located at the very periphery of the retina thus
the OCT beam could not fully cover the area due to the vignetting effect induced by the pupil.
Figure 6(e) shows a cross-sectional OCT image from an infant patient with retinal hemorrhages
(OD, 10-month-old, male), as noted by the arrows, hemorrhages appear hyper reflective and
present in multiple retinal layers. Figure 6(f) shows a cross-sectional OCT image from a
non-sedated infant patient with familial exudative vitreoretinopathy (FEVR) (OS, 2-year-old,
male), resolving intra-retinal separation (asterisk) along with the outer nuclear layer of the
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retina. Figure 6(g) shows cross-sectional OCT image from an epiretinal membrane (ERM)
infant patient (OS, 1-year-old, male), with local thickening of the retina (triangle), and epiretinal
membrane separate from the inner retina (arrows). Figure 6(h) shows a cross-sectional OCT
image from a Leber congenital amaurosis (LCA) infant patient (OS, 5-month-old, male), with
upward deformation and disorganization of the retina in the macular area.

Fig. 6. Representative structural OCT imaging results obtained from pediatric patients:
(a-b) healthy infant; (c) high myopia patient with retina deformation and choroidal thinning
(arrow); (d) viral retinitis patient with intra-retinal oedema (asterisk), disruptive inner
retina layers(arrow) and choriocapillaris alteration (triangle); (e) retinal hemorrhages patient
with hemorrhages appearing hyper reflective and present in multiple retinal layers(arrow);
(f) FEVR patient with intra-retinal separation (asterisk) along the outer nuclear layer of
the retina. (g) ERM patient with local thickening of the retina (triangle), and epiretinal
membrane separate from the inner retina (arrows); (h) LCA patient with upward deformation
and disorganization of the retina in the macular area (arrows). All scale bars: 1 mm.

4. Discussion and conclusions

We have described our newly developed portable boom-type ophthalmic UHR-OCT system
that can be used for in vivo non-contact high-resolution 3D imaging of retinal structures for
subjects in supine position. By integrating real-time iris display and electric tunable lens
into the OCT imaging probe, and coupling a self-locking multi-directional manipulator to
reduce motion artifacts and operator fatigue, our device installed on a portable cart is easier for
imaging alignment and more suitable for point of care imaging of subjects in supine position,
especially uncooperative pediatric subjects. With a broadband SLD laser source and a high-speed
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spectrometer, our prototype OCT offers an axial resolution of ≈2.3µm in tissue with an A-line
acquisition rate of up to 128 kHz. System feasibility has been successfully demonstrated by
obtaining retinal images in healthy adults as well as sedated/awake infants.

There are several advantages of our prototype over the current commercially available armature
mounted and handheld SD-OCTs, including more compact system and imaging probe design,
more stable and convenient imaging procedure, and better system parameters in case of imaging
speed and resolution, ensuring wider application scenarios. Table 2 shows the comparison of
system specifications of our customized portable boom-type UHR-OCT system compared with
the commercialized armature mounted OCT and handheld OCT systems.

Table 2. Comparison of the system specifications of our portable boom-type
UHR-OCT to commercialized armature mounted OCT and handheld OCT systems.

System
Specifications

Heidelberg
Flex Module

Envisu C-Class Portable Boom-type
UHR-OCT

Imaging Speed
(A-scan rate)

85 kHz 32 kHz 128 kHz

Axial resolution 6 µm 4 µm 2.3 µm

Volumetric scanning - 1000×100×10/
480×480×4

2048×1024×128
(Adjustable)

Field-of-view 55 degree 70 degree 40 degree

Probe dimensions - 23×8×17 cm 20×8×5 cm

Imaging probe weight - 1.6 kg 0.5 kg

Probe movement
range

Horizontal:100 cm

Vertical: 65 cm

Horizontal:200 cm

Vertical: 200 cm

Horizontal:100 cm
Vertical: 50 cm (rough);

50 mm (fine)

Probe tilt angle range - 360 degree 360 degree

System footprint 100×100×200 cm 79×56×155 cm 50×50×140 cm

Integrated modality OCTA/ Real-time
iris display

- Real-time iris display

Compared with the only commercialized handheld OCT system Envisu C-Class (Leica
Microsystems, Germany) with a 1.6kg handheld imaging probe, our boom-type system design
with a light-weighted OCT imaging probe (500g) implemented on a self-locking flexible
manipulator to accommodate patients in different positions, which effectively reduces the relative
motion artifacts by operator fatigue during imaging, and achieves comparable stability to table-
mounted OCTs. Though the commercialized armature mounted OCT Heidelberg Flex Module
(Heidelberg Engineering GmbH, Germany) has a similar boom-type configuration, it is relatively
bulky and needs a space of at least 1m ×1m footprint and 2m height. Our portable system is
much more compact with a footprint of 0.5m ×0.5m and a height of 1.4m, which can be easily
moved around to the bedside. Moreover, researchers have shown that at least two operators were
required to operate the Heidelberg Flex Module, one person for alignment, and the other to run
the computer and capture the images, while in some occasions, a third person is needed to hold
patients’ heads still and eyelids open [46,47]. With an ergonomically designed probe installed
on the self-locking flexible manipulator, our system can be operated by only one operator with
one hand maintaining the probe for alignment and the other hand gently opening the eye and
manipulating the eye position of the examined subjects. The incorporated multiple alignment
assistant functions such as real-time direct iris viewing, automatic focusing, and en-face average
intensity projection image visualization, also offer the operators multidimensional feedbacks that
could improve the imaging efficiency and success rate. Last but not least, our system achieves
higher imaging speed and better axial resolution ensuring fast and high-resolution 3D imaging
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on both infant and adult subjects. Indeed, the relative low scan speed of Heidelberg Flex Module
(up to 85kHz A-scan rate) and Envisu C-Class (up to 32 kHz A-scan rate) have limited their 3D
scan volumes and can only be applied to selected cooperative patients or infants under anesthesia
who were able to tolerate the complicated imaging process [30,47]. The high-speed (up to 128
kHz A-scan rate) of our system allows high speed 3D volume scanning consisting of more than
100 B-scans even for awake infants. The ultrahigh axial resolution of 2.3µm of our system could
potentially resolve more detailed structural information compared to Envisu C-Class handheld
OCT (4µm) and Heidelberg Flex Module armature mounted OCT (6µm).

The high imaging speed and ultra-high axial resolution designed in our system are based on
the actual clinical needs. The pediatric retinal imaging is challenging due to the fact that infant
patients are usually restless with lower imaging tolerance. Their eyes are hard to maintain steady
fixation during repeat scanning. Even for sedated pediatric patients, eye motions or unconscious
actions do affect the imaging performance, even corrupt the successful imaging. Thus, getting
images successfully as quick as possible is the first barrier of infants imaging. In these cases,
lower imaging speed means more imaging artifacts and imaging failure. Using the maximum
imaging speed of 128k A-scans/s, with the help of self-locking flexible manipulator, 3D volume
imaging can be achieved within 1.5 seconds by our system with a reasonable SNR. While for
adults and cooperative patients who could maintain a steady and fixed position, we offer the
option of HD scan mode for improved image quality needs. Meanwhile, the high axial resolution
are designed aiming to provide more detailed structural and functional information, which is
crucial for early disease diagnosis and blindness prevention. For the infants’ patients, eyes grow
rapidly, and thus the microstructures undergo large developmental changes with growth. Subtle
changes less than a couple of micrometers could occur in the retina during early onset and
progression. Ultra-high axial resolution could benefit the detection of these tiny changes, such as
hyper reflective intra-tumoral foci of calcium, and improve the visualization of photoreceptor
impairment, retinal pigment epithelium (RPE) disruption, drusen, and pigment migration. With
high scan speed and the reduction of hand motions and fatigue of the imaging operator using
self-locking flexible manipulator, system induced image deformations were greatly reduced in
our study. An internal experiment conducted by imaging a stationary model eye target and
doing autocorrelation of the acquired B-scans to extract average peak-peak value of axial and
lateral motions in self-locking mode (5± 1.1µm and 78± 2.4µm) have shown highly reduced
motion artifacts compared to handheld mode (24± 5.6µm and 138± 3.8µm). We have also shown
high imaging successful rate (91.2% on infant subjects and 100% on bedridden adults) and low
deformation existence rate (13% on infant subjects and 0% on bedridden adults) in the acquired
en-face images. The few images with deformation artifacts like discontinuities in the vessel
patterns and striping were mainly due to unconscious eye movement, heartbeat or respiration
happened occasionally. We believe that this low rate of deformation existence is benefited from
our improved system design and should be acceptable for clinical use.

With all the above-mentioned advantages and improvements of our portable boom-type UHR-
OCT system, our prototype has the potential to bring OCT system to the bedside or incubator
imaging, enabling detection and monitoring of micron-level ocular conditions in pediatrics,
bedridden elderly and perioperative patients. This would have a great impact on visual defeat
screening and examination of these vulnerable groups, providing a new tool for improving clinical
assessment and potential pathophysiological discovery.

Our system still has some limitations. Since the imaging range of SD-OCT is inversely
proportional to the camera spectral resolution, the 6-dB sensitivity roll-off imaging range of our
UHR-OCT system is around 1 mm. While this is sufficient for most of the retinal imaging cases
as demonstrated in this study, it might be a substantial barrier to its further clinical adoption
to patients with high myopia with largely curved retina. Moreover, as higher acquisition speed
enables finer transverse spatial sampling of the retina, it leads to a relatively lower SNR. For the
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cooperative patients, the SNR could be increased with lower A-line rate and higher exposure
time with increased incident power within the safety limits. But we still keep a high imaging
speed with a relatively conservative incident power as most of the subjects in our study were
uncooperative pediatric patients. The designed field of view of our system is relatively smaller
compared with some larger FOV systems [32,34]. The FOV could be enlarged by changing the
ocular lens at the end of the probe into wide-field ones. Nevertheless, these ocular lenses typically
have much shorter working distances, increasing the imaging difficulties. Nevertheless, larger
FOV covering peripheral retina would greatly benefit the screening of pediatric diseases like
retinopathy of prematurity ROP [34,48]. Besides, although the operator hand motion and fatigue
has been highly reduced, eye motions from the subject, especially the uncooperative infants, still
affect the system performance. Higher imaging speed, better SNR, advanced scanning protocols
and post-processing algorithms would help to achieve higher imaging quality. Since the retinal
vasculature system offers crucial information for disease diagnosis and evaluation, implementing
OCT angiography technique to our system would benefit in providing not only structural but
also functional vascular images [47]. What is more, while multi-modal system is capable of
providing adequate and comprehensive information [49–51], our system can potentially integrate
other ophthalmic imaging modalities to offer additional information. Our future work would also
include a large scale systematic clinical study, with a larger sample size and healthy controls.
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