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Abstract
A portable, low cost, widefield fundus camera is essential for developing affordable tele-

ophthalmology. However, conventional trans-pupillary illumination used in traditional

fundus cameras limits the field of view (FOV) in a snapshot image, and frequently requires

pharmacologically pupillary dilation for reliable examination of eye conditions. This minire-

view summarizes recent developments in alternative illumination approaches for widefield

fundus photography. Miniaturized indirect illumination has been used to enable compact

design for developing low cost, portable, widefield fundus camera. Contact mode trans-

pars-planar illumination has been validated for ultra-widefield fundus imaging of infant eyes.

Contact-free trans-pars-planar illumination has been explored for widefield imaging of adult eyes. Trans-palpebral illumination has

been also demonstrated in a smartphone-based widefield fundus imager to foster affordable teleophthalmology.
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Introduction

As a posterior layer of the eye, the retina consists of a neuro-
vascular complex to capture light, convert photon energy to
bio-electronic activation, and to initiate visual signal proc-
essing. Major eye conditions, including diabetic retinopa-
thy (DR), glaucoma, age-related macular degeneration
(AMD), etc., can cause chorioretinal dysfunctions. Fundus
examination of the chorioretinal complex is important for
eye disease detection, progression monitoring, and treat-
ment outcome evaluation. Because anterior segment of
the eye is optically transparent, multiple optical imaging
modalities, such as fundus camera, scanning laser ophthal-
moscope (SLO), optical coherent tomography (OCT) and
OCT angiography (OCTA) systems, have been developed
for clinical detection and management of eye diseases.
Different imaging modalities have different merits and lim-
itations for clinical applications. For example, SLO and
OCT can provide enhanced image contrast and resolution,
compared to traditional fundus camera. However, color

fundus camera is relatively simple and costly effective, par-
ticularly for screening purpose of eye diseases.1,2

There have been active efforts to develop portable hand-
held3,4 or smartphone5–7 fundus cameras for pursuing afford-
able teleophthalmology. The portable imagers have been
successfully demonstrated for DR screening,5,8 optic nerve
evaluation,9,10 and retinopathy of prematurity (ROP) assess-
ment,11 etc. However, one potential concern is the small field
of view (FOV) in these systems, which may affect the perfor-
mance of teleophthalmology. In principle, diagnosticmarkers
such as microaneurysms for DR detection or neurovascular
markers for ROP assessment can exist at both the central and
peripheral parts of the eye fundus. Therefore, widefield
fundus assessment is essential for prompt detection and clin-
ical management of DR,12,13 ROP,14,15 sickle cell retinopathy
(SCR),16,17 and other eye conditions which can cause chorior-
etinal abnormalities at both central and peripheral parts of
the fundus. However, it is technically difficult to develop
widefield fundus camera. Traditional fundus cameras,
including the portable imaging devices, have field of view
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(FOV), typically limited at 30� or 45� visual angle in a snap-
shot image. In order to provide reliable fundus evaluation,
mydriatic ETDRS 7-field testing protocol has been developed
for DR detection.18 The traditional mydriatic ETDRS 7-field
photography requires pharmacologically pupillary dilation
and careful image registration to provide montage image.
For telemedicine, particularly in rural or underserved area,
one widefield nonmydriatic fundus camera, which can cover
both central and peripheral retinal region required for the
screening purpose in a single snapshot image, is desirable.
In this article, we will summarize the technical challenges
and potential solutions of developing one widefield fundus
camera to meet the need of affordable telemedicine. Before
addressing the details of fundus camera systems, the rela-
tionship of visual-angle and eye-angle will be explained.

Visual-angle and eye-angle for FOV
quantification

Visual-angle degree is the conventional unit for FOV quan-
tification in fundus imaging. Recently, eye-angle degree has
been used as the unit in emerging widefield fundus imag-
ing devices, such as Optos and RetCam systems. The mixed
usages of visual-angle hv and eye-angle he units have cre-
ated confusions for FOV quantification in imaging system
design and clinical outcome interpretation. Precise conver-
sion between the hv and he requires two parameters, i.e. the
location of the nodal point and the radius of the eyeball.19

Figure 1(a) illustrates the eye model to represent average
values of human eye.20–22 Figure 1(b) verifies that the pos-
terior surface of the crystalline lens as the nodal point of the
ocular optics. Figure 1(c) shows the geometric correlation of
the visual-angle hv and eye-angle he. To simplify the discus-
sion, the half visual-angle hv0 and half eye-angle he0,

corresponding to the half space above the optical axis in
Figure 1(c), are illustrated. The same correlation is applica-
ble to another half space below the optical axis. Therefore,
the full space FOV value is twofold of the half space values
in Figure 1(c), i.e. hv¼ 2hv0 and he¼ 2he0. Based on the opti-
cal parameters in Figure 1(a) and geometric relationship in
Figure 1(c), the correlation between the visual-angle hv and
eye-angle he can be quantified as follows19

he ¼ hv þ 2sin�1 0:51sinðhv=2ÞÞð (1)

According to equation (1), Figure 1(d) depicts the visual-
angle hv versus eye-angle he graph. In Figure 1(e), the con-
version ratio he/hv can be used to convert the traditional
visual-angle hv into eye-angle he. As shown in Figure 1(e),
the FOV conversion ratio he/hv is not linear from the central
to peripheral fields. For central part, e.g. FOV <75� visual-
angle, it is reasonable to use the conversion ratio he/hv �1.5
for eye-angle conversion. In contrary, the conversion factor
gradually decreases with enlarged FOV, up to 1.34 for l80�

visual-angle. The angular conversion ratio Dhe/Dhv is also
included in Figure 1(e) to confirm the nonlinear change of
angular relationship. At the central part, 1.0� visual-angle is
corresponding to 1.51� eye-angle. In contrary, 1.0� visual-
angle increment is corresponding to 1.0� eye-angle change
at the far peripheral region.

Technical difficulties of constructing
widefield fundus camera

The most challenging factor for widefield fundus imaging
is how to provide efficient illumination to the back of the
eye. Trans-pupillary illumination, delivering the light

Figure 1. (a) Geometric illustration and major parameters of the eye model. (b) Ray tracing simulation. (c) Illustration of the relationship between the visual-angle and

eye-angle. (d) FOV conversion ratio he=hv . (e) Angular conversion ratio Dhe=Dhv at different visual fields. Modified with permission from Yao et al.19 (A color version of

this figure is available in the online journal.)
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through the pupil (Figure 2), has been employed in conven-
tional fundus cameras. As shown in Figure 2(a), a ring-
shaped light pattern, corresponding to the peripheral
region of the available pupil, is designed for
trans-pupillary illumination. According to the
Gullstrand-Principle,25 the pupil regions used as illumina-
tion window, i.e. for delivering illumination light, and
observation window, i.e. for collecting imaging light,
should be separated from each other. In fact, these illumi-
nation and observation pathways should overlap at neither
the cornea nor the first surface of crystalline lens (Figure 2
(a)). Otherwise, the reflectance artifact from these surfaces
can be hundreds of times stronger than the interested scat-
tering light from the fundus of the eye. In order to minimize
the potential reflectance artifact, a certain buffer range
between the illumination and observation (i.e. imaging)
windows at the pupil plane should be considered (Figure
2(a2)). In order to separate the illumination and imaging/
observation windows, a popular design is to deliver the
ring-shaped illumination through the peripheral region of
a hollow mirror, with the transparent hole at the central
region for collecting imaging light (Figure 2(b)). In order
to ensure the fundus region illuminated corresponding to
the same area covered by the camera sensor, a tradeoff
between the pupil regions used for light illumination and
imaging observation should be carefully designed.
Therefore, a traditional fundus camera has a typical FOV
range within 30� (Figure 3(a))—45� visual-angle.27 Careful
optical design and delicate system construction are needed
to provide mandatory tradeoff of the available pupillary
regions used for illumination light delivery and imaging
light collection, increasing the instrument complexity and
device cost of the fundus camera.

In principle, the fundus camera can be rotated relative to
the axis of the eye to image different retinal regions, and
thus to expand the effective FOV for comprehensive exam-
ination. The variable field examination requires necessary

pupil size for effective light illumination and imaging.
Therefore, mydriatic ETDRS 7-field imaging protocol has
been developed for DR assessment18 (Figure 3(b)). The tra-
ditional mydriatic ETDRS 7-field recording requires a
skilled operator for pharmacologically pupillary dilation
and careful image registration to produce montage image.

Figure 2. (a) Schematic diagram of ring-shaped trans-pupillary illumination. Side (a1) and front (a2) view illustrations of the pupillary regions for delivering illumination

light and collecting imaging light. The ring-shaped illumination pattern corresponds to the periphery part of the pupil, and imaging light is collected through the

observation window at the center of the pupil. Reprinted with permission from Toslak et al.23 (b) Fundus camera system diagram with ring-shaped illumination design.

Reprinted with permission from DeHoog et al.24

Figure 3. (a) Representative fundus image with a 30� visual-angle FOV. (b)

Montage image from the same patient in Figure 3(a) using ETDRS 7-field fundus

photography. Images (a) and (b) reprinted with permission from Salz et al.18 (c)

Representative widefield image. Retinal hemorrhage and/or microaneurysm (H/

Ma) distributions were annotated on the image. A standardized ETDRS 7-field

grid overlay was used to identify the location of the H/Mas. Reprinted from Silva

et al.26 (A color version of this figure is available in the online journal.)
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through the pupil (Figure 2), has been employed in conven-
tional fundus cameras. As shown in Figure 2(a), a ring-
shaped light pattern, corresponding to the peripheral
region of the available pupil, is designed for
trans-pupillary illumination. According to the
Gullstrand-Principle,25 the pupil regions used as illumina-
tion window, i.e. for delivering illumination light, and
observation window, i.e. for collecting imaging light,
should be separated from each other. In fact, these illumi-
nation and observation pathways should overlap at neither
the cornea nor the first surface of crystalline lens (Figure 2
(a)). Otherwise, the reflectance artifact from these surfaces
can be hundreds of times stronger than the interested scat-
tering light from the fundus of the eye. In order to minimize
the potential reflectance artifact, a certain buffer range
between the illumination and observation (i.e. imaging)
windows at the pupil plane should be considered (Figure
2(a2)). In order to separate the illumination and imaging/
observation windows, a popular design is to deliver the
ring-shaped illumination through the peripheral region of
a hollow mirror, with the transparent hole at the central
region for collecting imaging light (Figure 2(b)). In order
to ensure the fundus region illuminated corresponding to
the same area covered by the camera sensor, a tradeoff
between the pupil regions used for light illumination and
imaging observation should be carefully designed.
Therefore, a traditional fundus camera has a typical FOV
range within 30� (Figure 3(a))—45� visual-angle.27 Careful
optical design and delicate system construction are needed
to provide mandatory tradeoff of the available pupillary
regions used for illumination light delivery and imaging
light collection, increasing the instrument complexity and
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thus to expand the effective FOV for comprehensive exam-
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Figure 3. (a) Representative fundus image with a 30� visual-angle FOV. (b)

Montage image from the same patient in Figure 3(a) using ETDRS 7-field fundus

photography. Images (a) and (b) reprinted with permission from Salz et al.18 (c)

Representative widefield image. Retinal hemorrhage and/or microaneurysm (H/

Ma) distributions were annotated on the image. A standardized ETDRS 7-field
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Ultra-widefield scanning laser ophthalmoscopy (SLO),
such as Optos (Figure 3(c)), has been also validated to
expand the FOV for better fundus examination.28,29 By
using two or more lasers with different wavelengths, it is
feasible to produce color fundus SLO. However,
a dedicated scanning device must be involved. The expen-
sive device cost and professional skills required for system
maintenance and operation limit its access to rural or
underserved areas for telemedicine.

Miniaturized indirect illumination

Miniaturized indirect illumination has been demonstrated
to validate smartphone based widefield fundus camera30

(Figure 4). Figure 4(a) illustrates the indirect illumination
pattern, and Figure 4(b) shows the simplified imaging
system. There are two unique differences to differentiate
the miniaturized indirect illumination system from the
optical design used in conventional fundus cameras.

First, instead of using a ring-shaped illumination in con-
ventional fundus camera (Figure 2), a single-spot of the
pupil plane is used for indirect illumination of the fundus
(Figure 4(a)). For the single-spot illumination in Figure 4(a),
roughly a half of the pupil size is required to provide the
same buffer range as required in ring-shaped illumination
(Figure 2(a)) to minimize the reflectance artifact. Therefore,
the FOV of the fundus camera can be readily enhanced, if
the same pupil size is available.

Second, the indirect ophthalmoscopy illumination is
direly implemented using a miniaturized light source
nearby the camera lens (Figure 4(b)). Therefore, the optics
in the illumination arm and the hollowmirror in Figure 2(b)
is no longer needed, and the imaging system can be
simplified significantly to enable a compact design
(Figure 4(c)).

In Figure 4(b), the retinal image plane (dashed vertical
line RI in Figure 4(b)) is between the lens L1 and lens L2.
The retinal image RI is further imaged to the smartphone
camera via the lens L2. Using the smartphone fundus
camera, a 92� snapshot FOV has been demonstrated.30

With pharmacological pupillary dilation, the smartphone
fundus camera can provide real-time video mode to
foster easy involvement of skilled ophthalmologists
remotely.30 Montage image processing can further increase
the effective FOV for comprehensive eye examination
(Figure 5(d)).

In cooperation with a near infrared light guidance for
retinal focusing, the miniaturized indirect ophthalmology
illumination has been also demonstrated for nonmydriatic
fundus photography,23 with snapshot FOV up to 101� eye-
angle (Figure 6).

Trans-scleral illumination

Trans-scleral illumination provides one alternative
approach to conduct ultra-widefield fundus imaging exam-
ination. Instead of delivering illumination light through the
pupil in conventional trans-pupillary illumination, trans-
scleral illumination delivers the light from the sclera, i.e. a
region different from the pupil (Figure 7(a1)). By freeing the
available pupil for recording imaging light only, trans-
scleral illumination can readily increase the snapshot
FOV for widefield fundus photography.

As shown in Figure 7, the trans-scleral illumination
based Panoret-1000TM can capture the retinal image cov-
ered from the optic disc to the far peripheral region
(Figure 7(b)). However, the Panoret-1000TM is commer-
cially discontinued. The Panoret-1000TM might fail due
to (1) the bulky design and expensive cost, (2) complica-
tion of contact-mode imaging: direct contact of the

Figure 4. (a) Schematic diagram of miniaturized indirect illumination. Reprinted with permission from Toslak et al.23 (b) Optical layout of a fundus camera with

miniaturized indirect illumination; (c) Representative photographs of a smartphone-based fundus camera with miniaturized indirect illumination. (b) and (c) Reprinted

with permission from Toslak et al.30(A color version of this figure is available in the online journal.)
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illuminator and image probe to the eyeball is not favor-
able and careful sterilization is required to minimize
cross-contamination, and (3) difficulty of obtaining
good retinal images: the illumination efficiency and
image quality are highly dependent on the scleral loca-
tion for light delivery.

Trans-palpebral illumination

Trans-palpebral illumination has been demonstrated as one
alternative to the trans-scleral illumination for widefield
fundus photography.33 Instead of directly contacting the
illuminator to the sclera in trans-scleral illumination, the

Figure 5. (a) to (c) Representative snapshot fundus images with the fundus camera in (d) Montage processing of snapshot images shown in Figure 5(a) to (c). (e)

Comparative fundus image from the same subject acquired with a clinical device (Cirrus Photo 800, Zeiss) with 45� visual-angle (67.5� eye-angle) FOV. (f) Comparative

illustration of Figure 5(c) and (e). Reprinted with permission from Toslak et al.30(A color version of this figure is available in the online journal.)

Figure 6. (a) Optical layout (a1) and photograph (a2) of the miniaturized indirect illumination-based fundus camera. (b) Comparative imaging with the prototype device

(b1) and a commercial fundus camera (b2). (c) FOV comparison of the images (b1) and (b2) from the same subject. Modified with permission from Toslak et al.23(A color

version of this figure is available in the online journal.)
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Figure 7. (a) Schematic diagram of trans-scleral illumination (a1) used in Panoret-1000TM (a2). (b) Representative fundus images of eyes with DR (b1) and sclero-

choroidal calcification (b2) employing trans-scleral illumination. Image a2 reprinted from reference.31 (b1) and (b2) reprinted from Shields et al.32(A color version of this

figure is available in the online journal.)

Figure 8. (a) Schematic illustration of trans-palpebral illumination. (b) Optical layout and photograph of the smartphone fundus camera with trans-palpebral illumi-

nation. (c) Representative color fundus (c1) and green channel (c2) images taken with smartphone fundus camera using trans-palpebral illumination. Modified with

permission from Toslak et al.33(A color version of this figure is available in the online journal.)

Figure 9. Representative images acquired with trans-palpebral illumination from the (a) posterior, (b) center, and (c) anterior of the pars plana. Reprinted with

permission from Toslak et al.33(A color version of this figure is available in the online journal.)

6 Experimental Biology and Medicine Volume 246 2021
...............................................................................................................................................................

trans-palpebral illuminator delivers the light through
the eyelid. Moreover, the smartphone fundus camera is
for contact-free imaging, compared to the contact-mode
imager in Figure 7. Without direct contact of the illuminator
and imager to the eyeball, the trans-palpebral illumination-
based smartphone fundus camera promises a simple solu-
tion to achieve affordable widefield imaging. Figure
8 shows representative fundus imaging with a 152� eye-
angle FOV in a snapshot image.34 Figure 9 shows represen-
tative images acquired with illumination light delivered
from the (a) posterior, (b) center, and (c) anterior of the
pars plana.

Trans-pars-planar illumination

As shown in Figure 9, the illumination efficiency and image
quality are dependent on the location for trans-scleral or
trans-palpebral illumination.33 In other words, the optical

property of the sclera is not homogeneously distributed.
Figure 10 shows schematic (Figure 10(a)) and photographic
(Figure 10(b)) illustration of the pars plana. The pars plana
is one posterior portion of the ciliary body (Figure 10(a)),
with a �3–4mm distance posterior to the limbus and a
�4mm band width.35,36 The pars planar region has rela-
tively low density of muscle, blood vessels, and pigmenta-
tion, compared to other scleral area.33 Hence, its light
transparency is better than other scleral regions, providing
a unique window for delivering light into the eye.34

Contact-free “trans-pars-planar” illumination has been
recently demonstrated for nonmydriatic widefield photog-
raphy.34 As shown in Figure 11, the illumination can be
projected to the sclera without direct contact. The fundus
images collected with illumination light delivered through
the posterior (Figure 11(c1)), center (Figure 11(c2)), and
anterior (Figure 11(c3)) of the pars plana is consistent to
the observation in Figure 9. The brightness analysis of

Figure 10. Schematic diagram (a) and photographic illustration (b) of pars plana. Reprinted with permission fromWang et al.34 (A color version of this figure is available

in the online journal.)

Figure 11. Contact-free fundus imaging using trans-pars-planar illumination. (a) Schematic diagram of a benchtop fundus camera with trans-pars-planar illumination.

(b) Illustration of posterior, center, and anterior regions for comparative fundus imaging. (c) Retinal images (c1) to (c3) correspond to illumination locations P1–P3 in (b).

(d) Comparative analysis of location dependency of the illumination efficiency. P1–P3 show illumination locations for recording images (c1) to (c3). (e) Separate

illustration of red, green, and blue channels of the color image (c2). (f) Color brightness balanced image of (c2). Modified with permission from Wang et al.34 (A color

version of this figure is available in the online journal.)
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the eyelid. Moreover, the smartphone fundus camera is
for contact-free imaging, compared to the contact-mode
imager in Figure 7. Without direct contact of the illuminator
and imager to the eyeball, the trans-palpebral illumination-
based smartphone fundus camera promises a simple solu-
tion to achieve affordable widefield imaging. Figure
8 shows representative fundus imaging with a 152� eye-
angle FOV in a snapshot image.34 Figure 9 shows represen-
tative images acquired with illumination light delivered
from the (a) posterior, (b) center, and (c) anterior of the
pars plana.

Trans-pars-planar illumination

As shown in Figure 9, the illumination efficiency and image
quality are dependent on the location for trans-scleral or
trans-palpebral illumination.33 In other words, the optical

property of the sclera is not homogeneously distributed.
Figure 10 shows schematic (Figure 10(a)) and photographic
(Figure 10(b)) illustration of the pars plana. The pars plana
is one posterior portion of the ciliary body (Figure 10(a)),
with a �3–4mm distance posterior to the limbus and a
�4mm band width.35,36 The pars planar region has rela-
tively low density of muscle, blood vessels, and pigmenta-
tion, compared to other scleral area.33 Hence, its light
transparency is better than other scleral regions, providing
a unique window for delivering light into the eye.34

Contact-free “trans-pars-planar” illumination has been
recently demonstrated for nonmydriatic widefield photog-
raphy.34 As shown in Figure 11, the illumination can be
projected to the sclera without direct contact. The fundus
images collected with illumination light delivered through
the posterior (Figure 11(c1)), center (Figure 11(c2)), and
anterior (Figure 11(c3)) of the pars plana is consistent to
the observation in Figure 9. The brightness analysis of

Figure 10. Schematic diagram (a) and photographic illustration (b) of pars plana. Reprinted with permission fromWang et al.34 (A color version of this figure is available

in the online journal.)

Figure 11. Contact-free fundus imaging using trans-pars-planar illumination. (a) Schematic diagram of a benchtop fundus camera with trans-pars-planar illumination.

(b) Illustration of posterior, center, and anterior regions for comparative fundus imaging. (c) Retinal images (c1) to (c3) correspond to illumination locations P1–P3 in (b).

(d) Comparative analysis of location dependency of the illumination efficiency. P1–P3 show illumination locations for recording images (c1) to (c3). (e) Separate

illustration of red, green, and blue channels of the color image (c2). (f) Color brightness balanced image of (c2). Modified with permission from Wang et al.34 (A color

version of this figure is available in the online journal.)
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fundus images collected from different locations further
confirms the transparency of the pars plana (Figure 11
(d)). The coefficients of light absorption and scattering are
known to be wavelength dependent. As shown in Figure 11
(c), the fundus image is red dominant because the red light
is much more efficient than that of the shorter wavelength
green and blue light. Spectral analysis of the fundus image,
i.e. separate evaluation of the red, green, and blue channels,
confirms the different color efficiencies of the trans-
pars-planar illumination (Figure 11(e)). Figure 11(f) shows
normalized illustration of the Figure 11(c2), with digitally
brightness balance of color channels.

Portable fundus camera based on
trans-pars-planar illumination

Contact-mode trans-pars-planar illumination has been also
validated in a portable pediatric camera (PedCam).37 Since
the trans-pars-planar illumination significantly simplifies
the system requirement, a low weight handheld PedCam
can be readily achieved (Figure 12). For proof-of-concept
experiment, all off-the-shelf parts were used to construct
the lab prototype system in Figure 12. By freeing the avail-
able pupil for recording imaging light only, the trans-
pars-planar illumination-based PedCam provides a 200�

FOV, allowing comprehensive evaluation from the central
retina to peripheral region up to the ora serrata. The lab
prototype PedCam has been validated for retinal imaging

of the eyes with ROP and retinoblastoma treatments
(Figure 13).

Moreover, the multispectral trans-pars-planar illumina-
tion has been also validated for selective imaging of the
retinal and choroidal structures.31 Figure 14 show represen-
tative images of the choroidal layer, with near infrared light
illumination.

Discussion

Prompt diagnosis and reliable treatment assessment of eye
conditions are important for effective prevention of vision
losses. Better development of teleophthalmology has been a
well-accepted concept to reduce the disparity of eye care in
rural areas and underserved regions. With the COVID-19
pandemic, the increasing demand has been emphasized for
providing homecare telemedicine even in urban areas, fos-
tering social-distancing to minimize potential infections. It
is known that eye diseases may affect any part of the cho-
rioretinal system. Therefore, a widefield fundus camera is
essential to provide sufficient information for teleophthal-
mology. Moreover, the widefield fundus camera should be
affordable and easy to use, because the access to expensive
devices and skilled operators is typically limited in rural
and underserved areas.

Conventional trans-pupillary illumination delivers a
ring-shaped light pattern through the peripheral region of
the available pupil, and careful tradeoff between the

Figure 12. (a) Optical diagram of the lab prototype PedCam. (b) Photographic illustration of the prototype device for retinal examination. (c) Representative retinal

images collected with the PedCam from one eye with zone III stage 2 ROP. (d) Schematic illustration of the cross-section of the eye. (e) Schematic illustration of the

fundus, illustrating three retinal zones for ROP detection and classification. Modified with permission from Toslak et al.37(A color version of this figure is available in the

online journal.)
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Figure 13. Representative 200
�
PedCam images captured from patients with ROP (a) and retinoblastoma (b). Comparative 130

�
clinical RetCam image is overlapped

on the 200
�
PedCam image in (b2). Modified with permission from Toslak et al.37(A color version of this figure is available in the online journal.)

Figure 14. Choroidal images collected with 780 nm (a) and 970 nm (b) near infrared illumination. (c) Schematic illustration of the fundus of young adult. The red and

white arrows in a2 point to the ora serrata and pars plana, respectively. The blue arrows in b in c indicate vortex vein ampullas. Reprinted with permission from Toslak

et al.38 (A color version of this figure is available in the online journal.)
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fundus images collected from different locations further
confirms the transparency of the pars plana (Figure 11
(d)). The coefficients of light absorption and scattering are
known to be wavelength dependent. As shown in Figure 11
(c), the fundus image is red dominant because the red light
is much more efficient than that of the shorter wavelength
green and blue light. Spectral analysis of the fundus image,
i.e. separate evaluation of the red, green, and blue channels,
confirms the different color efficiencies of the trans-
pars-planar illumination (Figure 11(e)). Figure 11(f) shows
normalized illustration of the Figure 11(c2), with digitally
brightness balance of color channels.

Portable fundus camera based on
trans-pars-planar illumination

Contact-mode trans-pars-planar illumination has been also
validated in a portable pediatric camera (PedCam).37 Since
the trans-pars-planar illumination significantly simplifies
the system requirement, a low weight handheld PedCam
can be readily achieved (Figure 12). For proof-of-concept
experiment, all off-the-shelf parts were used to construct
the lab prototype system in Figure 12. By freeing the avail-
able pupil for recording imaging light only, the trans-
pars-planar illumination-based PedCam provides a 200�

FOV, allowing comprehensive evaluation from the central
retina to peripheral region up to the ora serrata. The lab
prototype PedCam has been validated for retinal imaging

of the eyes with ROP and retinoblastoma treatments
(Figure 13).

Moreover, the multispectral trans-pars-planar illumina-
tion has been also validated for selective imaging of the
retinal and choroidal structures.31 Figure 14 show represen-
tative images of the choroidal layer, with near infrared light
illumination.

Discussion

Prompt diagnosis and reliable treatment assessment of eye
conditions are important for effective prevention of vision
losses. Better development of teleophthalmology has been a
well-accepted concept to reduce the disparity of eye care in
rural areas and underserved regions. With the COVID-19
pandemic, the increasing demand has been emphasized for
providing homecare telemedicine even in urban areas, fos-
tering social-distancing to minimize potential infections. It
is known that eye diseases may affect any part of the cho-
rioretinal system. Therefore, a widefield fundus camera is
essential to provide sufficient information for teleophthal-
mology. Moreover, the widefield fundus camera should be
affordable and easy to use, because the access to expensive
devices and skilled operators is typically limited in rural
and underserved areas.

Conventional trans-pupillary illumination delivers a
ring-shaped light pattern through the peripheral region of
the available pupil, and careful tradeoff between the

Figure 12. (a) Optical diagram of the lab prototype PedCam. (b) Photographic illustration of the prototype device for retinal examination. (c) Representative retinal

images collected with the PedCam from one eye with zone III stage 2 ROP. (d) Schematic illustration of the cross-section of the eye. (e) Schematic illustration of the

fundus, illustrating three retinal zones for ROP detection and classification. Modified with permission from Toslak et al.37(A color version of this figure is available in the

online journal.)
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Figure 13. Representative 200
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PedCam images captured from patients with ROP (a) and retinoblastoma (b). Comparative 130

�
clinical RetCam image is overlapped

on the 200
�
PedCam image in (b2). Modified with permission from Toslak et al.37(A color version of this figure is available in the online journal.)

Figure 14. Choroidal images collected with 780 nm (a) and 970 nm (b) near infrared illumination. (c) Schematic illustration of the fundus of young adult. The red and

white arrows in a2 point to the ora serrata and pars plana, respectively. The blue arrows in b in c indicate vortex vein ampullas. Reprinted with permission from Toslak

et al.38 (A color version of this figure is available in the online journal.)
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illumination and observation pathways is required to min-
imize the reflectance artifacts at the cornea and crystalline
lens (Figure 2).

The miniaturized indirect illumination provides a feasi-
ble strategy to expand the FOV in a single snapshot image30

(Figure 4). With the NIR imaging guidance, the miniatur-
ized indirect illumination has been validated for nonmydri-
atic fundus imaging, with snapshot FOV up to 101� eye
angle23 (Figure 6). We anticipate that further optimization
of the miniaturized indirect illumination may provide a
practical solution to enable a nonmydriatic fundus
camera with a snapshot FOV that can cover the whole
fundus region in traditional mydriatic ETDRS 7-field pho-
tography.19 The simplified illumination strategy excludes
the need of the separate illumination path in traditional
fundus camera, and thus enables smartphone-based
fundus camera30 (Figure 4) and compact benchtop
device23 (Figure 6). The simple, compact design is essential
for cost control to foster telemedicine deployments in rural
areas and underserved regions.

Trans-scleral illumination provides one alternative strat-
egy for developing ultra-widefield fundus cameras (Figure
7). By freeing the whole available pupil for collecting imag-
ing light only, trans-scleral illumination can readily achieve
a snapshot FOV beyond the equator of the eye. It is aware of
that the illumination efficiency and image quality depend
on the illumination location, and the pars plana provides a
relatively transparent window for optimal illumination34

(Figures 9 and 10) Using the trans-pars-planar illumination,
a 200� snapshot FOV has been achieved in a portable
contact-mode PedCam (Figures 12 and 13).37 The multi-
spectral trans-pars-planar illumination has been also used
to validate ultra-widefield imaging of the retina and cho-
roid (Figure 14).38 The contact mode is favorable for pedi-
atric imaging, particularly for ROP screening of newborns,
to reduce the effect of eye movements. However, the
contact-mode imaging is not favorable for adult patients,
such as for DR screening and diagnosis, because the direct
contact of the illuminator and imager to the eyeball is not
comfortable, with potential risk of inflammation due to
cross-contamination. Moreover, the contact-mode imaging
may increase the operation cost due to special training for
eyeball contact handling and the device sterilization
required. These complications may provide challenges for
telemedicine deployments in rural areas and underserved
regions.

By projecting the illumination pattern to the sclera with-
out physical contact, contact-free trans-pars-planar illumi-
nation has been demonstrated for nonmydriatic widefield
photography, with a 90� snapshot FOV34 (Figure 11).
Compared to the 200� snapshot FOV in contact-mode imag-
ing,37,38 the contract-free trans-pars-planar illumination
provides a compromised FOV. This results from the dis-
tance between the eye and imaging optics and the space
required for illumination light projection (Figure 11(a)).

Trans-palpebral illumination has been also validated in a
nonmydriatic smartphone fundus camera, with a 152�

snapshot FOV.33 The trans-palpebral illumination involves
only eyelid contact which is relatively simple and the ster-
ilization complication significantly low, compared to

eyeball contact in contact-free trans-pars-planar illumina-
tion. The 152� snapshot FOV covers a fundus region larger
than that in traditional mydriatic ETDRS 7-field photogra-
phy. One disadvantage of the trans-palpebral illumination
is the lowered light efficiency due to the illumination light
should pass through the eyelid before the pars plana.
However, the image quality with the preliminary prototype
fundus camera is promising to reveal retinal vasculatures
(Figure 8). In principle, there is great room to further
enhance the image performance by using pulsed light illu-
mination with increased power. Moreover, multispectral
imaging of the retina and choroid is also possible by
employing independent visible and NIR illumination
light controls38 (Figure 14).

Conclusions

In conclusion, miniaturized indirect illumination provides
a feasible strategy to enable compact design for developing
low cost, portable widefield fundus camera. Contact-mode
trans-pars-planar illumination allows ultra-widefield
fundus camera for pediatric imaging application. Contact-
free trans-pars-planar illumination is possible with a
reduced FOV, compared to contact-mode imaging.
Trans-palpebral illumination can provide a tradeoff
between light efficiency and FOV for developing portable,
widefield fundus camera to foster affordable
teleophthalmology.
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illumination and observation pathways is required to min-
imize the reflectance artifacts at the cornea and crystalline
lens (Figure 2).

The miniaturized indirect illumination provides a feasi-
ble strategy to expand the FOV in a single snapshot image30

(Figure 4). With the NIR imaging guidance, the miniatur-
ized indirect illumination has been validated for nonmydri-
atic fundus imaging, with snapshot FOV up to 101� eye
angle23 (Figure 6). We anticipate that further optimization
of the miniaturized indirect illumination may provide a
practical solution to enable a nonmydriatic fundus
camera with a snapshot FOV that can cover the whole
fundus region in traditional mydriatic ETDRS 7-field pho-
tography.19 The simplified illumination strategy excludes
the need of the separate illumination path in traditional
fundus camera, and thus enables smartphone-based
fundus camera30 (Figure 4) and compact benchtop
device23 (Figure 6). The simple, compact design is essential
for cost control to foster telemedicine deployments in rural
areas and underserved regions.

Trans-scleral illumination provides one alternative strat-
egy for developing ultra-widefield fundus cameras (Figure
7). By freeing the whole available pupil for collecting imag-
ing light only, trans-scleral illumination can readily achieve
a snapshot FOV beyond the equator of the eye. It is aware of
that the illumination efficiency and image quality depend
on the illumination location, and the pars plana provides a
relatively transparent window for optimal illumination34

(Figures 9 and 10) Using the trans-pars-planar illumination,
a 200� snapshot FOV has been achieved in a portable
contact-mode PedCam (Figures 12 and 13).37 The multi-
spectral trans-pars-planar illumination has been also used
to validate ultra-widefield imaging of the retina and cho-
roid (Figure 14).38 The contact mode is favorable for pedi-
atric imaging, particularly for ROP screening of newborns,
to reduce the effect of eye movements. However, the
contact-mode imaging is not favorable for adult patients,
such as for DR screening and diagnosis, because the direct
contact of the illuminator and imager to the eyeball is not
comfortable, with potential risk of inflammation due to
cross-contamination. Moreover, the contact-mode imaging
may increase the operation cost due to special training for
eyeball contact handling and the device sterilization
required. These complications may provide challenges for
telemedicine deployments in rural areas and underserved
regions.

By projecting the illumination pattern to the sclera with-
out physical contact, contact-free trans-pars-planar illumi-
nation has been demonstrated for nonmydriatic widefield
photography, with a 90� snapshot FOV34 (Figure 11).
Compared to the 200� snapshot FOV in contact-mode imag-
ing,37,38 the contract-free trans-pars-planar illumination
provides a compromised FOV. This results from the dis-
tance between the eye and imaging optics and the space
required for illumination light projection (Figure 11(a)).

Trans-palpebral illumination has been also validated in a
nonmydriatic smartphone fundus camera, with a 152�

snapshot FOV.33 The trans-palpebral illumination involves
only eyelid contact which is relatively simple and the ster-
ilization complication significantly low, compared to

eyeball contact in contact-free trans-pars-planar illumina-
tion. The 152� snapshot FOV covers a fundus region larger
than that in traditional mydriatic ETDRS 7-field photogra-
phy. One disadvantage of the trans-palpebral illumination
is the lowered light efficiency due to the illumination light
should pass through the eyelid before the pars plana.
However, the image quality with the preliminary prototype
fundus camera is promising to reveal retinal vasculatures
(Figure 8). In principle, there is great room to further
enhance the image performance by using pulsed light illu-
mination with increased power. Moreover, multispectral
imaging of the retina and choroid is also possible by
employing independent visible and NIR illumination
light controls38 (Figure 14).

Conclusions

In conclusion, miniaturized indirect illumination provides
a feasible strategy to enable compact design for developing
low cost, portable widefield fundus camera. Contact-mode
trans-pars-planar illumination allows ultra-widefield
fundus camera for pediatric imaging application. Contact-
free trans-pars-planar illumination is possible with a
reduced FOV, compared to contact-mode imaging.
Trans-palpebral illumination can provide a tradeoff
between light efficiency and FOV for developing portable,
widefield fundus camera to foster affordable
teleophthalmology.
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