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Abstract: To establish complementary information for the diagnosis and evaluation of ocular surface
diseases, we developed a multi-modal, non-invasive optical imaging platform by combining ultra-high
resolution optical coherence tomography (UHR-OCT) with a microvascular imaging system based on
slit-lamp biomicroscopy. Our customized UHR-OCT module achieves an axial resolution of ≈2.9 µm
in corneal tissue with a broadband light source and an A-line acquisition rate of 24 kHz with a line
array CCD camera. The microvascular imaging module has a lateral resolution of 3.5 µm under
maximum magnification of ≈187.5× with an imaging rate of 60 frames/s, which is sufficient to image
the conjunctival vessel network and record the movement trajectory of clusters of red blood cells.
By combining the imaging optical paths of different modules, our customized multi-modal anterior eye
imaging platform is capable of performing real-time cross-sectional UHR-OCT imaging of the anterior
eye, conjunctival vessel network imaging, high-resolution conjunctival blood flow videography,
fluorescein staining and traditional slit-lamp imaging on a single device. With self-developed
software, a conjunctival vessel network image and blood flow videography were further analyzed
to acquire quantitative morphological and hemodynamics parameters, including vessel fractal
dimensions, blood flow velocity and vessel diameters. The ability of our multi-modal anterior eye
imager to provide both structural and functional information for ophthalmic clinical applications was
demonstrated on a healthy human subject and a keratitis patient.
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1. Introduction

The ocular surface is susceptible to infection, inflammation, trauma and other ocular surface
diseases that strongly affect people’s health and quality of life [1–3]. Various clinical symptoms may
exist for most of the ocular surface diseases. For example, mainly caused by the inflammation of the
cornea, keratitis typically manifests as a defect of the corneal epithelium and even stromal infiltration,
which could cause conjunctival vessel dilation, distortion and congestion, and even lead to abnormal
blood vessel growth [4–6]. To establish complementary information for the diagnosis and treatment
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evaluation of ocular surface diseases, different imaging modalities are usually applied in ophthalmic
clinics to provide multi-modal and multi-dimensional images [7,8].

Slit-lamp biomicroscopy (SLB) is the gold standard for routine ophthalmic examinations.
By shining a thin sheet of light into the eye, an in vivo stereoscopic evaluation of the pathological
changes of the cornea, conjunctiva and other anterior segment tissues can be performed by SLB [9].
However, the limited magnification and poor spatial resolution of traditional SLB make it difficult to
visualize more detailed pathological structures and perform accurate biometric measurements [10–12].
Fluorescein stain could stain stroma while leaving the intact epithelium with a specific fluorescein
dye, thereby demarcating the location and area of the epithelial loss in ocular surface diseases, on a
relative macro scale as well [13]. Developed in the 1990s, optical coherence tomography (OCT) has
revolutionized the field of ophthalmology and vision science with its non-contact, non-invasive and
high-resolution nature and become one of the prominent diagnostic tools in offering cross-sectional
tissue imaging [14–16]. Applications of OCT for in vivo human eye imaging have been widely
demonstrated in the literature [17–28]. With ever-improving techniques in broadband light sources,
ultra-high resolution OCT (UHR-OCT) has achieved micron-scale axial resolution [21,22]. UHR-OCT
imaging of the ocular surface can now resolve and even measure the thickness of tear film and the
major structures, such as the individual corneal layers: the epithelium, the Bowman’s membrane,
the Stroma, Descemet’s membrane and the endothelium [23–26], which helps clinicians be better in
the diagnosis and management of ocular surface pathologies and diseases, including keratitis [23,26],
keratoconus [27], ocular surface neoplasia [28], etc.

For ocular surface diseases, apart from the physiological structural changes, the microvascular
system would also change when the eye is inflamed, as inflammatory mediators would induce a series
of vascular changes, including vasodilation, increased permeability and increased blood flow [5,6],
which correlates with the severity of the lesion. Techniques like OCT angiography [29,30] have been
applied to image the vessels of the anterior segment, but they could only provide morphological
information and lack of the function of providing quantitative functional parameters, such as the blood
flow velocity. To measure the blood flow velocity in bulbar conjunctival vessels and also evaluate their
network complexity, our team has developed functional slit-lamp biomicroscopy to achieve conjunctival
vessel network imaging as well as high-resolution conjunctival blood flow videography [10,31].
With customized software, images and videos can be processed to achieve morphological parameters
such as vessel diameter and complexity, as well as functional parameters of blood flow velocity.
These methods have been demonstrated in clinical studies of healthy subjects [32,33] and ocular
surface defects and inflammatory diseases [31,34,35], and proved to be a considerably easier and more
cost-effective alternative to image and evaluate the bulbar conjunctival microvasculature system.

Nowadays, the development trends of ophthalmic imaging modalities are focused on improving
the system resolution and providing functional imaging ability to achieve accurate early diagnosis and
quantitative classification of ophthalmic diseases. While ophthalmic disease diagnoses and treatment
evaluations are typically made based on separate information acquired with more than one technique,
there is also a need for a multi-modal system that is capable of providing adequate and comprehensive
information. Multi-modal systems will not only improve the examination efficiency by reducing
patients’ moving from one examination system to the others, but also reduce the space and equipment
investment. To date, researchers have developed a variety of multi-modal systems to combine the
merits of each imaging modality for human eye imaging [36–45], among which, however, most are
focused on posterior segment imaging [36–40]. Hybrid systems for anterior human eye imaging are
relatively rare: few researches have demonstrated the integration of OCT system into SLB for both
anterior and posterior segment imaging to improve the examination efficiency [41,42]; multi-modal
systems combining OCT and corneal topography have been developed for anterior segment biometry
measurements and applied to eyes with keratoconus [43,44]; a Scheimpflug camera combined with
corneal topography has been used to measure pre/post-refractive surgery eyes [45]. All of these
techniques offer only the structural information.
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In this study, we developed a multi-modal non-invasive anterior eye imaging platform by
combining our customized UHR-OCT and microvascular imaging system based on a functional
slit-lamp biomicroscopy to provide both structural and functional information in ophthalmic clinical
practice. The imaging platform was capable to perform: (1) real-time high-resolution OCT images
of human cornea/conjunctiva with the UHR-OCT module; (2) conjunctival vessel network imaging
and high-resolution conjunctival blood flow videography with the microvascular imaging module;
(3) fluorescein staining and slit-lamp imaging with the SLB module. Customized software was also
installed to achieve quantitative vessel parameters. Experiments were performed on a healthy human
subject and a keratitis patient to demonstrate the feasibility of our multi-modal system.

2. Methods

2.1. Instrumentation

The schematic and photo of our multi-modal anterior eye imager are illustrated in Figure 1.
The system combines three optical imaging modules that were installed on two moveable carts
(Figure 1b). On the imaging cart, the microvascular imaging module is integrated into the SLB module
in a common path optical design with the sample arm of our customized UHR-OCT module adapted
on the top (Figure 1c). The reference arm and the spectrometer of the UHR-OCT module are placed
on the processing cart together with a computer. Components on the two carts are connected with
flexible communication cables and optical fibers to maintain the UHR-OCT stability when adjusting
the imaging cart during patient examination.

The commercialized SLB module (66VisionTech, YZ5, Suzhou, Jiangsu, China) has the basic
slit-lamp examination function. By turning the control dial and adding/removing the diffuser on the
SLB illumination shaper, the SLB illumination light sheet size is adjustable (width: 0–14 mm; length:
1–14 mm) to form the needed thin light sheet or diffused homogeneous illumination. It also offers the
function of fluorescein stain imaging by using cobalt blue light of the SLB light source to generate blue
excitation light with diffused homogeneous illumination. The microvascular imaging module uses
the light source and optical system of the SLB module. Details of the microvascular imaging module
development appeared in an earlier publication from our group [31]. In short, as shown in Figure 1a, a
digital camera (Canon, EOS 60D, Beijing, China) is built into the SLB optics to acquire conjunctival
microvascular network and videography. The camera is attached to the slit-lamp via an inherent
camera port of SLB. A green filter (Thorlabs, FGV9, Newton, NJ, USA) is inserted into the illumination
path to improve the image quality of the conjunctival vessel network and blood flow videography.
The implementation of the camera on the SLB is simple and easy without any modifications or extra
adapters. With the built-in optical magnifications of SLB to 25× (set by a magnification dial on the
SLB) and the 7.5× magnification of the digital camera (set by Canon EOS 60D camera Movie Crop
Function), the total imaging magnification can reach up to ≈187.5×. By imaging a USAF resolution
target under the best magnification, as shown in Figure 2a,b, the element 2 of group 7 was readable,
corresponding to a lateral resolution of 3.5 µm, which is sufficient to image the red blood cell (≈7
µm) in the conjunctival microvasculature. The vessel network imaging should be performed under a
single-shot mode with the autofocus function of the camera. With a movie crop function that uses a
center portion of pixels on the camera chip to perform high-magnification high-speed video recording
at 60 frames per second (fps), the movement of red blood cell (RBC) clusters can be recorded for further
processing to blood flow velocity. With the digital camera, digital images of the subject appearance
and fluorescein stain can also be recorded and displayed on the computer screen in real-time.
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SLD: superluminescent diode, CL: collimator, NF: neutral-density filter, L: lens, G: galvano, TS: 
Figure 1. Schematic and photo of the multi-modal anterior eye imager. (a) Schematic of the system, SLD:
superluminescent diode, CL: collimator, NF: neutral-density filter, L: lens, G: galvano, TS: translational
stage, DG: diffraction grating, LSC: line scanning camera, HM: hot mirror, IS: illumination shaper, BS:
beam splitter, MD: magnification dial, OL: ocular lens. The UHR-OCT beam is depicted in red; the
microvascular imaging module and SLB beam are depicted in green. Black dashed line-framed parts
are installed on the processing cart, while blue dashed line-framed parts are installed on the imaging
cart. (b) Photo of the system and (c) the side-view of the zoom-in area.

Our customized UHR-OCT module is a spectral domain OCT system. It uses a broadband
superluminescent diode (SLD, Superlum, BLM2-D-840-B-10, Moscow, Russia) that is centered at a
wavelength of 840 nm with 100 nm bandwidth. As shown in Figure 1a, after passing an isolator that
is used to protect the light source from back reflections, the light from the source is split into the
sample arm and the reference arm of the OCT interferometry by a 50:50 fiber coupler. In the sample
arm, the OCT light is collimated with a fiber collimator (CL2, Thorlabs, PAF-X-11-B, Newton, NJ,
USA), reflected on the galvanometric x-y scanners (G, Cambridge Technology, 6215H set, Bedford,
MA, USA), and focused by a lens (L2, f = 100 mm, Edmund Optics, NT45-806, Barrington, NJ, USA)
that is installed on a translational stage for focusing adjustment. To integrate the UHR-OCT sample
arm to the SLB module, a 45-degree hot mirror (HM, Edmund Optics, NT64-471, Barrington, NJ,
USA) is installed in front of the SLB imaging port and reflects the focused OCT beam to the human
eye. The power of incident light on the human eye is adjusted to 750µW, below the maximum
permissible exposure dictated by ANSI (American National Standard for Ophthalmics—Light Hazard
Protection for Ophthalmic Instruments) [46]. The light going to the reference arm is collimated by
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a fiber collimator (CL1, Thorlabs, PAF-X-7-B, Newton, NJ, USA), passed through a neutral-density
filter (NF, Thorlabs, NDC-25C-4M, Newton, NJ, USA) for reference signal control and focused on a
mirror by a focusing lens (L1, f = 100 mm, Edmund optics, NT45-806, Barrington, NJ, USA). The optical
pathlength of the reference arm is matched with the sample arm to the focal position. The light
reflected from the eye in the sample arm and the mirror in the reference arm are collected, combined
and sent to the self-built OCT spectrometer. The spectrometer is composed of a collimating lens
(CL3, f = 50 mm, OZ Optics, HPUCO-23AF-830-S-50AC, Ottawa, Canada), a 1200 lines/mm volume
holography transmission grating, an image enlargement lens (L3, f = 180mm, Schneider, PROJ.3.5/180,
Bad Kreuznach, Germany) and a line array CCD camera (LSC, E2V, Aviiva SM2, San Jose, CA, USA).
The spectrum of the interference signal is acquired with a maximum speed of 24,000 A-lines per second,
transferred using the image acquisition board (National Instruments, PCIe-1428, Austin, TX, USA)
and processed by our self-developed LabVIEW program running on a computer with Windows 10.
Figure 2c shows the measured spectrum of the light source in our system. By imaging a mirror, the axial
resolution of our UHR-OCT module was measured to be ≈4µm in the air (Figure 2d), corresponding to
≈2.9 µm in corneal tissue with a refractive index of 1.38 [47]. The scanning range is adjustable up to
12 mm on the ocular surface of the human subject.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 12 

grating, an image enlargement lens (L3, f = 180mm, Schneider, PROJ.3.5/180, Bad Kreuznach, 
Germany) and a line array CCD camera (LSC, E2V, Aviiva SM2, San Jose, CA, United States). The 
spectrum of the interference signal is acquired with a maximum speed of 24,000 A-lines per second, 
transferred using the image acquisition board (National Instruments, PCIe-1428, Austin, TX, United 
States) and processed by our self-developed LabVIEW program running on a computer with 
Windows 10. Figure 2 (c) shows the measured spectrum of the light source in our system. By imaging 
a mirror, the axial resolution of our UHR-OCT module was measured to be ≈4μm in the air (Figure 2 
(d)), corresponding to ≈2.9μm in corneal tissue with a refractive index of 1.38 [47]. The scanning range 
is adjustable up to 12 mm on the ocular surface of the human subject. 

A head-rest is installed on the imaging cart table for its forehead and chin rests for the subjects 
during imaging, to minimize head movements. A fixation light is used as an external fixation target 
to guide the non-examined eye of the subject, thereby reducing eye movements during image 
acquisition and changing the imaging position for OCT and microvascular imaging. The entire 
optical parts on the imaging cart can be adjusted in three dimensions with the slide way of the SLB 
module and the table lift for imaging convenience. 

 

Figure 2. System performance characterization. (a) Representative image of the microvascular 
imaging module imaging a USAF resolution target with the highest magnification of 187.5x. (b) 
Zoom-in area of the red box area in (a), showing that element 2 of group 7 was readable, 
corresponding to a lateral resolution of 3.5 μm. (c) Measured light source spectrum of the UHR-OCT 
system. (d) Measured axial point spread function (PSF) of the UHR-OCT system by imaging a mirror 
in air. 

2.2. Microvascular Imaging Algorithms 

With the conjunctival vessel network images and blood flow video acquired by the 
microvascular imaging module, we further applied imaging algorithms to extract both the 
quantitative morphological and functional parameters. Details of the development of the customized 
software could refer to our former publications [31,32]. In brief, for conjunctival vessel network 
image, image quality is first improved by applying adaptive histogram equalization and further 
enhanced by subtracting the background image. The enhanced image is then converted into a binary 

Figure 2. System performance characterization. (a) Representative image of the microvascular imaging
module imaging a USAF resolution target with the highest magnification of 187.5x. (b) Zoom-in area
of the red box area in (a), showing that element 2 of group 7 was readable, corresponding to a lateral
resolution of 3.5 µm. (c) Measured light source spectrum of the UHR-OCT system. (d) Measured axial
point spread function (PSF) of the UHR-OCT system by imaging a mirror in air.

A head-rest is installed on the imaging cart table for its forehead and chin rests for the subjects
during imaging, to minimize head movements. A fixation light is used as an external fixation target to
guide the non-examined eye of the subject, thereby reducing eye movements during image acquisition
and changing the imaging position for OCT and microvascular imaging. The entire optical parts on
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the imaging cart can be adjusted in three dimensions with the slide way of the SLB module and the
table lift for imaging convenience.

2.2. Microvascular Imaging Algorithms

With the conjunctival vessel network images and blood flow video acquired by the microvascular
imaging module, we further applied imaging algorithms to extract both the quantitative morphological
and functional parameters. Details of the development of the customized software could refer to
our former publications [31,32]. In brief, for conjunctival vessel network image, image quality is
first improved by applying adaptive histogram equalization and further enhanced by subtracting the
background image. The enhanced image is then converted into a binary image and a skeletonization
algorithm is applied to get the vessel network skeleton. Qualitative analysis of the vessel skeleton
image is finally demonstrated to calculate the fractal dimension complex degree and extract the fractal
dimensions mono-fractal (Dbox) and multi-fractal (D0) values that can be used to evaluate vessel
density and complexity. For conjunctival blood flow videography, based on space-time images on
the bulbar conjunctiva, a motion correction algorithm is first applied to compensate the eye motion
and get the registered images. After the enhancement and segmentation of vessel images, the average
image from multiple frames is used for the vessel diameter measurement by calculating the full-width
at half-maximum (FWHM) of the vessel signal profile. By analyzing the movement of red blood
cell clusters and the space between clusters, quantitative conjunctival hemodynamics parameters,
including axial blood flow velocity (Va, mm/s), cross-sectional blood flow velocity (Vs, mm/s) and
vessel diameter (D, µm) are obtained and the blood flow rate (Q, pl/s) is calculated by multiplying
the cross-sectional blood flow velocity Vs with the cross-sectional area (A, µm2) (assuming a circular
cross-section) [48].

3. Experiments and Results

To verify the performance of the multi-modal anterior eye imager, experiments were demonstrated
on both a healthy subject and a keratitis patient. Before the experiments, informed consent was
obtained for the subjects, and the experimental procedures adhered to the tenets of the Declaration
of Helsinki. During the imaging procedures, the head of the subject was pressed on the head-rest.
The subject was advised to look into the external target with the non-examined eye and avoid blinking
within the recording periods. For each subject, a normal SLB examination was performed at first.
UHR-OCT imaging and microvascular imaging were then performed sequentially on the central
cornea/corneal lesion area and the bulbar conjunctiva area by changing the fixation target location.
Fluorescein staining imaging of SLB was performed on the keratitis patient at last. With a well-trained
operator and a cooperative subject, the total examination time would be around 15 min, including
the imaging time and system adjusting time for all the imaging modes of SLB examination (5 min),
UHR-OCT imaging (2 min), microvascular imaging (5 min) and fluorescein staining imaging (3 min).

In the experiments demonstrated in this paper, 20 UHR-OCT images were recorded at a scan rate
of 24,000 A-scans/s, corresponding to 12 frames/s with 2048 A-scans to form a cross-sectional image
with a scanning range of 6 mm, costing around 2 s. For microvascular imaging, a bulbar conjunctival
vessel network image was taken for vessel fractal analysis under the single-shot mode of the camera
by setting the SLB magnification set to 16×, corresponding to an imaging field of view of ≈18 × 12
mm2 with an image size of 5184 × 3456 pixels. Then, under the Movie Crop function of the camera,
bulbar conjunctival blood flow video clips were taken for hemodynamic analysis at a speed of 60
frames/s. With the SLB magnification set to 25 × and 60D camera telephoto effect magnification of 7.5×,
the imaging field of view is ≈1.15 × 0.86 mm2 with an image size of 640 × 480 pixels. For averaging
purposes, five video clips on the temporal bulbar conjunctiva of one subject were needed to record
from multiple locations for 1–2 s on each imaging location. Acquired images and video clips were then
processed by our customized software to get the final results.
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3.1. Healthy Subject

Figure 3 shows the experimental results acquired by our multi-modal anterior imager on the
health subject. Figure 3b shows the UHR-OCT image of the healthy cornea. The best focus of the
sample arm was set in the middle of the cornea, so the full cornea could be imaged with the highest
sensitivity. In the zoom-in area of the UHR-OCT image (Figure 3c), major layer structures of the cornea,
such as the epithelium layer (EP), Bowman’s layer (BL), stroma (ST) and endothelium layer (ED), are
clearly seen. Figure 3d is the single-shot image of the conjunctival vessel network of the healthy subject.
Figure 3e,f shows the segmented and skeletonized vessel network processed from Figure 3d with our
customized software. The fractal dimensions of the microvascular network of the healthy subject were
calculated to be: mono-fractal Dbox = 1.51 and multi-fractal D0 = 1.52. Figure 3g is a stilled conjunctival
vessel image captured from one representative conjunctival blood flow video clip recorded on the
healthy subject. From the zoom-in area shown in Figure 3h, clusters of red blood cells are visible.
The registered video clip (Video s1) shows clearly, the movement trajectories of red blood cells, which
were used by the software to calculate the hemodynamic results. The calculated quantitative results of
the healthy subject are: mean vessel diameter D = 17.84 ± 1.52 µm, cross-sectional area = 251.40 ±
44.43µm2, axial blood flow velocity Va = 0.26 ± 0.07 mm/s, cross-sectional blood flow velocity Vs =

0.18 ± 0.05 mm/s and blood flow rate Q = 61.82 ± 22.29 pl/s.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 12 

video clip recorded on the healthy subject. From the zoom-in area shown in Figure 3 (h), clusters of 
red blood cells are visible. The registered video clip (Video s1) shows clearly, the movement 
trajectories of red blood cells, which were used by the software to calculate the hemodynamic results. 
The calculated quantitative results of the healthy subject are: mean vessel diameter D = 17.84 ± 1.52 
μm, cross-sectional area = 251.40 ± 44.43μm2, axial blood flow velocity Va = 0.26 ± 0.07 mm/s, cross-
sectional blood flow velocity Vs = 0.18 ± 0.05 mm/s and blood flow rate Q = 61.82 ± 22.29 pl/s.  

 

Figure 3. Experimental results on the healthy subject with the multi-modal anterior eye imager. (a) 
Appearance image of the healthy subject’s eye; the blue dashed line indicates the UHR-OCT scanning 
position. (b) UHR-OCT image of the health cornea and (c) the zoom-in area showing clear corneal 
layer structures. EP: epithelium layer, BL: Bowman’s layer, ST: stroma, ED: endothelium layer. (d) 
The bulbar conjunctival vessel network image of the healthy subject; the yellow box indicates the 
location where the representative video clip (Video s1) was taken. (e) The segmented vessel network 
image and (f) the skeletonized vessel network image of the selected region (green box) in (e). (g) A 
representative conjunctival vessel image captured from the bulbar conjunctival blood flow video clip 
(Video s1). (h) Zoom-in area of (g) showing the resolved clusters of red blood cells (red arrows). 

3.2. Keratitis Patient 

Figure 4 shows the experimental results acquired by our multi-modal anterior imager on the 
keratitis patient. An inflamed lesion can be clearly observed on the appearance image (Figure 4 (a)). 
As shown in the UHR-OCT image (Figure 4 (b,c)), the inflamed corneal lesion presents as highly 
reflective structures in the central region close to the apex of the cornea; the defects of the cornea are 
clearly visible with violation of the epithelium and Bowman’s layer until the anterior stroma. Figure 
4 (d-f) shows the single-shot image of the conjunctival vessel network of the keratitis patient and the 
segmented and skeletonized vessel network processed with our customized software. The fractal 
dimensions of the microvascular network of the keratitis patient were calculated to be: mono-fractal 
Dbox = 1.59 and multi-fractal D0 = 1.76. Figure 4 (g,h) is a stilled conjunctival vessel image captured 
from one representative conjunctival blood flow video clip of the keratitis patient (Video s2), and the 
zoom-in area shows resolved clusters of red blood cells. Processed by the software, the calculated 
quantitative hemodynamic results of the keratitis patient are: mean vessel diameter D = 23.12 ± 1.00 
μm, cross-sectional area = 419.68 ± 37.00μm2, axial blood flow velocity Va = 0.27 ± 0.06 mm/s, cross-
sectional blood flow velocity Vs = 0.18 ± 0.06 mm/s and blood flow rate Q = 119.3 ± 42.17 pl/s. Figure 

Figure 3. Experimental results on the healthy subject with the multi-modal anterior eye imager.
(a) Appearance image of the healthy subject’s eye; the blue dashed line indicates the UHR-OCT
scanning position. (b) UHR-OCT image of the health cornea and (c) the zoom-in area showing clear
corneal layer structures. EP: epithelium layer, BL: Bowman’s layer, ST: stroma, ED: endothelium layer.
(d) The bulbar conjunctival vessel network image of the healthy subject; the yellow box indicates the
location where the representative video clip (Video s1) was taken. (e) The segmented vessel network
image and (f) the skeletonized vessel network image of the selected region (green box) in (e). (g) A
representative conjunctival vessel image captured from the bulbar conjunctival blood flow video clip
(Video s1). (h) Zoom-in area of (g) showing the resolved clusters of red blood cells (red arrows).
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3.2. Keratitis Patient

Figure 4 shows the experimental results acquired by our multi-modal anterior imager on the
keratitis patient. An inflamed lesion can be clearly observed on the appearance image (Figure 4a).
As shown in the UHR-OCT image (Figure 4b,c), the inflamed corneal lesion presents as highly reflective
structures in the central region close to the apex of the cornea; the defects of the cornea are clearly visible
with violation of the epithelium and Bowman’s layer until the anterior stroma. Figure 4d–f shows
the single-shot image of the conjunctival vessel network of the keratitis patient and the segmented
and skeletonized vessel network processed with our customized software. The fractal dimensions
of the microvascular network of the keratitis patient were calculated to be: mono-fractal Dbox =

1.59 and multi-fractal D0 = 1.76. Figure 4g,h is a stilled conjunctival vessel image captured from
one representative conjunctival blood flow video clip of the keratitis patient (Video s2), and the
zoom-in area shows resolved clusters of red blood cells. Processed by the software, the calculated
quantitative hemodynamic results of the keratitis patient are: mean vessel diameter D = 23.12 ±
1.00 µm, cross-sectional area = 419.68 ± 37.00µm2, axial blood flow velocity Va = 0.27 ± 0.06 mm/s,
cross-sectional blood flow velocity Vs = 0.18 ± 0.06 mm/s and blood flow rate Q = 119.3 ± 42.17 pl/s.
Figure 4i is the fluorescein stain image of the keratitis patient highlighting the inflamed lesion location,
size and boundary on the ocular surface.
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blood flow video clip (Video s2). (h) Zoom-in area of (g) showing resolved clusters of red blood cells
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Table 1 shows the comparison of the obtained quantitative morphological and hemodynamic
parameters from the healthy subject and keratitis patient. In general, the conjunctival vessel
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hemodynamics and fractal dimension values were in agreement with previous studies [31–35],
which validates the performance of our system. The mono-fractal Dbox and multi-fractal D0 of the
keratitis patient are both higher than the healthy subject, indicating an increase of both vessel density
and complexity. Although the blood flow velocity shows no obvious difference between the keratitis
and healthy subject, the mean vessel diameter of the keratitis patient is much larger compared with
that of the healthy subject, resulting in a higher flow rate of the bulbar conjunctival vessels in the
keratitis patient [5,6].

Table 1. Comparison of the quantitative vessel parameters of the healthy and keratitis patient.

Mono-fractal
Dbox

Multi-fractal
D0

Mean
Diameter
D (µm)

Cross-sectional
Area

A(um2)

Axial Velocity
Va (mm/s)

Cross-sectional
Velocity

Vs (mm/s)

Flow Rate
Q(pl/s)

Healthy
Subject 1.51 1.52 17.84 ± 1.52 251.40 ± 44.43 0.26 ± 0.07 0.18 ± 0.05 61.82 ± 22.29

Keratitis
patient 1.59 1.76 23.12 ± 1.00 419.68 ± 37.00 0.27 ± 0.06 0.18 ± 0.06 119.3 ± 42.17

4. Discussion and Conclusions

Here, we developed a non-invasive multi-modal imaging platform capable of doing both structural
and functional imaging of the anterior eye by combining a customized UHR-OCT module and a
microvascular imaging module on a traditional slit-lamp microscopy system for the first time. An axial
resolution of ≈ 2.9 µm in corneal tissue was achieved by the UHR-OCT module for high-resolution
corneal structure imaging. The microvascular imaging module had a lateral resolution of 3.5 µm with
magnification up to ≈ 187.5×, resolving the conjunctival microvasculature and the moving clusters of
red blood cells. With the multi-modal anterior eye imager, a high-resolution cross-sectional OCT image,
a conjunctival vessel network image, conjunctival blood flow videography, a fluorescein staining
image and a normal SLB image of in vivo human anterior eye could be achieved within 20 min by a
well-trained examiner—much more efficient than the current examination scheme by different imaging
modalities in ophthalmic clinics. We have successfully demonstrated the system’s feasibility by
providing multi-modal information to show its potential for ophthalmic clinical application by imaging
a healthy subject and a keratitis patient. With customized software, quantitative morphological and
homodynamic vessel parameters were further obtained. Preliminary differences in the vessel density,
complexity, vessel diameter and blood flow rate between the healthy subject and the keratitis patient
were recognized which were consistent with clinical manifestations of vessel dilation, distortion and
increased blood flow after inflammation [5,6].

Based on our literature searching, though various multi-modal ophthalmic imaging systems have
been demonstrated for human eye imaging, only a few have been developed for the anterior segment.
The integration of OCT with SLB conducted by both Stehouwer et al. [41] and Mueller et al. [42] can
image both anterior and posterior segments more efficiently but only provides structural images.
Other groups have applied the combinations of OCT [43,44] or a Scheimpflug camera [45] and corneal
topography with a focus only on the anterior segment biometry measurements. Compared with current
ophthalmic imaging modalities, our self-developed multi-modal anterior eye imager not only offers
precise structural information with the UHR-OCT module, but also provides functional information of
bulbar conjunctival vessels through the microvascular imaging module. With the multi-modal and
multi-dimensional information, our system would potentially help ophthalmologists to achieve more
comprehensive evaluations, and more accurate diagnoses and quantitative classifications of anterior
eye diseases.

Future work on system improvement will be focused on increasing the UHR-OCT imaging
speed to achieve three-dimensional imaging in real-time. As the morphological and hemodynamic
parameters of the bulbar conjunctival vessels could potentially be used to access the status of ocular
surface diseases, large scale clinical studies will need to be conducted to comprehensively characterize
the relations between these quantitative parameters of human bulbar conjunctival microvasculature
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and differences of ocular diseases. What is more, while artificial intelligence has been recognized
to be so promising in ophthalmic disease diagnosis with different ophthalmic images [49–51], our
multi-modal system can potentially offer a technical basis for providing complementary images for
multimodal artificial intelligence applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/7/2545/s1.
Video s1: The registered bulbar conjunctival blood flow video clip taken at a frame rate of 60Hz with 640 × 480
pixels from the healthy subject. Video s2: The registered bulbar conjunctival blood flow video clip taken at a frame
rate of 60Hz with 640 × 480 pixels from the keratitis patient.
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in retina. Prog. Retin. Eye Res. 2018, 67, 1–29. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1364/OE.18.011607
http://dx.doi.org/10.1364/BOE.8.000193
http://dx.doi.org/10.1117/1.JBO.17.6.061206
http://dx.doi.org/10.1364/BOE.5.000439
http://dx.doi.org/10.1364/BOE.6.002191
http://dx.doi.org/10.1038/eye.2009.269
http://dx.doi.org/10.3109/02713683.2010.481069
http://www.ncbi.nlm.nih.gov/pubmed/20673049
http://dx.doi.org/10.1038/s41598-020-57926-7
http://www.ncbi.nlm.nih.gov/pubmed/31980662
http://dx.doi.org/10.3928/1081597X-20140120-02
http://www.ncbi.nlm.nih.gov/pubmed/24763472
http://dx.doi.org/10.1016/j.jcrs.2011.04.033
http://www.ncbi.nlm.nih.gov/pubmed/21852068
http://dx.doi.org/10.1111/ceo.13381
http://dx.doi.org/10.1136/bjophthalmol-2018-313173
http://dx.doi.org/10.1016/j.preteyeres.2018.07.004
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Instrumentation 
	Microvascular Imaging Algorithms 

	Experiments and Results 
	Healthy Subject 
	Keratitis Patient 

	Discussion and Conclusions 
	References

