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Preface

This book intends to provide the reader with a comprehensive overview of the cur-
rent and novel ocular diagnostic methods of the anterior and posterior eye segment
used in clinical practice as well as in scientific projects. It is intended to interest both
clinical ophthalmologists and researchers interested in projects involving ocular
imaging.

The chapters include the theoretical basis as well as practical approach and usage
of the following techniques: endothelial microscopy and corneal pachymetry,
optical coherence tomography, endoOCT, wide-field retinal imaging, ultrasound
imaging, and innovative diagnostic tools for ophthalmology in low-income
countries.

The book sections are created according to ocular compartments: anterior and
posterior eye segment.

Silvia Tavazzi et al. describe the novel approach of analyzing the cornea and mor-
phology and morphometry of corneal endothelium with a slit lamp equipped with
a high-resolution digital sensor. This innovative approach allows rapid diagnosis of
corneal endothelial dystrophies and other endothelial abnormalities.

Yu-Ting Tsao et al. introduce a promising approach of a paper-based ELISA
method to assess vascular endothelial growth factor level in aqueous humor,
which could be an important indicator in diseases such as uveitis, diabetic
retinopathy, and age-related macular degeneration. The possible potential of
this method may interest researchers and could also become a diagnostic test in
clinical practice.

A few chapters are devoted to recently introduced wide-field retinal imaging and
intraoperative optical coherence tomography. The authors present the technical
background of the methods, commercially available devices, as well as many clini-
cal examples of intraoperative usage in vitreoretinal surgery, especially in macular
surgery in diseases such as epiretinal membranes, macular holes, and vitreoretinal
traction syndrome.

Jason Singh et al. focus on an emerging issue of ocular examination in low-
income countries describing available low-cost diagnostic methods and resources
that aim to assist in the fight against preventable blindness, such as smartphone-
integrated fundoscopy, laptop size ocular ultrasonography, or self-adjustable
glasses.

To conclude, the book intends to provide valuable information in terms of anterior
and posterior eye segment diagnostic methods, which could be used in everyday
clinical practice to allow early diagnosis of diseases such as corneal dystrophies, ker-
atoconus, cataract, central and peripheral retinal disorders, and optic neuropathies.



It also provides a very detailed description of the novel intraoperative technique of
optical coherence tomography, which is very promising in improving the quality of
vitreoretinal surgery.

Anna Nowinska

Chair and Department of Ophthalmology,

School of Medicine with the Division of Dentistry in Zabrze,
Medical University of Silesia,

Katowice, Poland
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Chapter 1

Corneal Pachymetry and
Endothelial Microscopy
by Slit-Lamp

Silvia Tavazzi, Alessandra Parodi, Sara Colciago,
Gabriele Nigrotti, Simone Bovghesi and Fabrizio Zeri

Abstract

A slit-lamp biomicroscope Visionix VX75 has been equipped with a high-
resolution digital sensor. A specular reflection technique at an angular magnifica-
tion of 36x performed by the slit-lamp biomicroscope is used to develop a proce-
dure to (i) measure the thickness of the human cornea by measuring the distance
between the two reflections of its anterior and posterior surfaces and (ii) capture
suitable images for morphometric analyses of the corneal endothelium’s cell mosaic.
The examples of morphometric analysis of these images are reported. The biases
due to the dioptric power of the anterior surface of the cornea, the oblique obser-
vation, and the asymmetry of the digital biomicroscope are discussed. These biases
can be corrected by a specific calibration.

Keywords: slit-lamp biomicroscope, pachymetry, endothelial microscopy,
specular reflection, morphometric analysis

1. Introduction

The slit-lamp biomicroscope is an instrument widely used by ophthalmologists
and optometrists to observe the anterior segment of the eye. The instrument is
composed by two main components: an illumination system, the slit-lamp, and an
observation system, the biomicroscope. They can be set up in different configura-
tions allowing several types of illumination techniques. One of these is the specular
reflection: the examiner directs the incident light toward the eye with angle of
incidence « on the anterior surface of the cornea, then sets the angle between the
illumination system and the biomicroscope at 2a, and observes the bright reflection
on the anterior surface through the biomicroscope. Usually the angle 2a is relatively
high, ranging from 40 to 70°. The intense reflection is due to the change of refrac-
tive index between the air and the anterior surface of the cornea. A digital camera
coupled with the right or left eyepiece tube can be used to capture images. Part of
the light reaching the observation system is deviated by a beam splitter toward a
converging lens, which allows the formation of a real image on the plane of the
digital sensor.

The configuration of the specular reflection can also be used to observe the
reflection from the posterior surface of the cornea (endothelium) due to the change

3 IntechOpen



Novel Diagnostic Methods in Ophthalmology

of refractive index between the corneal endothelium and aqueous humor. However,
this second reflection is much less evident than the previous one because of

the smaller variation of refractive index between the two adjacent components.

To observe the posterior reflection, light coming from the illumination system is
focalized on the posterior surface and generates an image of the illuminated slit.
The correct focus may be reached through the eyepieces’ view, and a real image is
detected on the digital sensor. In this configuration, only the posterior corneal
surface (within the depth of field of the system) is in focus. This surface is
optically conjugated with the plane of the sensor. A sort of slit image is also formed
on the anterior surface of the cornea, but it is not a perfectly focused image of the
slit and, consequently, neither is the resulting image on the sensor of the
biomicroscope.

When a relatively narrow slit is used, the distance on the sensor between the in-
focus image and the other image of the slit (formed by reflected beams from
posterior and anterior surfaces, respectively) can be used to deduce the thickness of
the cornea (pachymetry). A relatively narrow beam is recommended to reduce
uncertainty in finding the distance between the two surfaces, i.e., the corneal
thickness. Corneal pachymetry is a technique used in clinical practice for monitor-
ing different conditions such as the progress of corneal diseases, to evaluate suitable
patients before refractive surgery, and to determine intraocular pressure. During
routine examination by slit-lamp biomicroscope, corneal thickness can also be
measured by considering the apparent thickness of the optical section of the cornea
[1]. Other methods are ultrasound pachymetry, optical coherence tomography,
Scheimpflug imaging [2-15].

With a larger slit, the endothelium cell mosaic can be seen adjacent to the
region of the intense light reflection from the anterior surface. The corneal endo-
thelium is a cell monolayer laying on the posterior surface of the cornea. It regu-
lates the transport of solutes and water across the interface between the cornea
and anterior chamber of the eye. Pathologies such as the narrow-angle glaucoma,
iritis, and corneal dystrophies can change the shape and size of the endothelial
cells and their number per unit area, as well as trauma, aging, intraocular surgery,
drugs, and wear of contact lenses [16-20]. A significant loss of cells is typically
accompanied by an increase in the variability of cell size (polymegethism) and
shape (polymorphism). Endothelium analysis is often carried out by automatic
instruments, while the analysis by a digital slit-lamp biomicroscope is less expen-
sive and allows to observe any specific region of interest of the cornea, so that
a more complete characterization of the endothelium can be achieved. However,
the common cell recognition methods are often not applicable to images taken
by a slit-lamp biomicroscope. The main problem is typically the lack of infor-
mation in some parts of the cells’ borders [21]. A recent method was reported in
2016 allowing an improved cell recognition and morphometric analysis [22].

It was applied to a Takagi 700 GL LED biomicroscope equipped with TD-10
digital camera.

This chapter describes the results obtained by a Visionix VX75 slit-lamp
biomicroscope equipped with a high-resolution digital sensor. We captured
in vivo images of the two reflections from anterior and posterior corneal surfaces
to deduce corneal thickness (pachymetry). We took images of the corneal
endothelium with larger slits. They show the typical cell mosaic, and they are
suitable for morphometric analysis. The effects of the dioptric power of the
anterior surface of the cornea, of the oblique observation, and of the asymmetry
of the digital biomicroscope on morphometric analysis are also discussed. The
effects of these potential systematic errors can be greatly reduced by a preliminary
calibration.



Corneal Pachymetry and Endothelial Microscopy by Slit-Lamp
DOI: http://dx.doi.org/10.5772/intechopen.85037

2. Methods

A Visionix VX75 slit-lamp biomicroscope equipped with a digital sensor Matrix
Vision (sensor size, 2464 x 2056 pixels; pixel size, 3.45 x 3.45 pmz; maximum
number of frames per second, 35) was used with an angular magnification setting of
the biomicroscope equal to 36 x. A dedicated software was developed to take
images through this sensor. A live digital magnification controlled by the operator
was also applied to facilitate image acquisition. Images of the illuminated slit on the
posterior surface of human corneas were taken in vivo both in the case of
relatively narrow slits (for pachymetry analyses) and in the case of larger slits (for
endothelial microcopy analyses). A sequence of MATLAB functions was created for
the analysis of the images.

3. Slit-lamp biomicroscope corneal pachymetry

Figure 1 shows an example of image of the two reflections from the anterior
corneal surface (slit image not perfectly in focus) and from the posterior surface
(slit image in focus) taken at 36 x on the central portion of the cornea of a
young adult.

General equations on the relationship between true corneal thickness ¢ and
apparent corneal thickness s observed by a biomicroscope at oblique observation are
reported in the literature [23, 24]. These equations can also be applied to the
specific configuration of specular reflection. In this case, s is the lateral distance
between the two reflections from anterior and posterior corneal surfaces, such as
those of Figure 1. Figure 2 is inspired by a figure reported in Brennan et al. [23],
from which the following Eqgs. (1)-(3) are also deduced:

ki+ky 1
(e —e)tn () W

R R
?N?(cﬁ—cz) cos ¢, +

where ¢ is the true thickness, s is the apparent thickness (viz., the distance
between the two reflections in the case of specular reflection), and R is the

Figure 1.

Example of the two reflections from the anterior corneal surface (slit image on the right, not perfectly in focus)
and from the posterior surface (slit image on the left, in focus) taken on the central portion of the cornea of a
young adult by a Visionix VX75 slit-lamp biomicroscope at 36 x.
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Figure 2.

Scheme showing apparent thickness s and true thickness t of a sample (e.g., the human cornea) with spherical
anterior surface (curvatuve radius R) as veported by Brennan et al. [23, 24]. ¢, and ¢, are the angles that
appear in Eqs. (1)—(3) [23]. Labels p.s. and a.s. indicate the posterior surface and the anterior surface,
respectively. Labels (1) and (2) indicate the rays of light rveflected from the anterior and posterior surfaces,
respectively, in the configuration of specular reflection.

curvature radius of the anterior surface. Angles ¢ and ¢, are shown in Figure 2;
¢jand kj are

1
¢ = —F——— (2)
—n __q
sin?(g))
c c?n?
kj = Cj + L 4 (3)

2 tan ((,bj) sin? ((f)j)

where j = 1, 2 and n is the cornea refractive index (n = 1.376 [25]).
In the specific case of specular reflection, angles ¢; and ¢, are equal (¢p1 = ¢, = d)
and Eq. (1) can be written as

R R 2 1 n?
el e T cosp + 1+ - — ; =
n n :
sinZ(g) 1 2 |:sin2(¢) - 1:| tan ((b) s (¢) @) 1
(4)
In the limit case of a flat sample (R — o), Eq. (4) reduces to
t= - ®)

2 cos(a) tan (arcsin (%(a)))

By measuring the distance s between the two reflections observed in the image
(e.g., as in Figure 1), from Eq. (4), we deduce the true corneal thickness t. How-
ever, this procedure contains a systematic error. The image of Figure 1 was taken
with an angular magnification setting of the biomicroscope equal to 36 x and the
angle between the axis of the illumination system, and the axis of the biomicroscope
was fixed at 45°. Therefore, to a first approximation, the angle 2° can be set to
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be 45°. However, this assumption contains a systematic error due to the asymmetry
of digital biomicroscopes [24]. Indeed, the sensor of a digital biomicroscope is
positioned either at the right or at the left eyepiece of the biomicroscope (left side
in the case of the Visionix VX75 biomicroscope). The sample is typically slightly
rotated by an angle y to direct the light beam into the correct channel of the
biomicroscope and reach the sensor, as discussed in Ref. [24]. For the Visionix VX75
biomicroscope, y was measured to be about 2.5°. During the acquisition of the image
reported in Figure 1, the illumination system was positioned to the right of the
examiner and the biomicroscope to the left. The digital sensor was placed on the left
eyepiece of the biomicroscope, so that the true angle between the incident beam
and the beam directed to the sensor is not the angle 2¢ between illumination and
biomicroscope, but it is equal to 2(¢ + v). Therefore, due to this asymmetry of the
digital biomicroscope, ¢; and ¢, in Figure 2 and ¢ in Eq. (4) must be replaced with
(¢ +v), i.e., about 25° in the considered case. Considering this aspect, the measure
of s by the slit-lamp biomicroscope determines the thickness ¢. As discussed in
Section 5, the bias in this procedure can be corrected by a system calibration.

4. Slit-lamp biomicroscope endothelial microscopy

Figure 3 shows few examples of images of the corneal endothelium of different
subjects taken through the 36 x objective. A different view of the corneal endothe-
lium of a young adult is reported in Figure 4. The x and y coordinates
corresponding to the image plane are shown on two axes. The third axis (z) shows
the luminance of the image at each pixel.

Corneal endothelium can be described by endothelial cell density (ECD), cell
hexagonality (HEX), and coefficient of variation (CoV). ECD is the number of cells
per unit area. HEX is the percentage of cells with six nearest-neighbor cells, also
defined as the percentage of six-sided cells. CoV is the ratio between standard
deviation and mean value of the areas of the cells. As already mentioned, a signifi-
cant loss of cells due to specific pathologies causes a decrease of ECD, and it is
typically accompanied by an increase in the variability of cell size (polymegethism)
and shape (polymorphism). However, the correlation between ECD and the other
two parameters is typically poor because the measured ECD value (in contrast to
HEX and CoV) depends on factors such as (i) the magnification of the images
produced by the anterior surface of the cornea, which can vary from subject to
subject, and (ii) the intrinsic cell size, which may also vary from subject to subject,
even in the presence of perfectly regular hexagonal mosaics. On the contrary, a
negative correlation is expected between CoV and HEX [26-30]: the higher the
polymegethism (relatively high CoV), the higher the polymorphism (relatively
low HEX).

ECD, HEX, and CoV can be deduced from images such as those reported in
Figures 3 and 4. The computation of those parameters on a sample involves a
lengthy counting process, if manually done by an operator. An automated way of
determining such parameters is therefore desirable. The starting point is capturing a
good quality image of the endothelium, inside which the operator can select a region
of interest, preferably containing a few hundreds of cells (to get a statistically
significant sample [31]) with sharp details uniformly illuminated. An automatized
sequence of MATLAB functions acting on this region of interest was created. The
purpose is, at first, to automatically detect cells’ boundaries as accurately as possible
and then to compute relevant cells’ statistics from them. The following figures
highlight some intermediate steps of the procedure. Figure 5 shows the selection of
the area of interest while Figure 6 the obtained partition of the region of interest
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Figure 3.

Exgal:nples of images (a—d) and examples of enlarged portions of images (e, f) of the corneal endothelium of
different subjects taken by a Visionix VX75 slit-lamp biomicroscope at 36 x. In (a), a civcle with an arrow
indicates how a typical endothelial bleb appears. In (c), several endothelial guttae can be observed. In (f), a
hexagon shows the typical hexagonal packing of regular mosaics of endothelial cells where each cell has six
neavest neighbors. The other two closed polygons highlight 5 and 7 nearest-neighbor cells, respectively.

along cells’ boundaries. Finally, in Figure 7 we display the histograms of cells’ area
and the histograms of cells’ gonality. The gonality of a cell is defined as the number
of cells that are its nearest neighbors; sometimes it is also defined as the number of
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(z)

Figure 4.
View of a portion of the cell mosaic of the corneal endothelium of a young adult taken by a Visionix VX75

slit-lamp biomicroscope at 36 %. The x and y coordinates corvesponding to the image plane are shown on two
axes. The third axis (z) shows the luminance of the image.

Figure 5.
Selection of the region of intevest on the image of a corneal endothelium taken by slit-lamp biomicroscope.

Figure 6.
Region of interest zoomed and partitioned along cells’ boundaries.
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Cells’ area distribution (left) and cells’ gonality distribution (right).

sides of the cell. In the specific example of Figures 5-7, MATLAB functions selected
444 cells for data computations.

A few aspects must be considered, for a quantitative evaluation of the parame-
ters ECD, HEX, and CoV: firstly, the effects on ECD of the image magnification due
to the dioptric power of the corneal anterior surface. ECD can be evaluated by the
ratio N/A, where N is the number of recognized cells in a selected area A. The
dioptric power of the corneal anterior surface induces a magnification on the sensor
of this area, thus requiring the correction of the measured density to obtain the true
value of ECD. In addition to the magnification produced by the anterior surface of
the cornea, the angle of observation is another aspect that influences the area of the
image [22]. The posterior corneal surface is indicated by a segment in Figure 2 with
label p.s. Its image is captured along the direction indicated by the ray (2) in the
same figure. The larger the angle of observation, the larger the portion of internal
surface projected onto the plane of the sensor. In other words, the cells in the image
are narrowed along one direction. If not accounted for, this shrinkage is responsible
for the increase of the measured cell density on the sensor due to the larger angle of
observation. Moreover, the correction for such an angle presents the same issues
discussed above, concerning the asymmetry of digital biomicroscopes. During the
acquisition of the images reported in Figures 3 and 4, the illumination system was
positioned on the left and the biomicroscope on the right. The digital sensor was on
the left eyepiece of the biomicroscope, so that the true angle of the incident beam
and the true angle of observation are not ¢, but (¢ — y), i.e., about 20° in the
considered case. As discussed in Section 5, a calibration with a suitable sample
corrects these errors. Interestingly, the inaccuracy induced by the dioptric power of
the anterior corneal surface, by the oblique observation, and by the asymmetry of
the digital biomicroscope affects only ECD measurements. Unlike ECD, the other
two parameters, HEX and CoV, are not influenced by the magnification factor
because they are not influenced by possible errors in the measurement of the
selected area A.

5. Reference standard sample for calibration
By what is discussed in the previous section, a calibration is recommended

before a quantitative analysis of the corneal thickness (Section 3) and the endothe-
lial cell density (Section 4). For this purpose, images of a planar reference grid
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should be taken at the desired angular magnification setting of the biomicroscope.
The linear magnification of the real image on the sensor can be computed as the
ratio between the size of the image of the elements of the reference grid and the size
of the reference grid itself.

While the calibration through a planar grid can correct for errors induced by the
lateral shrinkage of the image caused by the oblique observation and the
biomicroscope’s asymmetry, it will not account for issues related to the dioptric
power of cornea’s anterior surface. One further calibration employing a reference
lens, such as the standard samples proposed in Refs. [22, 30], is used to counterbal-
ance this effect. They were developed to reproduce the cornea with its typical shape
and the endothelium with cell sizes of approximately 20 pm in diameter. These
standard samples consist of a layer of polystyrene beads of calibrated diameter
deposited on the internal surface of a poly(methyl-methacrylate) lens simulating
the cornea. Images of the polystyrene beads must be taken in the same configura-
tions and at the same angle of observation as in vivo pachymetry or endothelial
analyses. The comparison between expected thickness and expected bead density
and measured values determines the corrective factor for in vivo thickness and ECD
measurements. Concerning the expected bead density corresponding to a hexagonal
bead packing, the number of beads per unit area (density & of beads) can be
calculated as

1
5 =
2+/312
where r is the radius of each bead. The beads proposed in Ref. [22] have radius,

r = 10.14 pm, so that the expected density & can be calculated by Eq. (6) to be
2808 mm .

(6)

6. In vivo results

After the calibration, corneal central thickness, ECD, HEX, and CoV were mea-
sured in vivo in a small group of ten healthy subjects (age: 20-30 years). They were
enrolled on a voluntary basis following the Declaration of Helsinki. Inclusion
criteria were the absence of any known corneal pathology and to be between the
ages of 20 and 30 years.

The analysis was performed on the right eye of each subject, each of whom was
asked to look at a far target during the image acquisitions. Images were taken with a
relatively narrow slit (pachymetry) and with a larger slit to observe the endothelial
mosaic (endothelial microscopy). Images were taken in the central portion of the
cornea, at a distance lower than 2 mm from the center of the pupil.

Although the group is small and it might not therefore account for a reliable
statistical analysis, the mean (+standard deviation) of the ten measured values was
calculated. The mean central corneal thickness was found to be 502 pm (+ 73 pm).
The results are in reasonable agreement with data reported in the literature. For
example, Olsen and Ehlers reported a mean central corneal thickness of (515 £ 33)
pm calculated on 115 eyes between 10 and 90 years [32]. Doughty and Zaman [33]
reported a value of 534 pm for “normal” human central corneal thickness.
Wirbelauer et al. [34] found (541 + 43) pm for the mean central corneal thickness
of 108 subjects (age range: 25-87 years). Altay et al. [35] reported mean values on
137 subjects (age range: 18-64 years) equal to (522 £ 34), (543 + 34), and
(538 £ 35) pm, measured by Scheimpflug camera, specular microscopy, and ultra-
sound pachymetry, respectively. Compared to other techniques, the measurement
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of corneal thickness with the slit-lamp biomicroscope adds no extra costs for the
clinicians, who routinely use this instrument. It should be noted that the method of
specular reflection can only be used on subjects with healthy corneas. Keratoconus,
corneal opacities, and other irregularities may distort the light beam or dim the
endothelium reflex beyond acceptable levels. This disadvantage is also relevant for
other techniques such as the systems based on Scheimpflug camera.

Regarding the endothelial mosaic, the mean (+ standard deviation) of ten mea-
sured values yielded 2671 mm ? (4 133 mm ?) for ECD, 46% (= 5%) for HEX, and
31% (+ 3%) for CoV. The results are in reasonable agreement with data in the
literature. Variations of ECD, HEX, and CoV are expected due to several factors
such as hypoxia [36] and age [20]. If considering only in vivo measurements and
relatively young subjects, values of mean central ECD reported in the literature can
be found in the range of 2600-3000 mm ~ [19, 20, 37, 38]. Central HEX measured
by Wiffen et al. [19] and Zheng et al. [38] is (63 £ 7) and (49 =+ 13)%. Normal CoV
range is considered 20-30% [20]. As already mentioned in the introduction, endo-
thelium analysis is often carried out by automatic instruments; however, the analy-
sis by a digital slit-lamp biomicroscope is less expensive and allows to observe any
specific region of interest of the cornea in the center and in the periphery.

7. Conclusions

A high-resolution digital sensor was applied to a Visionix VX75 slit-lamp
biomicroscope. A software for image acquisition, including a live digital magnifica-
tion facility, was developed. A procedure is here proposed to use the apparatus in
configuration of specular reflection for pachymetry analyses and for endothelial
microscopy analysis at angular magnification 36x. Images are suitable for morpho-
metric analysis of the cell mosaic of corneal endothelium, and an automatized
sequence for image analysis was developed. The effects of (i) the dioptric power of
the anterior corneal surface, (ii) oblique observation, and (iii) intrinsic asymmetry
of digital biomicroscopes are discussed. For a quantitative analysis of corneal thick-
ness and endothelial cell density, these effects must be taken into consideration and
can be corrected by a procedure of calibration. On the contrary, the other two
parameters (endothelium cell hexagonality and coefficient of variation of the cell
areas) are not influenced by these aspects.
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Abstract

Recently, surgical instruments and imaging technology in ophthalmology have
shown a great improvement. However, advances in the field of the operating micro-
scope technology still remained unchanged with the various limitations for the
surgeons. Invention of optical coherence tomography (OCT) led to a revolution in
the diagnosis and monitoring of numerous anterior and posterior segment patholo-
gies. Recently, OCT has been introduced into the operating room with an impact on
the surgeons. In this chapter, we review the evolution of OCT for intraoperative use
with its feasibility, surgical impacts, and limitations.

Keywords: intraoperative optical coherence tomography, microscope-integrated,
anterior segment ;OCT, posterior segment {OCT

1. Introduction

Optical coherence tomography (OCT) is a rapid, noninvasive, noncontact, and
cross-sectional imaging method that produces images of ocular tissues. OCT uses
reflected light to obtain the images from the different layers on the ocular tissues
that produce different backscattered lights [1]. After using of spectral-domain OCT
(SD-OCT) instead of time-domain OCT (TD-OCT), the images produced by OCT
have become with higher resolution; thus, OCT has begun to provide more detailed
information on ophthalmologic diagnoses [2]. Recent developments in ocular
imaging technology have made the OCT a vital diagnostic tool in patient care. More
recently, the availability of OCT during surgery has begun to be discussed. The
introduction of OCT into the operating room (OR) called as intraoperative OCT
(10CT) has provided new insights into the surgical management during ophthalmic
surgeries.

2. Intraoperative OCT

A number of researchers have examined the potential role of {OCT in various
conditions and procedures, such as macular hole (MH), epiretinal membrane
(ERM), retinal detachment surgery, and lamellar keratoplasty [3-6]. However,
conventional clinical OCT devices are large and not portable; therefore, it would
be difficult and impractical to transfer the conventional OCTs into OR. In addi-
tion, the supine position of the patient during a surgery and changes to surgical
flow are other potential obstacles for image acquisition with good quality. All these
hurdles forced researchers to produce a portable OCT device. Initial attempts with
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intraoperative OCT indicated successful results in imaging of excised tumors,
postmortem specimens, structural changes after laser surgery, and in vitro human
arteries and nerves [7-10]. Early investigations with i{OCT were based on time-
domain technology. Nevertheless, these investigations resulted in suboptimal image
quality due to lower sensitivity and speed than novel technologies of SD-OCT and
swept-source OCT (SS-OCT). In recent years, to overcome suboptimal imaging
during surgeries, researchers have discovered the microscope-integrated OCT
devices (MIOCTs). So far, a short overview about the evolution of {OCT devices was
introduced. The following section will discuss various OCT systems and devices
and their technologies.

2.1 Intraoperative OCT systems and devices

iOCT devices can be classified into two main categories: portable OCT during
surgical pauses and microscope-integrated OCT (MIOCT). Subsequently, portable
OCTs have three subgroups: handheld, external-mounted, and microscope-
mounted. On the other hand, MIOCTs have two subgroups: live two-dimensional
(2D) OCT imaging and live four-dimensional (4D) OCT imaging (Tables 1 and 2).

2.1.1 Portable OCT devices

Portable OCT devices were the beginning step for iOCT. There are two basic por-
table systems in the literature: the Bioptigen EnVisu (Bioptigen, Research Triangle
Park, NC/Leica, Wetzlar, Germany) and the Optovue iVue (Optovue, Fremont, CA,
USA) [6, 11-13]. These devices can be used with the systems, including handheld,
external-mounted, and microscope-mounted for image acquisition.

Handheld imaging was the first examples of the portable OCTs [11, 14]. This
system has a compact handheld imaging probe connected over flexible optical fiber to
a portable device. In spite of restrictions on image reproducibility and optimal aiming
with the device, handheld imaging can present a good image quality. Moreover, unlike
clinic tabletop OCT devices, handheld OCT has no requirement upright and coopera-
tive patient situation. Nevertheless, the need to protect the sterile surgical field and
the occurrence of motion artifacts due to instability are examples of several handicaps
of handheld OCT. More importantly, the main disadvantage of handheld OCT is that
it is limited to surgical pauses because of the need to remove the microscope from the
patient during imaging. Unfortunately, it is impossible to obtain images of the struc-
tural changes that ensued from live tissue-instrument interactions during surgery.

System OCT Speed, Primary Modes of Commercial
technology resolution, visualization operation status
wavelength modes
Optovue Spectral 26k, 51m, B-scans, volumes, Mounted onto FDA
iVue domain 840 nm en face on stabilizing arm approved

external monitor

Bioptigen Spectral 17-32kf, B-scans, en face Handheld, FDA
Envisu domain 3-5% Im, on external mounted onto approved
870 nm monitor microscope

“Speed is listed in terms of A-scans/second; vesolution refers to axial resolution; wavelength vefers to the central
wavelength of the source.
"Not specified in publications. Range provided by manufacturer.

Table 1.
System specifications and features of commercial HHOCT systems used in human retinal surgery to date.” With
the permission of Carrasco-Zevallos OM et al. under the license of CC licensing [23].
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System OCT Speed, Primary OCT acquisition Commercial
technology resolution, visualization and features status
wavelength modes
Haag- Spectral 10k, 10 Im, Live B-scans OCT operator FDA approved
Streit domain 840 nm on binocular, control, surgeon
surgical monoscopic control of OCT
iOCT HUD display via foot
pedal, optical
zoom
Zeiss Spectral 27k, 5.51m, Live OCT operator FDA approved
Rescan domain 840 nm B-scans on control with
700 monocular, tracking, surgeon
monoscopic control of OCT
HUD scan location via
foot pedal
Bioptigen Spectral 32k, 4 Im, Live B-scans, OCT operator FDA approved
EnFocus domain 860 nm static en face control, surgeon
on external control via foot
monitor pedal

“Speed is listed in terms of A-scans/second; rvesolution vefers to axial resolution; wavelength refers to the central
wavelength of the source.

Table 2.
System specifications and features of all commercial MIOCT systems used in human vetinal surgery to date.”
With the permission of Carrasco-Zevallos OM et al. under the license of CC licensing [23].

Mounting systems for the portable OCT systems were developed to address most
of the handheld imaging. These external mounts contribute more stability, yet these
systems require a supplementary footprint and place in the operating room [4, 6].
The microscope holders allow the surgeon to attach the portable probe directly
to the microscope body, thus providing more stability than handheld imaging.
Microscope foot pedal controls make it possible to control the probe position with
XY-Z foot pedals. This foot pedal control makes easier imaging with improved
image repeatability [4].

Unfortunately, the main disadvantage of portable OCTs is that it is limited to
surgical pauses because of the need to remove the microscope from the patient
during imaging. In other words, it is impossible to obtain images of the structural
changes that ensued from live tissue-instrument interactions during surgery.

2.1.2 Microscope-integrated OCT devices

A step-by-step initiative in the iOCT has been the integration of OCT into
microscope optics called MIOCT. Leica (Leica, Wetzlar, Germany) and Zeiss (Carl
Zeiss Meditec, Oberkochen, Germany) were the first examples of these systems. In
the Zeiss adaptation, a modified Cirrus (Carl Zeiss Meditec) and a modified Visante
(Carl Zeiss Meditec) OCT system integrated into Zeiss microscope optical path
for the posterior and anterior segment imaging, respectively, were used [3, 15, 16].
These two systems allow surgeons for real-time imaging by visualizing the instru-
ment-tissue interaction. On the other hand, these two systems bring with it new
software requirements, the need for heads-up image acquisition, and the compatibil-
ity of OCT with the surgical instrument used during imaging. Additionally, surgical
maneuvers during the surgery also require Z-axis stabilization and automated track-
ing system to improve image quality. After the investigation of first MIOCT systems,
three commercial systems were identified. Zeiss Rescan 700 was defined as the first
FDA-approved MIOCT system. This system is integrated into the Zeiss Lumera 700
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microscope platform. Zeiss Rescan 700 was also integrated into the microscope foot
pedal system to provide surgeon targeting, orientation control. More importantly,
Zeiss Rescan 700 has the first MIOCT having Z-tracking system [17, 18]. The second
FDA-approved MIOCT system was the Haag-Streit MIOCT system (Haag-Streit,
Koeniz, Switzerland). This system consists of a side port using OPMedT (OPMedT,
Liibeck, Germany) OCT system. This system has not only a microscope-mounted
viewing but also a heads-up screen too [19]. Unlike Zeiss Rescan, the Haag-Streit
Surgical iOCT has no control system with Z-tracking; differently, this system has an
optical zoom. The third commercially available and FDA-approved MIOCT system
was Bioptigen EnFocus iOCT system. This system can be adapted to both Leica and
Zeiss microscopes. The system has a 4-pm resolution and a different static en face on
external monitor as a visualization mode. Dissimilarly, Bioptigen EnFocus system
has an essential long-fiber that provides more flexibility to insert the OCT device
and its computer inside the operating room (Figure 1) [20].

With regard to limitations of the MIOCT devices, while a volumetric data could
be obtained, acquisition of the volume is slow, and volume analysis as well as visual-
ization has necessitated comprehensive postprocessing. Another important limita-
tion of MIOCT devices is an inefficient display of continuous instrument movement
due to intraoperative real-time visualization limited by B-scans. In other words,
intraocular instruments used during live surgery generally give rise to shadows on
the underlying tissue in B-scan mode. This issue requires alignment of the surgical
maneuvers with the B-scan to eliminate instrumental ghosting during surgery. Ehlers
etal. [21] described and characterized this shadowing effect with ex vivo porcine eye
surgeries. Regarding surgical instrument shading, some authors have suggested the
idea of an automated instrument tracking system using a stereo camera pair [22].

Figure 1.

Lige 2D MIOCT imaging of human vetinal surgery with the commercially available Rescan 700 and a

Cirrus HD-OCT system adapted to an operating microscope. (A) Frame captured with the camera that
records the surgeon’s view through the operating microscope. The orthogonal arrows correspond to the B-scan
locations. (B) Horizontal (B1) and vertical (B2) B-scans acquived with the Rescan 700 during inner limiting
membrane (ILM) peeling. The membrane edge (white arrowheads) is clearly visible in the B-scans along with
“Shadowing” (yellow arrowheads) from the intraocular forceps. With the permission of Carrasco-Zevallos OM
et al. under the license of CC licensing [23].
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All real-time MIOCTs described above were limited to B-scan due to involve-
ment of SD-OCT system having slower A-scan rate. Carrasco-Zevallos et al.

[23] were the first authors who described the volumetric i{OCT imaging of live
model eye surgery. They presented a custom ultrafast SS-OCT system operating

at 100 kHz of A-scan rate. This speed was three to five times faster than previ-

ous MIOCT devices. A software called a special graphics-processing unit was
simultaneously used to get, process, and render volumes. Later, the same authors
developed a custom microscope-integrated heads-up display (HUD) unit for ste-
reoscopic imaging of MIOCT volumes [24, 25]. SS-MIOCT and stereoscopic HUD
together were called as 4D MIOCT. In 2015, 4D MIOCT was first demonstrated by
Carrasco-Zevallos et al. [23] for imaging of human retinal surgery. The volumetric
frame rate varied 3.3-10 volumes per second during the surgery. Through a special
mode “stream saving,” OCT volumes were saved, and thus continuous volumetric
recording could be acquired in the surgery. Visualization of the stereoscopic vol-
umes by the HUD was enabled, and the surgeon could control the volume render-
ing via a foot pedal joystick.

Although 4D MIOCT devices have faster scan rate than 2D MIOCT due to faster
A-scan rate, it requires faster A-scan rate as well as human flicker fusion rate (16 Hz)
to attain optimal lateral resolution. In addition to that, instrumental shading effect is
still one of the major limitations in 4D MIOCT as well in 2D MIOCT devices.

2.2 Clinical applications of intraoperative OCT

In this part of the chapter, we will provide information on the clinical use of
iOCT. In terms of both anterior and posterior segments, there are numerous of clini-
cal studies related to feasibility and real-time assessment of the surgical feedback
during the anterior and posterior surgeries [4-6, 11, 13, 14, 16-18, 20]. The two most
important prospective clinical studies are the PPONNER study and the DISCOVER
study [4, 20]. In these studies, the portable microscope-mounted iOCT in the
PIONNER study (n = 531) and the microscope-integrated OCT in the DISCOVER
study (n = 227) were evaluated. There are not only large-scale prospective but also
numerous smaller clinical studies in the literature. In the section that follows, feasi-
bility and efficacy of iOCT for the anterior segment applications will be argued.

2.2.1 Anterior segment

Intraoperative OCT has been used for various anterior segment surgeries involv-
ing penetrating and lamellar keratoplasty, cataract surgeries, and excisional biopsy
procedures [4, 15, 16, 19, 22].

iOCT has been used for full-thickness and lamellar keratoplasty surgeries for
decision-making. Particularly, {OCT can be very useful to evaluate in cases with
extensive synechiae or iridocorneal scars. It may help to protect iris tissue from
traumas during initial trephination [26]. Furthermore, the graft-host position can
be estimated during surgery; thereby, it can help to construct proper graft-host rela-
tionship. In anterior lamellar keratoplasty, the presence of residual corneal opaci-
ties following microkeratome-assisted removal of anterior stromal layers can be
detected, and their extensions may be easily confirmed by iOCT. Again, the thick-
ness of residual stromal bed can be assessed, thus increasing the safety of operation
[27]. As is known, it is very important to maintain an intact descemet membrane
(DM) during deep anterior lamellar keratoplasty (DALK), and large bubble tech-
nique is widely used for this purpose. The iOCT helps to confirm the presence of
large bubbles, detect subclinical large bubbles, and conduct additional dissections.
In addition to these, the presence of any interface fluid can be determined with
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the help of the iOCT, thus helping to determine the extra maneuvers that need to
be done to ensure proper position of tissues to the end of the surgery. However,

the instrumental shadowing effect may hinder the visualization of the underlying
structures, thereby limiting the effective use of iOCT during intrastromal insertion
of the needle. Therefore, surgical pause is necessary to evaluate the underlying
tissues [17, 28, 29]. iOCT is a helpful intraoperative imaging method not only in
full-thickness and lamellar but also in endothelial keratoplasty applications, e.g.,
descemet stripping automated endothelial keratoplasty (DSAEK) and descemet
membrane endothelial keratoplasty (DMEK). Especially, in double-pass technique
in DSAEK, the residual donor thickness following the first microkeratome passing
can be easily determined with guiding iOCT to select of ideal blade size for the
next microkeratome passing. This will minimize the chance of perforation of donor
tissue by obtaining very thin donor lenticules [30]. Additionally, i{OCT provides

an advantage to identify and remove the descemet membrane in case of extreme
edematous corneas. Furthermore, {OCT allows a continuous monitoring during the
graft insertion and unfolding process. In DMEK, iOCT is a very convenient tool to
provide faster graft orientation and position, especially in cases with edematous
cornea [31]. In the DISCOVER study, it was reported that the surgeons required
additional surgical maneuvers in 41% of the cases having DSAEK [18]. Similarly,

in the PIONNER study, results showed that 19% of the cases in which surgeons
believed the graft was completely apposed had still persistent fluid detected in

the iOCT; hence, it would require more maneuvers and vice versa; in 47% of cases
where the surgeon believed the graft to be partially apposed, there was complete
apposition in {OCT imaging [4]. These two studies have also revealed that {OCT aids
changes in dissection depth in 38-56% of cases [4, 20]. Briefly, it can be concluded
that iOCT in keratoplasty procedures can minimize unnecessary manipulations and
surgical time.

Recently, iOCT has been used in various stages of a cataract surgery. The wound
structure, status of posterior capsule, and position of intraocular lens (IOL) can
be easily assessed via iOCT during a cataract surgery [32]. In a case report, it was
reported that MIOCT was a very feasible tool to evaluate the wound architecture,
integrity of the posterior capsule, IOL position, and efficacy of stromal hydration.
The authors suggested that iOCT could be helpful in real-time early detection of
various complications of cataract surgery, thus allowing the surgeon to manage the
complication immediately [33].

More recently, in taking biopsy and excisional procedures, such as retrocorneal
fibrosis and pterygium excision, and evaluating intraoperative changes in corneal
structure during excimer laser phototherapeutic keratectomy, feasibility of iOCT
was assessed, and the results were promising [34, 35].

2.2.2 Posterior segment

Similar to the use of {OCT for anterior segment surgery, iOCT has a wide range
of potentials for posterior segment surgery. Numerous vitreoretinal pathologies
were described with {OCT, such as retinopathy of premature (ROP), prolifera-
tive diabetic retinopathy, macular hole, epiretinal membrane (ERM), retinal
detachment, and myopic foveoschisis [4, 5, 20, 36-39]. The iOCT has provided
new insights into the underlying pathophysiology for some of these conditions.
PIONEER and DISCOVER studies provided valuable information about iOCT for
posterior segment surgeons [4, 20]. We will discuss the results of these studies at
the end of this section.

Chavala et al. [11] reported that they identified preretinal structures and reti-
noschisis with 7OCT in case of ROP. They suggested that these new findings might

24



Intraoperative Optical Coherence Tomography
DOI: http://dx.doi.org/10.5772/intechopen.81515

markedly affect the surgeons to make a decision resulting in various alterations
during the operation. It is thought that i{OCT may allow the surgeons to assess the
extents of both horizontal and anteroposterior tractional structures in ROP cases;
thus, the surgeons could carefully dissect or peel while sparing the other retinal
structures. Additionally, iOCT is very useful detecting the flat neovascular fronds
in ROP cases as well as other vascular retinopathies; thereby, this could prevent
iatrogenic hemorrhages by determining the extent and location of the neovascular
fronds during the surgery.

The iOCT helps the surgeon to determine the firmness of vitreomacular trac-
tions; therefore, in case of foveal cyst, de-roofing risk would diminish, and inad-
vertent macular hole could be eliminated. Similarly, during an ERM and internal
limiting membrane (ILM) peeling, the iOCT decreases the risk of inadvertent
grasping of the retina while completing ERM/ILM peeling (Figure 2).

In a recent study, it was reported that a membrane peeling with the guidance

of iOCT was enabled without the use of adjuvant dyes to identify of membrane
edges [36]. Especially in a macular hole surgery, this advantage of iOCT allows
visualization of the alterations in the macular hole architecture as well as in the
outer retina [37, 40]. In addition, during a macular hole surgery, the surgeon may
worry about inadvertent touching or tearing on nerve fiber layer. In such situa-
tion, the iOCT with real-time feedback can prevent inadvertent damage on nerve
fiber layer.

One of the retinopathies in which the iOCT is used is myopic foveoschisis. As
known, there are multiple layers of schisis in this retinopathy, and this involves
vital dye staining to make certain that the whole cortical vitreous has been
removed. However, the cases with myopic foveoschisis have a longer axial length,
thus giving rise to poor dying. The i{OCT can allow not only to better evaluate the
ILM but also to prevent iatrogenic breaks by improving visualization in a myopic
retina.

iOCT enables to provide more information in retinal detachment cases. In recent
various studies, the i{OCT revealed the presence of subclinical persistent subretinal
fluid under perfluorocarbon tamponade in most of the cases undergoing retinal

Pre-peeling

Post-peeling

Figure 2.

B-scan (C1) and volume (C2) acquived intraoperatively before epiretinal membrane (ERM) peeling with

the reconfigured Cirrus HD-OCT system. B-scan (D1) and volume (D2) acquired after ERM peeling. The
volumes required intensive postprocessing to render and were visualized postoperatively. The prepeeling volumes
depict ERM and puckering of the retina, while the post-peeling volumes show a small residual part of ERM
(Figure 1). With the permission of Carrasco-Zevallos OM et al. under the license of CC licensing [23].
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detachment operation [4, 5, 20]. Furthermore, iOCT can help to detect proliferative
vitreoretinopathy changes and border architecture of retinal tears.

In proliferative diabetic retinopathy, {OCT provides an enhanced imaging during
delamination of membranes. For this reason, the iOCT facilitates the identification
of the surgical plane, which permits membrane peeling in a safe manner. In addition
to that, in the cases of dense vitreous hemorrhage, iOCT can help to assess intra-
operatively the underlying macular pathology, such as intraretinal fluid, macular
edema, or presence of a membrane, which may impact the surgeon in changing
operation plan [38, 39].

Recently, in the 3-year outcome reports of the DISCOVER study, the use of {OCT
for image-guided retinal biopsy and placement of Argus II implant was reported.

It was demonstrated that i{OCT facilitates insertion of the biopsy site and enabled
confirming placement of the implant in optimal location [41, 42]. More recently, a
few studies reported the use of iOCT verifying subretinal location of gene therapy
and stem cells during the operation [43, 44].

Finally, the outcomes in posterior segment surgery in the PPONNER and
DISCOVER studies showed that iOCT identified residual membranes in 13-22% of
the cases whom the surgeon believed that membrane peeling was completed; con-
versely, in 15-40% of the cases, the surgeon still thought the presence of residual
membrane, yet iOCT indicated that complete removal of the membrane had been
performed [4, 20]. Additionally, iOCT provided addition of useful data concerning
surgical anatomic features in 59.4% of the cases, and the information obtaining
with {OCT impacted the surgery in 29.2% of the cases [20].

3. Conclusion

As known, in a very short time, conventional tabletop OCT has acquired its
place in practice; subsequently, real-time intraoperative feedback with the iOCT
appears to be a revolution in the OCT technology. Up to now, overall study reports
related to iOCT, especially the PFONNER and DISCOVER study, have enhanced our
understanding of iOCT technology and its unique advantages in surgical efficiency.
iOCT may lead to refine and replace conventional surgical procedures with novel
procedures, so that, with this technology, improved individual surgical manage-
ment and patient care can be achieved. However, this technology has still a few
limitations. The overall outcomes related to feasibility of iOCT need to be validated
with additional prospective randomized trials.
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Abstract

Imaging techniques of the posterior segment of the eye have gradually evolved
and tremendously improved during the last decade. A widespread implementa-
tion of optical coherence tomography (OCT) for the management and diagnosis
of retinal conditions, with a concurrent advance in integrative technology, led
to the integration of the OCT into the microscope for its intraoperative use.
Regarding posterior segment eye surgery, some of the most common diagnoses
in which microscope-integrated OCT (MIOCT) can result of great value are
epiretinal membrane, macular hole (MH), proliferative diabetic retinopathy
(PDR) and, less frequently, for inflammatory diseases, chorioretinal biopsies,
and retinal implants. The impact on the surgical procedure and, possibly, on
the postoperative outcome could relate to the definition of whether or not a
membrane has been entirely peeled, the presence of residual membranes, and the
option to perform a dissection without the need of vital dyes. The possibility of
correct topographical location of hemorrhages, suspect lesions, or implants can
also facilitate the surgical decision-making during biopsies or prosthesis implan-
tation. Microscope-integrated OCT is a feasible and useful tool that can provide
valuable information during surgery impact on decision-making, anatomic
results, surgical safety and provide opportunity to individualize surgical treat-
ment for each patient.

Keywords: intraoperative optical coherence tomography, retinal surgery,
vitreomacular interface, membrane peeling, retinal detachment

1. Introduction

The development of microsurgery enhanced the precision with which oph-
thalmic surgical procedures are currently performed. Its origins date back to
1876, when the first binocular magnifying device was invented by T. Saemisch
of Bonn [1]. It was not until 1953, with the manufacture of a microscope with
coaxial illumination, that the use of the surgical microscope became more widely
available and adapted to ocular surgery [2-4]. Three years later, in 1956, the term
“microsurgery” was used for the first time by H. M. Dekking of Géningen [5].
Almost two decades before the use of binocular magnifying devices, Hermann von
Helmholtz invented ophthalmoscopy in 1851 and allowed us to see, for the first
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time, the human retina [6]. Under this rapidly evolving background, the develop-
ment of pars plana vitrectomy (PPV) in 1970 revolutionized retinal surgery with
less invasive procedures and better results in terms of visual acuity and patient
satisfaction [7].

In addition to the operating microscope, imaging techniques of the posterior
segment of the eye have tremendously improved during the last two decades.
Optical coherence tomography (OCT) became readily and more widely available
during the last 10 years and has become one of the most commonly ordered diag-
nostic tests in ophthalmology [8-12]. The detail on the retinal architecture provided
by OCT allows to better characterize, diagnose, manage, and give prognosis of a
wide range of vitreoretinal conditions.

1.1 Integration of OCT into the operating theater

Further improvements in software and imaging started a new transition of this
powerful technology to the operating room. Firstly, it was used as a perioperative
tool to image pediatric patients, with clear limitations for image acquisition, portabil-
ity, and sterility [13, 14], and then as a handheld OCT scan head: Bioptigen SDOIS/
Envisu portable system (Bioptigen, Research Triangle Park, NC) and Optovue IVue
(Optovue, Fremont, CA) [15-18]. Advantages of the handheld OCT imaging are
flexibility of scan head orientation and dynamic positioning of the scan during
acquisition. On the other hand, disadvantages were its poor reproducibility, optimal
targeting, and the surgeon learning curve [16, 17, 19-21]. A further step forward
was taken with the integration of an OCT scan head to the operating microscope, a
model that allowed portability, stability, repeatability, efficiency, control from the
foot pedal, and an easier learning curve for surgeons [16, 17, 22-24]. However, a major
drawback of this system was the need to stop the surgical procedure to image the
retina: a lack of real-time imaging. The 2-year results of the Prospective Intraoperative
and Perioperative Ophthalmic ImagiNg With Optical CoherEncE TomogRaphy
(PIONEER) study published in 2014 [17] demonstrated the potential of this imaging
tool in the operating theater. A total of 531 eyes were enrolled, from which 256 under-
went posterior segment surgery. The three most frequent retinal procedures in this
study were epiretinal membrane (ERM) peeling (35%), macular hole (MH) surgery
(23%), and rhegmatogenous retinal detachment (RRD) repair (17%). Intraoperative
OCT impacted on the surgeons’ understanding of the anatomical configuration of
the region of interest and/or on the surgical procedure in 43% of the cases of retinal
membrane peeling and impacted on surgical decision-making in at least 13% of the
procedures in which the surgeon wanted to evaluate the outcome after initial mem-
brane peeling [17].

Microscope-integrated OCT (MIOCT) provided real-time imaging when
integrative technological progress allowed to incorporate a scanner head/system
which is, ideally, coaxial and parafocal with the optical system to the operating
microscope [25-28]. Haag-Streit (Haag-Streit, Koeniz, Switzerland), Leica (Leica
Microsystems, Buffalo Grove, IL, USA), and Zeiss (Carl Zeiss Meditec, Jena,
Germany) have currently available commercial MIOCT systems: iOCT, EnFocus,
and Rescan 700, respectively [29-34]. Despite outcomes are still debatable, litera-
ture reports have suggested the feasibility and potentially significant usefulness
of an intraoperative MIOCT [35-38]. The 3-year results of the Determination of
Feasibility of Intraoperative Spectral-Domain Microscope Combined/Integrated
OCT Visualization during En Face Retinal And Ophthalmic Surgery (DISCOVER)
study were published in 2018 [33]. In this report, 877 eyes were enrolled, and 593
of those underwent retinal surgery. The use of MIOCT altered surgical decision-
making in 29.2% of the procedures [33].

32



Microscope-Integrated Intraoperative Optical Coherence Tomography in Retinal Surgery
DOI: http://dx.doi.org/10.5772/intechopen.83511

Figure 1.

Display modalities of the microscope-integrated optical coherence tomography in the ZEISS RESCAN 7oo0.
(A) Heads-up display, showing a vertical and horizontal OCT scan within the oculars. (B) An external
display screen allows the surgeon to review the scans in a more detailed manner. Images courtesy of Carl Zeiss
Meditec.

In order to enhance the intraoperative use of MIOCT, optimized features like
automation, effective display systems, and better software analysis are required for
the near future. The recent devices allow real-time and static capture acquisition
of anterior and posterior segment images during surgery [31-34]. Nevertheless,
they lack automation, and surgeon or assistant input can be necessary. The imaging
scan is delivered to the surgeon in a dual manner: as an external display screen or a
heads-up display within the oculars, providing versatility and facilitating its intra-
operative use (Figure 1) [33]. Microscope-integrated OCT provides the surgeon
with an additional tool to better evaluate the case in a real-time fashion, enhance
surgical precision, and facilitate surgical decision-making.

2. Surgical implications

The intraoperative advantages of the MIOCT during surgery are wide. Table 1
summarizes the potential surgical implications according to different pathologies.

2.1 Vitreoretinal interface disorders

Conditions comprising vitreoretinal interface disorders (MH, vitreomacular
traction (VMT), and ERM) result in one of the best scenarios for the use of MIOCT
[34, 35, 37, 39, 40]. Intraoperative visualization of vitreomacular interface com-
ponents and alterations can potentially contribute to surgical decision-making in
membrane peeling procedures, because of the readiness to obtain real-time imaging
of subclinical alterations (e.g., residual membranes, retinal elevations, microarchi-
tectural perturbations in the distances between ellipsoid zone and retinal pigment
epithelium (RPE), as well as alterations of the inner retinal surface) [15-17, 33,
39-42]. The ability to perform a membrane peeling with the MIOCT could result in
areduction of the use of vital dyes, a minimization of the risk of retinal pharmaco-
toxicity, and a reduction of surgical time [35, 43-45].
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Table 1.
Surgical implications of microscope-integrated optical coherence tomography.

2.1.1 Macular hole

The dynamic nature of the internal limiting membrane (ILM) peeling has been
evidenced with MIOCT [39, 46]. Modifications of the retinal ultrastructure and
geometry of MH during the ILM peeling have been described [17, 31, 42, 47-49].
Assessment of the border of the ILM peeling (Figure 2), residual ILM, retinal
trauma (Figure 3), and anatomical closure (Figure 4) can be easily made ina
real-time fashion [39, 46]. A volume increase and base area increase of MH, with a
concurrent decrease in the apex height, have been evidenced following ILM peeling

Figure 2.

Infmopemtive assessment after internal limiting membrane (ILM) peeling with preservative-free
triamcinolone of a macular hole (MH). (A) Color screenshot of the surgical video that delineates the area of
the ILM peeling. White triamcinolone particles can be easily seen. (B) Horizontal scan just infevior to the MH.
(C) the two-dimensional vertical image scan evidences the transitional zone of the ILM peeling; the red arrow
demonstrates the bovder of the ILM tear inferiorly. Hyperreflective foci correlating with triamcinolone particles
can be appreciated in the vitreous cavity, and an ILM remnant stained with triamcinolone is evidenced in the
inferior border of the MH (orange arrow).
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Figure 3.

Intraoperative scan after internal limiting membrane (ILM) peeling of a macular hole (MH). The imaging

scan demonstrates a vesidual fragment of ILM in the nasal border of the MH (white arrow). Additionally, an
indentation in the internal retinal layers is evidenced secondary to excessive manipulation of that avea during the
ILM peeling procedure (orange arrow). Prevetinal hemorrhages are seen superotemporal to the optic nerve head.

Figure 4.

Optical cohevence tomography scan under the heavy liquid after internal limiting membrane (ILM) peeling.
Anatomic closure was achieved after performing a gently passive suction maneuver with a 25G silicone-tipped
cannula.

[39, 46, 47, 50]. Additionally, the distance between ellipsoid zone and RPE and
the lateral extension of this expansion have been documented and associated with
anatomical and functional outcomes [16, 17, 41, 42, 47, 50-52].

2.1.2 Vitreomacular tvaction syndrome

The use of MIOCT for these cases poses a potentially useful role. Release of the
traction can be confirmed; dynamic anatomical modifications, changes in outer
retinal relations of ellipsoid zone and EPR and residual membranes, and formations
of full-thickness macular or retinal holes can be identified as well [15, 17, 20, 33].

2.1.3 Epiretinal membrane
Outer retinal modifications have also been documented following ERM and/
or ILM peel in ERM. A decrease in subretinal reflectivity appreciated after these

procedures correlates with a considerable expansion of the distance between
the ellipsoid zone and the RPE [16, 17, 42, 47, 51]. These changes have been also
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associated with visual and anatomical recovery rates; however, further studies are
needed to confirm this correlation [51].

2.2 Retinal detachment

The surgical benefit of real-time OCT imaging in retinal detachment (RD)
repair may not be straightforward. However, intraoperative anatomical features
could be relevant for the prognosis of these cases [17, 24, 33]. Additionally, complex
cases with severe vitreoproliferative retinopathy could be assisted with real-time
imaging and successfully addressed (Figure 5B). It has been evidenced that nearly
all eyes undergoing surgery with perfluorocarbon liquid tamponade have some
degree of subretinal fluid (Figure 5A,B) [24, 53]. According to the literature, foveal
microarchitecture, the amount of submacular fluid, and the integrity of the ellip-
soid zone following application of perfluorocarbon liquid may be of significance
for the visual outcomes [17, 24, 33]. In cases where subretinal migration of perfluo-
rocarbon liquid is present, correct visualization of the liquid bubbles and complete
removal can be verified [53]. Detection of subclinical MH, occult membranes, or
retinal breaks is possible with this technology, an advantage that modifies the surgi-
cal procedure and has an impact on the patient outcome [33].

2.3 Proliferative diabetic retinopathy

Vitreoretinal proliferation in diabetic retinopathy poses some of the most
complex cases of vitreoretinal surgeries. The use of MIOCT can facilitate the correct

Figures.

Color photographs and microscope-integrated optical coherence tomography (MIOCT) scans of vetinal

detachment surgeries. (A) Real-time horizontal and vertical MIOCT scans during vetinal detachment vepair

under perfluorocarbon liquid evidence the progressive displacement of subretinal fluid (arrowhead) and a discrete
subclinical remnant of subretinal fluid under the perfluorocarbon liquid (asterisk) [33]. (B) Complex retinal
detachment vepair. Color photograph evidences severe vitreoretinal proliferation and subretinal band; endodiathermy
has been applied superiorly (left image). Visualization under perfluovocarbon liquid after retinectomy shows a
flattened retina (center image). Hovizontal and vertical MIOCT scans evidence the veattached vetina with scant
subclinical subvetinal fluid and some residual focal membranes and retinal thickening (vight images) [65].
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Figure 6.

Macular scan after pars plana vitrectomy in a patient with proliferative diabetic retinopathy. The b-scans
evidence minor cystic edema and preserved macular avchitecture. After image assessment, the surgeon decided
not to perform internal limiting membrane peeling.

identification and visualization of the surgical planes to aid membrane dissection,
delineate areas of retinal detachment, or topographically localize hemorrhages (e.g.,
subhyaloid, sub-ILM, or subretinal hemorrhages) [31, 33, 54]. Cases of proliferative
diabetic retinopathy with clinically significant macular edema can be optimally
assessed to decide if an ILM peeling is needed (Figure 6) [55-58]. These clinical
circumstances could potentially represent a scenario in which the use of MIOCT can
facilitate surgery and enhance outcomes.

2.4 Pediatric retinal surgery

The age and cooperation of the pediatric patients make MIOCT a potentially
useful tool to deploy in the examination under general anesthesia, in order to
improve the understanding of pathologies such as retinopathy of prematurity
(ROP), shaken baby syndrome, or any other vitreoretinal conditions that do not
necessarily require VPP, like retinoblastoma [59-62]. Retinoschisis, preretinal
structures and membranes, as well as lamellar or full-thickness retinal holes, which
were not previously appreciated during an office examination, can be evidenced in
ROP or shaken baby syndromes, respectively [59, 62].

2.5 Other vitreoretinal conditions

Chorioretinal biopsy cases could be benefitted by the correct identification of
the anatomical layers conforming the surgical plane and differentiation between
normal tissue and lesion. The aid of MIOCT can impact on retinal prostheses
implantation (e.g., Argus II implants for retinitis pigmentosa), providing precise
information of the implant location and allowing a correct positioning [33, 63, 64].

3. Conclusion

The rapid technological evolution of our era has allowed us to consider this
potentially powerful field of imaging to further improve retinal surgery. Evidence
has demonstrated that MIOCT is feasible and useful in the operating theater,
providing valuable information to evaluate the surgical field in real time which
can alter surgical decision-making, positively impact on short- and long-term
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outcomes, and possibly promote the development of new surgical techniques. In the
near future, improvements in OCT-compatible surgical instrumentation, feedback
systems, and software are warranted to achieve an integration of this technology to
our operating theaters.
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Wide-Field Retinal Imaging in
Adults and Children
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Abstract

Wide-field retinal imaging has become an important standard of care imag-
ing modality in many retinal disorders both in adults and children. The recently
developed wide-field retinal imaging systems enable approximately 200° imaging
of retina. In this chapter, we would like to review the use of wide-field retinal imag-
ing in disorders such as retinal vascular diseases, uveal and retinal inflammatory
diseases, intraocular tumors, peripheral retinal pathologies, and retinal disorders
in children such as retinopathy of prematurity, familial exudative vitreoretinopa-
thy, and Coats' disease. Also, we would like to address the rapidly expanding role
of peripheral retinal imaging in treating systemic diseases. The use of wide-field
imaging technologies in screening, diagnosis, treatment, and documentation of
retinal pathologies and the new information provided by wide-field angiography
for retinal vascular diseases and macular problems will be discussed.

Keywords: retinal imaging, wide-field, ultra-wide-field, wide-angle, fluorescein
angiography, optomap, scanning laser ophthalmoscope

1. Introduction

Wide-field retinal imaging gives the opportunity to simultaneously visualize the
central and peripheral retina in a single session. Older wide-field retinal imaging
systems had significant downsides such as the requirement of a contact lens and a
clear ocular media [1]. Acquiring images from the far peripheral retina was difficult,
requiring a skilled technician and demanded difficult tasks from the patient such as
performing extreme gazes. Systems that utilized image montaging could only cap-
ture up to 75° of the retina and were disadvantaged due to frequent montage errors
[1-3]. New-generation devices were able to obtain up to 140° at one session [1-3].

The Optos Optomap Panoramic 200A imaging system (Optos® camera,Optos
PLC, Dunfermline, UK) revolutionized wide-field retinal imaging by increasing the
field of view to 200° [4]. This system implements a scanning laser ophthalmoscope
technology with an ellipsoid mirror and covers approximately 82% of the retina
in a single image by forming a virtual scanning head within the patient’s eye [1].
Compared with conventional digital imaging systems, ultra-wide-field fluorescein
angiography (UWFA) using the Optos system captures twice as much retinal area
[5]. Heidelberg (Heidelberg Engineering, Germany) introduced a noncontact lens
that attaches to the Heidelberg Spectralis and Retinal Angiography systems allowing
ultra-wide-field photography and angiography [6].

Endowed with high resolution and multimodal capabilities, ultra-wide-field
imaging is destined to become the standard-of-care in retinal imaging. These
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Confocal scanning laser ophthalmoscope (CSLO)-based systems Optos, Heidelberg

Optics-based systems RetCam, Panoret 1000

Contact lens-based systems Staurenghi, Rodenstock lens
Table 1.

Classification of wide-field devices according to their working principles.

devices have also found their place in research applications and have the potential to
be utilized in telemedicine [7]. Wide-angle imaging systems using different systems
are summarized in Table 1.

2. The history and evolution of retinal imaging

Hermann von Helmholtz was the founder of the first direct ophthalmoscope in
1851 [8]. The first available fundus camera, produced by Carl Zeiss in 1955, had a
20° field of vision. Development of fluorescein angiography (FA) in 1961 brought
another format to retinal imaging [9]. The first camera that was able to visualize
beyond the equator was developed by Oleg Pomerantzeff in 1977 and this device
could image 148° of the retinal area. A disadvantage of this modality was the
requirement of a contact lens and transscleral illumination [10]. In the meantime,
montage methods had been developed to image the peripheral retina such as the
75° views compiled for the ETDRS seven-standard fields [1, 3]. A further develop-
ment in the wide-field imaging systems was the introduction of RetCam (Clarity
Medical Systems, Inc., Pleasanton, CA, USA) by Bert Messie in 1997 which was
able to image up to 130°. This device which brought significant convenience in
pediatric retinal imaging was quickly popularized [9]. The main disadvantage
of this device is its optical method of illumination, necessitating a clear media.

In 2003, Medibell introduced the Panoret-1000 (Medibell Medical Vision
Technologies, Inc., Haifa, Israel), incorporating a non-mydriatic camera which
could image up to 100° of the retina. However, this technique was technically
demanding as it required technicians for image acquisition. In general, although it
was able to capture high-resolution images of the retina, it did not perform well in
dark pigmented fundus due to decreased transscleral illumination [9, 11]. A mile-
stone in wide-field retinal imaging systems was the development of Optos in 2005
(Optos® camera,Optos PLC, Dunfermline, UK) which, by utilizing an ellipsoidal
mirror, was capable of capturing up to 200° of the internal viewing angle of the
retina [4]. Both UWFA and fundus autofluorescence are available. Furthermore,
this UWFA system allowed better detection of peripheral capillary non-perfusion.
An indocyanine green (ICG) angiography upgrade was also recently made avail-
able [6, 9]. In 2005, Giovanni Staurenghi developed the handheld Staurenghi 230
SLO Retina Lens (Ocular Staurenghi 230 SLO Retina Lens; Ocular Instrument
Inc., Bellevue, WA, USA) which was later incorporated into a confocal scanning
laser ophthalmoscopy system by Heidelberg. Addition of this lens increased the
original field of view of Heidelberg Retinal Angiography (HRA) Spectralis system
from 100° to 150° of the retina [12].

In summary, apart from Optos, other notable systems for wide-field imaging
include the Pomerantzeff Camera/Equator-plus, Panoret-1000, the Staurenghi lens,
HRA Spectralis and RetCam 3 system [11-15]. Each of the former devices has its
specific inherent limitations such as the requirement of a contact lens, illumination
difficulties, low resolution, optical aberrations limiting angiographic view, inca-
pability to obtain ultra-wide-field retinal images, and absence of ultra-wide-field
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autofluorescence imaging. Although the montage method using standard fundus
photography is also able to obtain wide-angle images of the retina, the final
assembled image may not be synchronous as none of the images have been captured
simultaneously [16].

3. Advantages of modern digital wide-field imaging systems
* Enhanced resolution
* Faster image processing time
* Faster image acquisition
* Ease of image duplication and manipulation
* Possibility of image transmission via electronic route

* Better acquisition in eyes with hazy ocular media (such as cataract) than a tra-
ditional fundus camera

* Simultaneous imaging of central and peripheral retina [17].

4. Confocal scanning laser ophthalmoscopy imaging (CSLO) systems

CSLO systems use laser light to illuminate the retina, instead of bright flashes
of light. This reduces scatter of light in images acquired. Two different wavelengths
of laser are used (532 nm-green, 633 nm-red). Green laser provides more detailed
information about the superficial layers of the retina and the retinal vessels. Red
laser (633 nm) owing to a longer wavelength gives more detailed information about
deep retinal layers and choroid. Images can be evaluated separately or a composite
photo image is acquired [18].

5. Multimodal imaging with digital wide-field systems

A great advantage offered by many of the present WFI and UWFI systems is the
possibility of simultaneous acquisition of fundus fluorescein angiography (FA),
indocyanine angiography (ICGA), red-free photography, fundus photography,
fundus autofluorescence (FAF), including blue-light fundus autofluorescence
(BAF), infrared autofluorescence (IRAF) or green-light fundus autofluorescence
(GAF). The main features of commercially available WFI systems are summarized
in Table 2.

Platforms/devices  Type of Principle Field of view Available application
lens system
WFI Heidelberg Spectralis Non-contact SD-OCT with 55°(105°with  FFA, ICGA, FAF(BAF and
CSLO HRA2) IRAF)
Contact SD-OCT with 150° FFA,ICGA, FAF(BAF and
CSLO using IRAF)

Staurenghi Lens
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Platforms/devices ~ Type of Principle Field of view  Available application
lens system
RetCam 3 Contact Optical light 130° FFA, ICGA
source to obtain
high resolution
UWFI  Optos Non-contact CSLO-based 200 FFA,FAF (GAF,IRAF),ICGA

Table 2.
The main features of commercially available WFI systems.

6. Wide-field fundus autofluorescence (FAF) imaging

Autofluorescence is based on the excitation of fluorophores within the retina.
The main fluorophore is lipofuscin, found in the retinal pigment epithelial cells
[19]. For some diseases, autofluorescence provides valuable information in the
differential diagnosis. An ultra-wide-field scanning laser ophthalmoscope with FAF
capability was recently introduced. The importance of peripheral retinal evaluation
was highlighted in reports showing distinct peripheral FAF changes in diseases that
were previously assumed to be isolated to macula [20]. Wide-field FAF imaging

Figure 1.
Typical FAF appearance of multifocal central serious chorioretinopathy. Hyperfluorescent areas are indicative
of chronic subretinal fluid and secondary RPE changes.

Figure 2.
FAF shows a hyper-autofluorescent gravitational tract in chronic central serous chorioretinopathy.
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Figure 3.
FAF image of a patient with retinitis pigmentosa showing annular hypo and hyper autofluorescent areas.

provides valuable information in pathologies such as AMD, posterior uveitis, and
choroidal melanoma [21]. Wide-field imaging also provides valuable clinical data in
central serous chorioretinopathy [22] (Figures 1-3).

7. Applications of wide-field imaging in clinical practice
7.1 Healthy eyes

In order to evaluate the pathological angiography findings in various diseases,
first of all, it is necessary to evaluate the normal retinal findings in wide-field
angiography.[23, 24] Perfused vascular border distance decreases after 60 years
of age in all quadrants [24]. Normal peripheral retinas infrequently show granular
background fluorescence [23]. Figure 4 shows wide-field images of healthy eyes.

7.2 Diabetic retinopathy

Vascular abnormalities in diabetic retinopathy, particularly non-perfusion,
occur in the peripheral retina; therefore, evaluation of the retinal periphery
is of vital importance [25]. With the advent of wide-field imaging systems in
recent years, it is possible to evaluate peripheral retina which cannot be visual-
ized by conventional imaging systems in diabetic patients. Peripheral avascular
areas, neovascularization, and vascular leakages are evaluated. UWFA was
found superior to simulated seven-standard field images in a previous study not
only in terms of the visualized total retinal area (3.2 times) but also in terms
of the total area of retinal non-perfusion (3.9 times), neovascularization (1.9
times), and panretinal photocoagulation (3.8 times) [26]. Moreover, this study
has demonstrated that the seven-standard field image technique has failed to
identify positive findings that were present in UWFA in 10% of the patients [26].
Detecting peripheral retinal ischemia is essential as studies have shown that
peripheral ischemia may precede diabetic macular edema [27, 28]. In patients
with retinal ischemia, macular edema was 3.75 times more than those without
ischemia [28]. Patients with diabetic retinopathy with large ischemic areas had
more treatment-resistant macular edema [27]. It is stated that ultra-wide-field
imaging may provide some additional data in the diagnosis because it contains
a larger area [29-32]. Figure 5 shows UWFA image of a diabetic patient with
marked peripheral ischemia.
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Figure 4.
Various wide-field images in diffevent adults with healthy eyes. Composite color photo (a), pars plana view at
temporal gaze (white arvows) (b), normal FAF image (c), and normal FA image (d).

Figures.
UWEFA image of a patient with diabetic retinopathy showing marked peripheral ischemia, patches of
neovascularization at disc and elsewhere.

7.3 Retinal vascular occlusions
7.3.1 Branch vetinal vein occlusions
Branch retinal vein occlusion (BRVO) is a significant cause of vision loss and is

the second most common retinal vascular disease after diabetic retinopathy. BRVO
can be categorized as ischemic or non-ischemic [33]. Wide-field FA can be used to
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identify vascular abnormalities, peripheral capillary non-perfusion, and neovascu-
larization [34, 35]. Capillary non-perfusion on wide-field angiography heralds the
development of macular edema in patients with BRVO [36]. Increased production
of VEGF has been proposed to cause macular edema by increasing capillary perme-
ability [36]. Figure 6 shows UWFA image of a patient with BRVO.

7.3.2 Central vetinal vein occlusions

Central retinal vein occlusion (CRVO) is a relatively less frequent cause of vision
loss than BRVO. CRVO is classified into ischemic and non-ischemic types depend-
ing on the extent of retinal ischemia. As the detection of the extent of retinal
ischemia is crucial in prognostication, peripheral retinal imaging is of significant
value. Conventional FA systems may be limited in peripheral retinal assessment
compared to UWFA. As such, considering that ischemic CRVO is, by definition,
the presence of non-perfusion greater than 10 disc diameters, UWFA may be more
efficient than conventional FA in differentiating ischemic from non-ischemic
CRVOs [37]. Furthermore, wide-field FA allows detection of a greater area of
overall non-perfusion enabling earlier and targeted laser photocoagulation [37-39].
In view of these considerations, UWFA is anticipated to improve the management
of CRVO. Figure 7 shows a wide-field fundus photography and UWFA of a patient
with CRVO in the acute phase.

7.4 Choroidal lesions including tumors

Wide-field imaging systems ease the evaluation and follow-up of peripheral
temporal lesions [40]. SLO images can be distinguished as malignant or benign
lesions. Typically, malignant lesions appear dark with a red laser, but appear bright
with a green laser [41]. Wide-field fundus imaging may allow documentation
of growth of a choroidal tumor and associated serous retinal detachment [42].
Figures 8 and 9 show two different choroidal tumors imaged by ultra-wide-field
imaging system.

7.5 Retinal detachment
Wide-field imaging may be used to supplement fundus examination for character-

izing and documenting retinal detachments [7, 43]. Use of wide-field systems in the
diagnosis and evaluation of retinal detachments is, however, controversial. The gold

Figure 6.
UWEFA image of the inferior temporal region in a patient with BRVO showing a delineated area of peripheral
ischemia (arrow) and areas of blocked fluorescence due to hemorrhage (arrow head).
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standard in diagnosing retinal detachment remains a dilated binocular indirect exami-
nation with scleral depression. Figure 10 shows a patient with retinal detachment.

7.6 Age-related macular degeneration (AMD)

Detection of peripheral autofluorescence is a potential area of research and
its significance is currently being investigated in different studies [44, 45]. Ina
previous study, peripheral FAF abnormalities were found to be 68.9% and several
distinct FAF patterns were identified: granular (46.2%), spotted (34.0%), and
nummular (18.1%). An abnormal FAF pattern was observed more frequently in
neovascular compared to non-neovascular AMD or normal eyes, but the clinical

Figure7.

Wide-field fundus photograph and UWFA image of the left eye of a patient with CRVO illustrating
widespread retinal hemorrhage and disc staining. Peripheral ischemia in this patient may have been missed by
conventional FA due to limited field of view.

Figure 8.
A case of choroidal malignant melanoma, composite photograph (a), UWFA (b), red laser (c), and green
laser/red-free (d) images.
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Figure 9.
Wide-field fundus photograph of a choroidal metastatic tumor with exudative retinal detachment in a patient
with lung cancer.

Figure 10.
Macula-off retinal detachment with a horse-shoe tear at 10 o’clock.

significance of these findings is, at present, uncertain [45]. Figure 11 shows various
peripheral FAF abnormalities in different AMD patients.

7.7 Pediatric retinal diseases

Wide-field imaging of retinopathy of prematurity (ROP) is usually performed
using RetCam technology. Optos test is performed more often in older children
to document the late sequelae of ROP. Even if it seems difficult, Optos imaging
of newborns with ROP can also be performed using the “flying baby” position
[46]. Wide-field imaging for telemedicine-based screening of ROP has recently
gained popularity [47]. RetCam can be used immediately after laser treatment to
identify untreated areas in ROP cases [48]. The RetCam technology is also useful
in the diagnosis and follow-up of retinoblastoma. UWF imaging with Optos has
been shown to be useful in the diagnosis of Coats’ disease. Wide-field imaging is
critical for the detection of areas of non-perfusion and telangiectasias, in addition
image-guided targeted panretinal photocoagulation to these areas [49, 50]. Familial
exudative vitreoretinopathy (FEVR) is a condition of abnormal vascularization of
the retinal periphery. UWFA has also been employed to conceptualize an updated
version of FEVR classification [51]. Figures 12-15 show images of pediatric patients
with different retinal diseases.
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Figure 11.

Various peripheral FAF abnormalities in different AMD patients. Hypo-autofluorescent lesions with hyper-
autofluorescent bovders (a), nummular hypo-autofluorescent lesions (b), hyper-autofluorescent lesions (c), and
hypo-autofluorescent lesions (d) at peripheral retina.

Figure 12.
Color fundus photograph reveals zone II, stage 2 retinopathy of prematurity with plus disease (from RetCam,).

7.8 Uveitis

UWFA is useful in evaluating disease severity, progression, and treatment
response in intermediate or posterior uveitis [52]. The UWFA showed a view of
capillary dropout and leakage in the peripheral retina. This was first demonstrated
in two case series of patients with retinal vasculitis imaged with UWFA [53, 54].

In a study about Behget retinal vasculitis, it was found that UWFA detected active
vasculitis not otherwise detectable in 84.8% of eyes [55]. Multimodal UWF imaging
will likely assume a more prominent role in the diagnosis and follow-up of patients
with retinal vasculitis and posterior uveitis [7]. Figures 16-18 show images of dif-
ferent uveitis patients in wide-field imaging.
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Figure 13.
A RetCam image of a retinoblastoma case showing a large retinal mass encompassing the retinal arcuates.

Figure 14.

Wide-field fundus photograph (left panel) of a patient with Coats’ disease showing macular circinate
exudates, telangiectatic vessels in the upper nasal retina. UWFA image (vight panel) of the same patient
showing telangiectatic vessels and peripheral non-perfusion.

Figure 15.
UWFA image of the right (a) and left eye (b) of a patient with FEVR. Marked pevipheral retinal
non-perfusion and NVE (a) and severe macular dragging due to falciform retinal fold (b) is noted.

7.9 Miscellaneous diseases
UWFA shows peripheral perfusion abnormalities not previously recognized in

myopic eyes. Retinal vasculature in the peripheral retina is significantly altered in
eyes with axial myopia. This may be associated to a mechanical stretching [56].
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Figure 16.

Diffuse vasculitic leakage and neovascularization at disc (NVD) in a case with Behget's disease (a) and diffuse
vasculitic leakage and macular edema in a patient with idiopathic rvetinal vasculitis (b).

Figure 17.

Wide-field fundus photograph and UWFA image of the left eye of a patient with Eales disease. Peripheral
ischemia in the nasal and temporal quadrants accompanied by collateral formation and NVD.

Figure 18.

Wide-field fundus photograph and UWFA images of the right eye showing mid-peripheral linear lesions
(Schlaegel lines) and secondary peripapillary CNV. This patient was diagnosed with multifocal choroiditis.
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UWEFTI has shown a significant association between Alzheimer’s disease and
peripheral hard drusen formation [57].

8. Limitations of wide-field imaging systems

The eyeball is a three-dimensional structure. Since a two-dimensional image is
obtained with a wide-field system, there are peripheral aberrations in the image.
Because of the ellipsoid mirror used, lesions in the retinal periphery appear larger,
with a slight distortion [58]. As this distortion and enlargement are variable in differ-
ent directions, capturing should be done at the same direction as possible [24]. The
Optomap system displays an area of 200° in the horizontal plane, while the vertical
plane displays an area of 170° [58]. Evaluation of the retinal periphery, especially in
the lower quadrant due to eyelashes, is difficult [1, 59]. Figure 19 shows an image
artifact caused by eyelashes.

Limitations of the Optos include laser artifacts, abnormal colors, and lack of
stereopsis [9]. Also, resolution of the macula area is lower than that of standard
fundus cameras [1]. Wide-angle retinal imaging with the use of a contact lens, such
as the Staurenghi lens, expanded the view to 150° but is technically more chal-
lenging and requires high patient cooperation [12]. HRA is an alternative to Optos
system in peripheral retinal imaging and each has its own advantages and disadvan-
tages. A recent study has demonstrated that UWFA with the Optos system is able
to capture a significantly wider total retinal area when compared to the Heidelberg
noncontact system particularly in the nasal and temporal quadrants [60]. Although
it was not found statistically significant, Heidelberg system was able to obtain a
wider area in the superior and inferior quadrants. In contrast, Optos showed more
peripheral distortion and greater variability in image quality, largely due to eyelash
artifacts [60].

Figure 19.
Limited view in the lower quadrant due to eyelash artifacts.

9. Future directions

The future goal in retinal imaging is to capture a high-resolution image of the
whole retina with the finest details. Devices that allow ultra-wide-field retinal
imaging may be miniaturized, thus enhancing portability. These systems may also
be integrated with smartphones, therefore facilitating telemedicine applications.

59



Novel Diagnostic Methods in Ophthalmology

A novel smartphone-based wide-field retinal camera capable of capturing high-
quality fundus images was previously described [61]. Nonphysician operators may
also be trained to acquire retinal images for remote evaluation [62].

Different diagnostic tools embedded in one device will offer more cost- and
time-efficient systems. A multimodal device combining conventional wide-field
fundus photography, OCT, FA, FAF, ICGA, adaptive optics, and OCT angiography
would be a step forward in retinal diagnostic testing. Incorporating a treatment
utility such as laser photocoagulation into a multimodal diagnostic tool would be
revolutionary in retina clinical practice.

10. Conclusion

The use of wide-field imaging systems for clinical applications and researches is
increasing. In the future, the role of these imaging systems in the diagnosis, follow-
up, and treatment of retinal diseases will continue to be demonstrated in compara-
tive studies.
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Abstract

Ultrasound is one of the oldest imaging modalities. Sound waves are emitted
into the body, and the returning echoes can be interpreted. It has become widely
used because it can easily be done at bedside with a relatively small apparatus and
does not expose the patient to any ionizing radiation. While this technique has seen
widespread acceptance in other fields such as cardiology or obstetrics and gyne-
cology, the general use in ophthalmology has been somewhat limited. However,
recent advancements in ultrasonic arrays can be a powerful tool in the evaluation of
ophthalmic pathology. Such systems can quickly generate very high detail images
and 3D reconstructions without the need for extensive manual scanning. The
application of this technology includes evaluation of traumatic eye injuries; assess-
ing presence and location of an intraocular foreign body; evaluation of intraocular
tumors, including small tumors that have not yet caused visual distortion; evalu-
ation of retinal detachment; and evaluation of vascular disease. The goal of this
article is to briefly review the history and development of ultrasound and to provide
an overview of the most current systems and applications of ultrasound use in
ophthalmologic clinical evaluation.

Keywords: ultrasound, 3D reconstruction, ultrasonic biomicroscopy, Doppler
ultrasonography, ultrasonic array

1. Introduction

One of the most common and well recognized technologies in modern medicine
is ultrasonography. Its use has been used in many medical fields, and new methods
and devices using ultrasound are frequently emerging. While there have been many
recent advancements, ultrasound has a rich history dating back centuries.

Some consider the earliest investigation into ultrasound beginning with the
ancient Greeks [1]. Pythagoras invented the sonometer to study music; Boethius
compared the waves generated by dropping a pebble into water to sound waves.

In 1880, French scientists and brothers, Pierre and Jacques Curie, discovered
piezoelectricity [2]. When certain materials (such as some crystals) are exposed to
an electric field they undergo mechanical changes. The reverse is also true: when
piezoelectric materials have mechanical force exerted on them they generate an
electric charge. Thus, these crystals can both transmit and receive sound. Such
piezoelectric devices are the basis of ultrasound transducers [3]. When voltage is
applied to the transducer sound waves are emitted; when the reflected waves are
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picked up by the transducer, they generate voltage. This electrical signal can then be
processed to produce an “image” based on the reflected sound waves.

While the Curie brothers discovered the piezoelectric effect in the 1880s, it
wasn't utilized for ultrasonography until a few decades later. One of their students,
Paul Langevin, was commissioned by the French government to develop technol-
ogy to detect enemy submarines [2]. His studies became the base for what was to
later become known as sound navigation ranging (SONAR), which was developed
extensively in World War II [4, 5].

Later, ultrasound started to see use in medicine. Karl Dussik used it to study
brain tissue; George Ludwig used ultrasound to help detect gallstones [2]. In 1951,
John Wild and John Reid built the first B-mode scanner [6]. B-mode (brightness-
mode) scanners are what is most often thought of when one refers to ultrasound.
B-mode produces a two-dimensional reconstructed image of internal body struc-
tures based on reflected sound waves. The first commercially available handheld
B-mode scanner was produced in 1963 [6]. Around the same time, many research-
ers started looking into Doppler applications with ultrasound to detect blood flow
as well.

The 1960s and 1970s proved to be a time of rapid development for the use of
ultrasound in medicine [2, 6]. Its application in cardiology and obstetrics and
gynecology became more widespread. The field of medical sonography continued
to grow, and various societies and institutions dedicated to medical sonography
began to emerge.

2. Ultrasound use in ophthalmology

In the 1950s, ultrasound was first used in ophthalmology and optometry [7, 8].
These early explorations aimed at using measurements of the depth and velocity
of sound waves in the eye to try to distinguish various conditions. This type of
ultrasonography is known as A-scanning (amplitude scanning). Further advances
in the 1960s used A-mode scanning to better measure the length of the eye, dis-
tances within the eye [9], and visual axis of the eye [10]. The axial A-scanning was
also used to help determine intraocular lens power [11]. Diagnostic A-scan works
by emitting a sonic pulse and measuring the time and amplitude of the echo. This
information can then be interpreted to give information on the number of interfaces
the wave has passed through. For example, the waveform produced from passing
through normal structures of the eye versus a hemangioma versus a more solid
lesion will all look different [7]. While A-scanning can give important data on some
basic characteristics of the eye, such as lens power and length of the eye, it does not
produce a visual re-creation of internal ocular structures. Because of this, its use is
somewhat limited and must be combined with B-scan (Figures 1 and 2).

Another valuable application of ultrasound is the use of Doppler flow ultraso-
nography. Doppler was a physicist and astronomer in the mid 1800s who demon-
strated that blue stars appeared that color because they were moving toward the
observer while red stars appeared red because they were moving away from the
observer [12]. This became known as the Doppler effect, and held true not only
for electromagnetic waves but also acoustic waves; thus, the Doppler effect can be
applied to ultrasound to help measure the magnitude and direction of flow.

Doppler found early application in cardiology, where the evaluation of flow
was obvious [13, 14]. Doppler ultrasound soon found other applications, though.

It proved useful in monitoring and measuring peripheral vasculature [15-18]. This
proved useful for applications such as detecting tumor neovascularization [19, 20]
and evaluation for ectopic pregnancy [21].
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Figure 1.
A diagram illustrating the various sources of reflected waves within the eye and how they would appear on the
view screen.

Figure 2.
Example of an ultrasound probe designed specifically for ophthalmic use.

Doppler ultrasonography was also shown to be useful in estimating the degree of
stenosis in vasculature, which proved especially useful in evaluating carotid artery
disease [22]. This is of special interest because the ophthalmic artery is the first
branch of the internal carotid artery, and disease affecting the internal carotid has
the propensity to affect ocular vasculature either indirectly secondary to decreased
flow or directly through embolism of atherosclerotic plaque [23]. Doppler was
also shown to be helpful in diagnosis and evaluation of open angle glaucoma [24].
Doppler has also been used in ophthalmology to evaluate the ocular fundus [25] and
flow through the retinal artery [26].

While A-mode scanning and Doppler flow ultrasound had their specific uses,
B-mode scanning was explored more broadly. Devices became more accessible with
handheld transducers and options to attach to a TV screen for viewing [27, 28]. In
addition, differently shaped probes were developed to aid in imaging for different
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surface areas or structures [29]. B-mode proved an invaluable tool for evaluating
intraocular foreign bodies, masses, hemorrhage, retinal detachment, and congenital
abnormalities. It was first pioneered in ophthalmology Baum and Greenwood [30],
and the first ocular specific probe was produced by Bronson [27].

One of the first ways B-mode ultrasonography was used in ophthalmology was
for evaluation of an opaque eye [30]. For example, if there is a potential foreign
body in the eye and there is clouding of the cornea or lens, the object may not be
able to be observed directly. Furthermore, if it is radio-opaque, it will not be visible
via X-ray. This makes ultrasound an excellent modality for evaluation in such
instances. Another advantage is that ultrasonographic evaluation of the eye can be
done bedside with the need for minimal equipment, making it ideal for traumatic
evaluation [31-33].

B-mode was also used early on for evaluation of intraocular tumors [34-36].
Similar to the above example of foreign object location, if there is a soft tissue lesion
that is in a position not easily visible by direct ophthalmoscopy or if there is cloud-
ing of anterior structures, such that a direct view is not possible, B-mode ultraso-
nography can aide in evaluation of intraocular soft tissue masses (Figure 3). This
has been especially explored in the setting of diagnosing choroidal melanoma [37].
B-mode scanning can help ascertain the position, size, and height of ocular
melanoma.

While early scans for evaluation of intraocular masses were focused on identify-
ing presence and location, later research focused on better quantifying such tumors
[38, 39]. By taking serial cross-sectional scans over the shape of the tumor, the
shape and volume of the tumor could be estimated [40, 41]. This helped to improve
evaluation and characterization of intraocular masses and guided radioactive
plaque placement.

Figure 3.

Examples of images from B-scan ultrasound. (A) An image of choroidal hemorrhage. Areas of hemorrhage
indicated by (a). (B) Choroidal melanoma (b) with associated superior retinal detachment (arrow). (C)

A diabetic patient with vitreous vetinal traction. Area of vitreous hemorrhage shown by (c); single arrow
indicates posterior hyaloid membrane; double arrow shows point of fibrovascular adhesion. (D) Ciliary
melanoma (d) invading into the anterior chamber; arrow indicates cornea while star shows the location of the
iris. Images used courtesy of Ellex.
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Despite the many applications of ultrasonography for ocular evaluation, there
are some limitations. The depth of penetration of ultrasonic waves is inversely
proportional to the frequency used [42]; a transducer using a 10 MHz frequency can
penetrate 50 mm, where as a system using 60 MHz frequency will only penetrate
5 mm. Furthermore, the image resolution is limited by the frequency used, with
higher frequency systems achieving higher resolution images. Ultrasonic imaging
using high frequencies has been termed “ultrasonic microscopy” or “ultrasonic
backscatter microscopy” (UBM) [43, 44]. Such systems use very high frequency
waves (60-100 MHz) to achieve high resolution images at depths in the 4 mm range.
This technique is ideal for high resolution imaging the anterior chamber, ciliary
body and its structures, as well as parts of the peripheral retina [45]. Because images
can get distorted at the close interface between the transducer and the object being
imaged, eye-cup devices are used to create an offset distance between the trans-
ducer and the surface of what is being imaged (Figure 4) [42].

The use of high frequency ultrasonic biomicroscopy has been applied in several
ways. One study used UBM for tracking corneal changes related to the laser-assisted
in-situ keratomileusis (LASIK) procedure [46]. 50 MHz scanning was used to map the
cornea before and after LASIK. They showed that this technique was an accurate and
feasible way to track changes in corneal shape and thickness following LASIK. Another
application of ultrasonic biomicroscopy was the characterization of the lens [47]. By
being able to better characterize the natural lens, more accurate synthetic lenses can be
produced (Figure 5). A similar approach was used to better categorize the ciliary body [48].
In contrast to anterior structures such as the cornea and lens can be easily evaluated
via direct visualization with methods such as slit lamp examination, the ciliary body is
obscured from direct visual view. Because of this, UBM is an ideal modality for evalu-
ation of ciliary body pathology, small tumors in particular [49-51]. UBM has also been
useful in identifying structural morphologies contributing to glaucoma, such as iris
plateau syndrome [52]. These examples illustrate how high frequency, high resolution
ultrasonic biomicroscopy can practically be applied to ocular evaluation and how this
imaging can change practice and drive innovation.

Figure 4.
The 2D image is an example of B-scan ultrasonography of a human eye. The lower section of the image shows a
superimposed A-scan for comparison.
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Figures.

Example of UBM for visualization of anterior structures. Cornea indicated by (a), iris by (b), and ciliary
body by (c). This technique can be used for measurements for intraocular lens placement, or to assess ciliary
body tumors which would not be directly visible. Image used courtesy of Ellex.

Despite advances in high resolution imaging and faster B-scanning, there were
still limitations. One is that ultrasonic evaluation can be time consuming and the
quality of the exam is dependent of how skillful the examiner is. Another limitation
is that traditional B-mode scanning can only evaluate structures directly opposite to
the probe and cannot provide information in the XY plane without 3D reconstruc-
tion. While 3D reconstruction was shown to be possible [40, 41] and could give
information about the XY planes, such imaging required time consuming serial
acquisition of small 2D image slices and subsequent reconstruction. This meant that
while 3D reconstruction is possible, it is too cumbersome to be used frequently in the
average clinical setting. Much research went into designing systems that were able
to scan faster to produce more reliable 3D reconstructions of ocular models [53, 54].
This included using array systems that were able to image at both high frequencies
and traditional frequencies to obtain a reconstruction with as much detail as possible
at multiple depths [54]. As opposed to traditional A-mode and B-mode transduc-
ers which have a single piezoelectric element (and thereby a fixed depth of focus),
arrays use a transducer with many elements (over 100) in each transducer head [55].

Despite the valuable information that can be gained from an array system that
utilizes both traditional and high frequency waves, such systems have not been
readily adopted [56, 57]. One potential reason for the underutilization of high
frequency systems may be because of the equipment constraints. Because array
transducers require over 100 piezoelectric parts aligned in close proximity within a
relatively small transducer head, the production is technically challenging [55, 58].
Moreover, the frequency generated is inversely proportional to the size and spacing
of the piezoelectric elements [58]: lower frequency systems can use larger more
widely spaced piezoelectric crystals.

A combined low and high frequency array system called the Vevo 2100
(VisualSonics, Toronto, Ontario, Canada) has been tested for use in ophthalmologic
evaluation and shows promise [55]. This system uses an array transducer with 256 ele-
ments in each transducer head. By utilizing an array system, most of the imaged field
can be kept in focus, allowing high-resolution real-time imaging. This system has two
linear array transducer probes: a 25 MHz probe and a 50 MHz probe (Figure 6).

This system generates 3D reconstructions in seconds utilizing a mechanical motor
for efficient scanning. A scan using the 50 MHz probe yields high definition data
on the anterior eye structures, while a second scan using the 25 MHz probe will
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Figure 6.
(A) Picture of the Vevo 2100 system (VisualSonics, Toronto, Ontario, Canada). (B) Picture of the 25 MHz and
50 MHz probe utilized by this system. Used with permission from Gholam A. Peyman.

produce data on the posterior segment and orbit. Each scan with 3D reconstruc-
tion takes about 10 seconds. An initial evaluation would be a scan with the 50 MHz
transducer to assess anterior structures followed by a scan using the 25 MHz probe
to image the rest of the eye. By choosing an appropriate transducer and frequency,
the whole eye can efficiently be scanned, and a 3D reconstruction generated either
from a specific area or the whole eye in less than 1 minute. In addition to generation
of 3D reconstructions (Figures 7 and 8), this system can perform several other
scanning functions, including B-mode, M-mode, PW Doppler, Color Doppler,
Power Doppler, Tissue Doppler, Contrast Mode, and Photoacoustic Imaging.

One important application of this system is in emergency evaluation of trau-
matic eye injuries. Traditional hand-held B-mode evaluation is an excellent tool
for detecting foreign bodies but is not without risk. Extreme caution must be used
when scanning an injured eye, which must be considered as a potential open globe.
It is critical to avoid placing pressure and extruding intraocular contents through a
penetrating wound. This system can perform a mechanized scan through a closed
eyelid with a coupling medium. There is decreased risk of causing further injury to
the eye. This feature, combined with the high-resolution 3D reconstruction, will
provide detailed information in seconds on the extent of ocular injury, presence and
position of a foreign body (Figure9).

This system is also useful for routine clinical outpatient evaluation. The 50 MHz
transducer can provide a very high level of detail on eyelid, including Meibomian
glands (Figure 10), and anterior ocular structures: cornea, iris, ciliary body, and lens.
Because of the very high level of resolution, it could be a powerful tool for assessing
Meibomian gland disease. By using this scan routinely, small tumors or lesions behind
the iris or in the choroid may be detected early, before they caused visual distortion
or metastases. Small retinal detachments at the peripheral retina can also be detected
using this transducer. This may be very helpful in children with retinal detachment.

In summary, the 50 MHz transducer can provide fine detail of anterior struc-
tures, a subsequent scan using the 25 MHz transducer can provide information on
the remainder of the eye. This is useful for assessment in the setting of trauma,
additionally it can also provide valuable information on retinal detachment, size
and location of intraocular masses, and information on the optic nerve head drusen
or edema. Because this system can provide simultaneous B-mode scanning and
Doppler flow imaging, both anatomic assessment and evaluation of vascular disease
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Figure7.
The lower panels depict 2D slices of a pig eye in different planes obtained with the 25 MHz probe. The upper
image is a 3D perspective. Used with permission from Gholam A. Peyman.

S1B10_pigryes A M
I L T R

Figure 8.
Example of 3D reconstruction of a pig eye with anterior lens injury. Various planes are shown. Used with
permission from Gholam A. Peyman.

of the optic nerve head can be performed. Doppler flow imaging can also be utilized
to assess other vascular diseases, such as temporal arteritis (Figure 11).

Overall, the Vevo 2100 system (VisualSonics, Toronto, Ontario, Canada)
potentially is a powerful tool for emergency and routine evaluation of ophthalmic
pathology. By utilizing an array system in the transducer head, real-time images
well focused throughout the scan may be obtained. The mechanical scanning
function can produce 3D models in seconds with decreased risk of expulsion of
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Figure 9.

Tlgs image shows the presence of a linear foreign body (A) and secondary acoustic shadowing (B). The images
were genevated using Matlab (Mathworks, Natick, MA) and a point-and-click technique in which an object
is found in one plane, clicked on, and automatically images in the two other planes are generated. used with
permission from Gholam A. Peyman.

Meibomian
Glands

Figure 10.
Image obtained from a scan using the 50 MHz transducer. Structures visible, including the Meibomian glands,
are labeled. used with permission from Gholam A. Peyman.

Figure 11.
Example of color Doppler image showing flow through temporal artery. Obtained using 50 MHz transducer.
Used with permission from Gholam A. Peyman.

ocular contents following trauma. These 3D reconstructions provide information in
planes traditional B-scanning methods cannot assess. The level of detail produced
using this system can provide information on a wide array of ocular disease, from
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Meibomian gland, evaluation of intraocular tumors or foreign bodies, vascular
diseases affecting the optic nerve head, glaucomatous cupping, drusen and optic
nerve edema as well as orbital tumors (Figure12 and Table1).

Figure 12.

Example of an ultrasound image showing the correct placement of an Ahmed valve for treatment of glaucoma.
The cornea is visible (a) with the tip of the valve in the anterior chamber (b) with the iris labeled (d). The
main tubing (c) lies within the sclera (e).

Clinical uses of ocular ultrasonography

Use Clinical comment

Intraocular foreign bodies
(see Figure 9)

Ideal for emergent evaluation of traumatic eye.

Can detect objects in periphery (not easily seen on direct visualization).

3D reconstruction can yield detailed information on size and location.

Intraocular tumors (see
Figure 3B)

Useful in diagnosing intraocular soft tissue masses.

Can detect malignant melanoma.

Vascular disease Doppler can be used to assess flow through ocular vasculature.

Evaluate condition of retinal artery.

Evaluation of temporal arteritis.

Ciliary body pathology (see
Figure 5)

UBM provides fine level of detail.

Can be used to assess ciliary body disease.

Can detect ciliary body tumors that cannot be directly observed.

Structural changes in
glaucoma (see Figure 12)

Detect iris plateau syndrome.

Assess glaucoma drainage devices.

Measurement of anterior chamber depth.

Evaluate optic nerve cupping.

Evaluation of an opaque eye Evaluation of pathology that could ordinarily be directly visible such as:

(see Figure 3A) .
o Retinal detachment
o Vitreous hemorrhage
o Presence and location of foreign bodies or tumors
o Glaucomatous cupping
o Optic nerve edema
Table 1.

Examples of clinical applications of ultrasonic evaluation in ophthalmology.
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3. Conclusion

Ultrasound is an established diagnostic imaging modality. There are many sys-
tems which are relatively small with handheld probes. No ionizing radiation is used,
but the image resolution can be limited compared to other visualization modalities.
Advances have allowed high resolution imaging possible, especially of the anterior
segment with the ability to create 3D reconstructions of ocular tissues and foreign
bodies to aid in diagnosis and management of many disorders. Doppler flow can be
an invaluable tool in the real time diagnosis of vasculopathies. However, 3D systems
with rapid scan acquisition are not yet readily available.
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Paper-Based ELISA: A Novel
Diagnostic Approach for

Monitoring Aqueous Humour
VEGF Level in Ocular Diseases
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Abstract

We commonly diagnose ocular diseases via both morphological changes and
symptoms. It is necessary to develop biochemically based assays for early or follow-
up diagnosis of these diseases with a focus on robustness and ease of handling.

To lay out a prospective path toward this goal, we describe and propose the use of
ultrahigh sensitive paper-based ELISA (p-ELISA), which uses a treated piece of
filter paper to monitor the activity of ocular diseases (i.e., detecting the vascular
endothelial growth factor (VEGF) concentration in aqueous humour for prolifera-
tive diabetic retinopathy or age-related macular degeneration diagnosis). The
advantages of p-ELISA include the following: (1) the capacity to directly measure
biomarker concentrations in aqueous humour using only a tiny sample volume
(aslittle as 2 pL); (2) significantly increased sensitivity compared to conventional
ELISA (fg/mL levels); and (3) inexpensive materials and a short operation dura-
tion. P-ELISA is a novel point-of-care diagnostic tool with the significant potential
to advance ophthalmological treatment guidelines by facilitating early detection
and routinely monitoring therapeutic response.

Keywords: paper-based ELISA, VEGF, diagnosis, ocular disease, ophthalmology,
aqueous humour

1. Introduction

Prevention, diagnosis and treatment are the core principles of modern medical
care. Two of these principles, prevention and treatment, are inextricably linked to
the third, precise diagnosis. Suitable early diagnostic criteria must be established
on properly understanding the pathophysiology of a specific disease and how it
impacts the human body. Precise diagnosis naturally leads to precise prevention
and treatment. By developing current biotechnologically relevant technologies,
medical practitioners will have increasingly adequate tools for precise diagnoses and
suitable monitoring of treatment methodologies. Most ophthalmologists, however,
still diagnose ocular diseases based primarily on structural and functional changes.
In this chapter, we will discuss biochemically based diagnostic tools for ophthal-
mology. The introduction consists of two parts: (1) an introduction to current
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biochemically based diagnostic tools and the clinical applications of ELISA and

(2) adiscussion on the importance of VEGF monitoring for several eye diseases.
Following this, we will present an overview and details on paper-based ELISA
(p-ELISA), arapid, cost-effective, easy-to-handle, sensitive, and robust method for
monitoring aqueous humour VEGF level in ocular diseases.

1.1 ELISA in clinical applications

Biochemically based diagnostic tools have been widely used for a variety of
specific clinical disease diagnoses, prognoses, and the evaluation of treatment
efficacy. We have used such tools to measure specific tumor biomarkers as part
of a multiple cancer screening tool (e.g., PSA screening for the prostate cancer),
and to monitor CRP level to evaluate patient inflammatory state [1]. The focus
of such biochemically based diagnostic tools is quantification or qualification
of a target substance in body fluids to assist medical practitioners with precise
disease diagnosis or treatment status [2]. To distinguish specific substances from
body fluids, researchers have used multiple strategies including, but not limited
to, enzyme-catalyzed reactions [3], antibody/antigen interactions, spectropho-
tometry [4], and electrophoresis [5]. Enzyme-catalyzed reactions and antibody/
antigen interactions are two of the most widely applied technologies among
biochemically based diagnostic tools. In the enzyme-catalyzed reactions model,
the specific binding capabilities of enzymes facilitate the measurement of enzyme
catalytic activities as a means of quantifying or qualifying a target substrate [6].
Raabo and Therkildsen first applied this strategy to measure blood sugar using
glucose oxidase (GOD) [3]. In the antibody/antigen interactions model, quantita-
tive capacity is provided by the immunological affinity between an antibody and a
specific substrate or antigen, one of which is immobilized in the solid phase while
the other is distributed in the liquid phase. This method is widely used in clinical
biochemistry (e.g., detection of human chorionic gonadotropin in a pregnancy
test [7]). Such methods are linked to the development of the enzyme-linked
immunosorbent assay (ELISA), first described by Engvall and Perlmann, who
combined the specificity of antibody/antigen interactions with signal amplifica-
tion via high-turnover catalytic enzymes to provide both high sensitivity and
specificity [8]. ELISA is traditionally performed in a 96-well plastic plate. Current
formats of ELISA typically include the direct type, indirect type, sandwich type,
and competitive type, with procedural details for each described in the chapter
references [9]. The clinical importance of ELISA is the capacity to detect trace
amounts of a particular peptide or protein (also known as antigen or antibody in
an ELISA kit) in a rapid and executable way. ELISA is widely used as a screening
or diagnostic tool. It is used for infectious disease screening, as in the detection of
human immunodeficiency virus antigen (HIV-Ag) for the diagnosis of acquired
immune deficiency syndrome (AIDS) [10]. It is employed for toxicology as in
the detection of organophosphate in wheat end products [11]. And it is used for
allergen screening in the food industry [12]. Conventional ELISA requires volumes
of approximately 200 pL for test completion. Unfortunately, fluid sources such as
aqueous humour are limited, which rules out conventional ELISA methodology for
ocular disease detection. A modified ELISA, p-ELISA for instance, that could use
minute sample volumes would be an invaluable tool in such cases.

1.2 Importance of monitoring VEGF levels within the human eye

Measuring the concentrations of specific circulating substrates (e.g., vascular
endothelial growth factor (VEGF)) in aqueous humour or vitreous humour can pro-
vide ophthalmologists with a relevant tool for evaluating ocular diseases. Elevation
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of the VEGF plays a critical role in the pathological angiogenesis of age-related mac-
ular degeneration (AMD) and diabetic retinopathy (DR) [13], the two leading causes
of blindness in developed countries. AMD is a degenerative disease characterized by
loss of central vision. Clinically, we can classify AMD into neovascular and non-
neovascular types. DR is one of the major complications of type 1 and type 2 diabetes
mellitus. Over 30 million people suffer from vision-threatening DR worldwide [14].
Overexpression of VEGF in neovascular AMD and DR leads to neovascularization
and vascular leakage, which eventually results in retinal thickening and edema

[13, 15]. Both of the diseases mentioned above are diagnosed by symptomatic and
structural examination using an ophthalmoscope, fluorescein angiography (FA), or
optical coherence tomography (OCT). Both can be treated with intravitreal injection
of VEGF inhibitors (for neovascular AMD and DR). Injection of anti-VEGF agents
has become one of the most effective treatments for neovascular AMD and DR

[16, 17]. Pegaptanib, ranibizumab, bevacizumab and aflibercept are the currently
available anti-VEGF agents. Although anti-VEGF therapy has saved many patients
from visual loss, the cost of anti-VEGF therapy is relatively high and requires lifelong
treatment (e.g., in neovascular AMD, the cost was about €22,818-37,926 per year

for bevacizumab, ranibizumab, and aflibercept therapy [18]). Unfortunately, the
efficacy of anti-VEGF therapy varies from person to person, which provokes contro-
versy over treatment time schedules. Individualized therapy is frequently advocated
but limited by deficient tools to precisely monitor the progression of the pathologi-
cal angiogenesis in eyes. It is commonly known that elevation of VEGF appears
before clinically detectable structural or functional changes [19]. Clearly then, easy
detection of VEGF levels within the human eye can decidedly assist early diagnosis,
severity assessment (as a quantitative tool), and drug-efficacy evaluation.

Both the blood-ocular barrier and insufficient quantities of aqueous humour
have limited the possibilities for biochemically based diagnostic tools for ocular
diseases. In most cases, an ophthalmologist can only diagnose and follow up on
ocular diseases via examination of morphological changes of the eyes and symp-
toms analysis. Unfortunately, anatomical changes and functional visual loss are
largely, though not completely, irreversible. Therefore, it is necessary to develop
an early detection technique to diagnose and monitor ocular diseases before visual
acuity loss, and such a technique must be capable of using only small sample
amounts. We believe that p-ELISA is just such a tool. It can be used to monitor
VEGF levels with minute sample amounts and is capable of ultrahigh sensitivity
and specificity.

2. How do we apply p-ELISA to monitor VEGF levels in ocular
diseases?

Although the vitreous humour occupies the majority of the space in the human eye
(about 4 mL in an adult eye) and contacts directly to the retina, it is difficult to extract
the vitreous humour as a diagnostic sample for retina evaluation for two reasons:

(1) the vitreous humour is stagnant and not actively replenished and (2) the risk of
vitreous hemorrhage and retinal detachment when extracting vitreous humour. Several
studies have reported that cytokine level in aqueous humour is highly correlated with
vitreous level and severity of AMD and DR [20, 21]. For this reason, extracting aque-
ous humour is a safer source of material for monitoring VEGF level. Aqueous humour
is produced from the ciliary process at an average rate of 2.4 pL/min [22] and fills the
anterior and the posterior chambers. The total volume of an adult’s aqueous humour is
about 250 pL. The maximum amount of aqueous humour that can be extracted from
the anterior chamber at one time before potential chamber collapse is approximately
200 pL.
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The conventional ELISA plate requires relatively large sample volumes per assay
(50-200 pL) compared to p-ELISA. Both the tolerance and repeatability of each
test are restricted by sample volume, so small volumes are obviously problematic.
While sample volume can be magnified via dilution, sensitivity and specificity are
consequently diminished [23]. Moreover, complicated incubating and blocking
steps in conventional ELISA are time-consuming and tedious and lead to a decrease
in sensitivity and specificity. Conventional ELISA requires modification to more
practical sample volumes on the scale of microliters, and sensitivity and specificity
must be preserved or amplified.

P-ELISA requires only a piece of filter paper, and can effectively be used with
well volumes as low as 3 pL. The high surface-to-volume ratio of cellulose fibers in
paper greatly reduces reaction time so that a diagnostic procedure can be completed
within a single hour (compared to approximately 4 h for conventional ELISA).
P-ELISA also relies on methodology that is different from the conventional ELISA
sandwich model: it uses an indirect model. Instead of using Avastin, the more tradi-
tional monoclonal antibody, p-ELISA uses HRP-conjugated Avastin. The simplified
protocol and high affinity between antigen/antibody gives rise to ultrahigh sensitiv-
ity and specificity (fg/mL levels). Furthermore, recording and analyzing p-ELISA
results can be completed by using a commercial handheld cellphone camera and
image-processing software. In this way, expensive ELISA plate readers are replaced
by inexpensive and common technology that allows small-scale laboratories to
perform ELISA analysis in an easy-to-handle and cost-effective manner.

2.1 Production of the paper plate

P-ELISA was first introduced in 2010 by Chao-Min Cheng [24] who used a
96-microzone paper plate instead of a traditional plastic well to perform ELISA. His
first 96-microzone paper plate was made using filter paper processed by photoli-
thography to generate hydrophobic barriers between each test zone. He found that
three-dimensional (3D) structures of the cellulose fiber network in the test zones
boosted the reaction rate and reduced the required, effective sample volume to
only 3 pL. Photolithography allowed mass plate production but required expensive
equipment and a complicated production process. A less costly and simpler proce-
dure was subsequently found: inkjet printing [25]. Of the various inkjet printing
methods, wax printing and screen printing were found to be the two best, and now
most common, strategies to produce 96-microzone paper plates. Wax printing uses
a commercial wax printer to create hydrophobic patterns on filter paper, and screen
printing uses commercially available polymer solutions [26, 27]. Both of these two
methods are flexible, inexpensive, and easy to use.

Wax printing is an easy to execute and effective process for forming test zones
on paper. The nature of the paper substrate allows for the creation of hydrophilic
test zones, and the wax, printed in circles, makes defined hydrophobic barriers. The
result is a sheet of paper with small, defined wells arrayed in a format that mimics
that of a 96-well plate. This 96-well-plate format was first designed on a computer
using commercial software (white areas as the hydrophilic test zones and black
areas as the hydrophobic barriers), and then printed on Whatman qualitative paper
with a commercial wax printer (Xerox Phaser 8560DN). The wax-printed paper
was then placed on a hotplate (135°C) to melt the printed wax enough to allow it to
penetrate all the way from the printed side through to the opposite side of the paper
[28]. Careful attention was paid to this melting process to avoid heating for too
long, which would result in the wax spreading out too far from its originally printed
shape. Typically this process took from 10 to 20 min, but visual observation always
took precedence over total time if necessary. Alternatively to using a hotplate, an
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oven could be used for this process, in which case the melting process was shorter
in length. Test zone creation was visually verified by observing whether or not the
black wax appeared on the back side of the paper or by placing a drop of water on
the paper to test the integrity of the printed hydrophobic area. While the format

of the paper plate test zone was identical to that of a traditional, plastic 96-well
plate for conventional ELISA (circles of 5 mm in diameter), each well or test zone
required only 3 pL of solution to fill (see Figure 1). Although a smaller test zone
would require less sample volume, we chose the conventional 96-well plate format
to facilitate familiarity and a relationship to standard protocols used in conventional
laboratories.

2.2 How to perform ELISA on the paper plate

To simplify the ELISA protocol, we used an indirect ELISA model instead of the
conventional sandwich ELISA model. Our protocol comprised 5 steps as follows:
(1) antigen immobilization within test zones; (2) blocking the test zones with buffer;
(3) adding enzyme conjugated detection antibodies; (4) washing away unbound
antibodies; and (5) adding substrates for a color-producing enzymatic reaction.
Antigen immobilization was completed via application and physical adsorption, a
process based on the non-specific interaction between the antigens and the paper
fibers [29]. This step requires approximately 3 pL of solution and 10 min of drying
under ambient conditions. Blocking the test zones with the blocking buffer prevented
nonspecific antibody binding. This step also required approximately 3 pL of solution
and 10 min of drying. Enzyme-conjugated detection antibodies were added to conju-
gate with the immobilized antigen. Incubation period was dependent on experimental
design. Washing away the unbound antibodies was completed with a piece of blotting

Figure 1.

Thge schematic of the paper plate production. The pattern of the paper plate was first designed using
commercial software on a computer, and the pattern was printed onto Whatman qualitative paper using a
wax printer. In the next step, the printed black wax was heated to melt it through the filter paper using a hot
plate with the temperature set at approximately 135°C. This created defined hydrophobic barriers surround
hydrophilic test zones. The pattern of the test zones should be clear on both side of the filter paper in the finished
product.
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paper placed beneath the paper plate to absorb the washing buffer, or the paper plate
was shaken in a basin of washing buffer. The final step, adding substrates to initiate

a color-producing enzymatic reaction with the conjugate enzyme, was performed
immediately after the washing step. Total processing time for this colorimetric reac-
tion varied from case to case, and some conditions, such as humidity and ambient
temperature, affected evaporation rate, so controlling such variables is important for
reducing experimental error. Following chemical processing, colorimetric results can
be conveniently recorded using a desktop scanner or a commercial cellphone camera
and then analyzed via software using a linear red-green-blue (RGB) system. Although
a desktop scanner is the most commonly used analytical device for paper-based diag-
nostic tools due to its high sensitivity, the cellphone camera and application model has
gained significant popularity due to its portability, convenience, and cost efficiency.
An image interpretation application (e.g., Petgeia) can be used to analyze the colori-
metric reaction. Moreover, several recent papers have shown that cellphone camera
analytical results are comparable to those from a desktop scanner [30, 31]. Combining
the convenience of using a simple paper substrate with a lightweight cellphone camera
and application dramatically increases the practicality of such an approach for effec-
tive, real-time, point-of-care (POC) diagnostics that can significantly impact health
outcomes for a number of people, especially those in resource-poor environments.

2.3 Protocol from aqueous humour extraction to aqueous VEGF
level detection

We can now more easily relate the p-ELISA process to our real-life protocol for
detecting VEGF levels in aqueous humour. The aqueous humour extraction was
performed under a normal and proper process. All the patients were examined by
the slit lamp first to evaluate the condition of anterior chamber, and the anterior
chamber paracentesis was then performed by the following step: the patient was
placed in a supine position and all the procedure was done under the microscope.
Local anesthesia was given by dripping 0.5% proparacaine hydrochloride two
to three times with an interval of 5 min. The surgical field was spread by the lid
speculum and the eyeball was fixed at the limbus opposite to the paracentesis site.
First ocular surface was disinfected by diluted beta-iodine solution for 5 min. Then,
a 27 gauge needle was inserted through the paralimbal cornea carefully with the tip
overlying and parallel to the iris. The bevel of the needle should be placed forward
and carefully avoid hurting the lens. A volume of about 50-100 pL aqueous
humour was extracted and put into storage for further analysis. 50-100 pL aqueous
humour would be sufficient for detecting the VEGF level by repeating 20 wells in
p-ELISA model, which required only 2 pL samples for analysis in each well. After
sampling, prophylactic antibiotic drop and ointment were given. The whole proce-
dure took less than 10 min to complete. For detecting the VEGF levels in aqueous
humour, first the VEGF concentration calibration curve was produced by adding
varying VEGF concentrations from a commercially available VEGF kit into a row
of test zones. These concentrations ranged from 10™** g/mL to 107° g/mL (n = 8)
(Figure 2) [32]. The calibration curve was calculated using the Hill equation and
the coefficient of determination (R?) was found to be 0.9938. The resulting color
intensity of different VEGF concentrations has an approximately linear relation-
ship without considering the blank value [33]. When testing aqueous humour, we
reduced the requisite sample volume from 3 to 2 pL due to the limited volumes
available. After adding 2 pL of patient aqueous humour into several test zones, we
allowed the sample to dry for 10 min. We then added 2 pL 1% BSA blocking buffer
into the test zones and waited another 10 min for drying. In the next step, 5 pL of
0.8 mg/mL horseradish peroxidase (HRP)-conjugated Avastin was added as the
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Figure 2.

The calibration curve of the of the commercially provided VEGF (kit form) using p-ELISA [34]. Eight
different concentrations of commercial VEGF ranging from 10~ g/mL to 10~ g/mL weve used. The calibration
curve was calculated using the Hill equation, and the coefficient of determination (R?) is 0.9938.

antibody, and the plates were incubated for 10 min to allow for conjugation with the
immobilized VEGF. We then added 2.5 pL of streptavidin to enhance the colori-
metric signal. After washing away the excess antibody with washing buffer, a2 upL
solution of 3,3',5,5'-tetramethylbenzidine (TMB) + H,0, was added into the test
zones. This facilitated the enzyme substrate-driven colorimetric reaction with the
HRP-conjugated Avistin. Resulting colorimetric output signals were dynamically
recorded using a cellphone camera (from HTC Inc., Taiwan). For comparison, colo-
rimetric results were also scanned using a commercial desktop scanner (EPSON;
No.:GT-10000+). All images taken by these two optical recording approaches were
then analyzed with image processing software (Adobe, Photoshop CS5), in order

to compare the differences from each approach. This process was used to refine

the more convenient cellphone-based recording system [33]. All procedures are
performed in a laminar flow hood to prevent environmental bias and took less than
1 h to complete. The total equipment required in this protocol included several filter
papers, a commercial wax printer, an oven, a pipetman, a commercial cellphone,
and a desktop scanner, each of which are accessible and cost-effective. In addition to
these efficiencies, the requirement of tiny sample volumes contributed to a reduc-
tion in overall cost for each test compared to conventional techniques.

The sensitivity of our p-ELISA to detect VEGF in a buffer system was ~33.7 fg/mL,
which was outstanding for protein-detection technology and 150 times more
sensitive than conventional ELISA (~5 pg/mL). The ultrahigh sensitivity of this new
assay was attributed to several advantageous protocol features. First, we modified
and prepared the antibody from human recombinant VEGF-A antibody to HRP-
conjugated Avastin, and Avastin was the therapeutic antibody for VEGF, which
carried high specificity toward VEGF. This therapeutic-based monoclonal antibody
helped streamline the protocol with upgraded specificity. The HRP-conjugated
Avastin was made following the protocol provided in an EasyLink HRP Conjugation
Kit as described in detail in our reference information [33]. Secondly, we deviated
from the conventional sandwich ELISA protocol to use an indirect ELISA protocol,
which simplified the complicated blocking and washing steps. Lastly, we replaced
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the alkaline phosphate protocol for our colorimetric response with HRP (colorless
to blue, instead of purple), allowing us to obtain the stronger output signals. The
comparison between p-ELISA and conventional ELISA protocol for detecting aque-
ous humour VEGF levels is demonstrated in Table 1.

2.4 Clinical application of p-ELISA to detect VEGF levels in ophthalmological
patients

In our previous study, we quantified aqueous humour VEGF levels in patients
with several ocular diseases using p-ELISA. The mean VEGF levels detected in
13 senile cataract patients was 14.4 + 8.5 pg/mL (mean + SD), in 14 patients with
proliferative DR (PDR), it was 740.1 + 267.7 pg/mL, in 17 patients with AMD, it
was 383 £ 155.5 pg/mL, and in 10 patients with retinal vein occlusion (RVO), it was
219.4 + 92.1 pg/mL respectively [33]. In one study using conventional ELISA, Jian-
Ping Tong reported that the mean VEGF levels from 10 senile cataract patients was
108.3 £ 72.3 (mean + SD) pg/mL, while in 12 patients with choroidal neovascular-
ization due to AMD it was 668.9 + 340.0 pg/mL [20]. Similarly using conventional

ELISA, Hideharu Funatsu reported mean VEGF levels of 26 patients with PDR as
376.5 + 187.8 [21], and H Noma reported mean VEGF levels from 24 patients with
branch RVO as 299.1 pg/mL [34]. The pathogenesis of senile cataracts is rooted

in degenerative effects on lens structure, which is different from the pathological
angiogenesis of PDR, AMD, and RVO. Therefore, patients with senile cataract
would be a good control group for our experiment. As we can see from the results
mentioned above, both the p-ELISA and conventional ELISA showed consider-
able disparity in VEGF levels between patients with senile cataract and patients
with PDR, AMD, or RVO (the levels of VEGF were low in the senile cataract group
and high in PDR, AMD, or RVO groups). The aqueous VEGF levels measured by

P-ELISA for VEGF Conventional ELISA for VEGF

Equipment Paper plate Plastic plate
Desktop scanner Plate readout

Smartphone camera
Antigen/primary VEGF/HRP-conjugated avastin VEGF/human recombinant
antibody VEGF-A antibody
Secondary antibody None HRP conjugate
Cost for equipment 100 USD 20,000 USD
Dilution No Yes
Detection sensitivity 0.03 pg 18.75 pg/mL
Detection range 0.01-100,000 pg/mL 31.25-2000 pg/mL
Reagent/duration Volume (pL) Time (mins) Volume (pL) Time (mins)
(1) Immobilize VEGF 2 7 70 120
(2) Blocking 2 7 100 30
(3) Antibody 75 20 30 60
(4) Colorimetric reaction 2 10 100 3
(add TMB+ H,0,)
Total per zone 135 44 300 213
Total sample volume 40 (repeat 20 9600 (total
require per test wells) 96 wells)

Table 1.

A comparison between conventional ELISA and p-ELISA in the detection of VEGF levels.
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p-ELISA were comparable to those from conventional ELISA, supporting the idea
that pathological angiogenesis can be adequately diagnosed using p-ELISA. Further
case studies with greater sample numbers are necessary to confirm this.

In another one of our previous studies, we used p-ELISA to detect aqueous
humour VEGF levels before and after intravitreal injection (IVI) of anti-VEGF
antibodies.

The results showed that the mean VEGF levels in 16 patients with neovascular

AMD, myopic neovascularization, or polypoidal choroidal vasculopathy were

545.71 + 810.29 pg/mL (mean + SD) before IVI of anti-VEGF antibodies. After IVI of
anti-VEGF antibodies, the mean VEGF levels became 0.072-0.131 pg/mL (N = 15)
within 5 weeks and 163.06 + 367.06 pg/mL (N = 15) after 5 weeks. We also evalu-
ated the efficacy of the ranibizumab and bevacizumab by detecting VEGF levels via
p-ELISA and found that 50% of patients (6/12) that took ranibizumab demonstrated
earlier VEGF elevation within 49 days compared to 11.11% (2/18) in patients that
took bevacizumab (p = 0.0342) [32]. The minimal sample volume requirement and
ultrahigh sensitivity of p-ELISA allowed us to monitor VEGF levels closely. Using
this approach, ophthalmologists could prescribe personalized VEGF inhibitor treat-
ment schedules for their patients. In addition, the delicate data output of p-ELISA
could also assist clinicians and pharmaceutical companies to evaluate the effects of
anti-VEGF antibodies. In summary, using p-ELISA to monitor aqueous VEGF level
can be a useful tool to assist diagnosis of several ocular diseases, evaluate treatment
efficacy of anti-VEGF treatment, and promote the development of new drugs.

Although the IVI of anti-VEGF antibodies has become one of the most powerful
treatment strategies for patients with pathological angiogenesis in eye diseases, there
are still many limitations to the clinical application of VEGF inhibitors:

(1) drug efficacy varies from person to person; (2) the adverse effects of IVI of VEGF
antibiotics include post-injection endophthalmitis [35, 36], uveitis, rhegmatogenous
retinal detachment, vitreous hemorrhage [36, 37], and the risk for sustained intraoc-
ular pressure elevation [36, 38]; and (3) the potential of systemic adverse events such
as an increase in bleeding tendency [36]. Therefore, a good procedure for monitoring
VEGEF levels within the human eye would be beneficial to patients who receive VEGF
inhibition therapy. In patients with good response to anti-VEGF therapies, a clinical
ophthalmologist can decrease the frequency of VEGF inhibitor injections based on
scheduled VEGF level monitoring by p-ELISA. Decreasing the frequency of IVI of
VEGF antibiotics not only saves unnecessary medical expenses for patients, it spares
the patients from the risk of therapeutic complications. For those patients with poor
response to anti-VEGF therapies, early detection of elevated VEGF via ultrasensi-
tive p-ELISA can alert a clinical ophthalmologist to increase treatment frequency or
change the therapeutic approach. Because elevations in VEGF level appear earlier
than morphological changes or visual acuity changes, monitoring VEGF levels can
provide helpful early detection of disease and further prevent undesirable vision
loss in those afflicted [39] (Figure 3). In addition to being ultrasensitive, p-ELISA
for VEGF level detection takes only a short time (<1 h) compared to conventional
ELISA (4-5h). In a conventional outpatient clinical setting, aqueous humour
extraction for VEGF level detection requires an initial visit, time-consuming testing,
and a follow-up visit to discuss possible treatment options. With p-ELISA, a patient
could be examined and receive results within an hour, hastening and increasing the
efficacy of possible treatment (schematically described in Figure 4). Using p-ELISA
for diagnosis as well as follow-up monitoring provides a more effective and less
costly means of caring for patients without sophisticated laboratories and expensive
ELISA readers. It offers a truly viable POC device that can be used in rural areas, in
the developing world, and in emergency or resource-poor environments in ways that
may revolutionize existing ocular disease diagnosis and treatment.
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Figure 3.

Tl'gz correlation between elevated VEGE, structural change, and vision impairment in patients receiving anti-
VEGEF therapy [39]. TheY coordinates represent VEGF levels, the structural changes, and vision impairment.
The X coordinates represent the time sequence after the injection of anti-VEGF agent. Once the effects of the
anti-VEGF agent began to wear off, VEGF levels initially elevated, leading to pathological angiogenesis, retinal
structural changes, and vision impairment. Using an ultra-sensitive device such as p-ELISA to detect elevated
VEGEF levels would reduce the likelihood of structural changes and vision impairment. (a) P-ELISA or other
POC diagnostics can detect elevated VEGF levels in the first disease progression sequence. (b) The structural
changes could be noticed by FAG or OCT after a time lag of approximately 16 days following initial VEGF
elevation. (c) Vision impairment would follow soon after the structural changes occurred.

2.5 The future prospects of paper-based ELISA

P-ELISA, first developed by the Whitesides Research Group at Harvard
University to detect IgG and HIV antigen in serum, has become a useful diagnostic
tool in many medical fields including the diagnosis of infectious disease (e.g., HIV,
E. coli, and dengue fever [24, 28, 40]), the detection of autoimmune antibodies
(e.g., anti-noncollagenous 16A (NC16A) in patients with bullous pemphigoid [41]),
potential tumor marker assessment [42] and human cognitive performance deter-
mination (e.g., detecting specific neuropeptides such as neuropeptide Y following
traumatic brain injuries and post-traumatic stress disorder [43]). We first used
p-ELISA in the ophthalmological field to detect VEGF levels in aqueous humour
and had good results in both disease diagnosis and treatment followed-up. P-ELISA
is uniquely posed to meet the needs of eye disease diagnosis because it requires only
tiny sample amounts to provide ultrahigh sensitive results. It is foreseeable that
p-ELISA will take its place among commonly practiced approaches for diagnosing
and treating ocular diseases. There are, in fact a great many detectable cytokines
and growth factors in aqueous humour besides VEGF including tumor necrosis
factor (TNF)-a, interleukin (IL)-2, -4, -5, -6, -8, -10, serum amyloid A (SAA),
and migration inhibitory factor (MIF), and p-ELISA may ultimately be useful
for detecting each of them. The elevation or depression of each of these markers
is associated with ocular disease states [44—47]. It is worth noting that could the
capacity to analyze a host of biomarkers with only tiny amounts (2 pL) of aqueous
humour could lead to a comprehensive optical health examination that goes beyond
and is more impactful than existing morphological and functional examinations.

As bright as the future is for this novel diagnostic technology, there are still
existing limitations. Aqueous humour sampling is invasive, and low volume
extraction does not eliminate risks of infection, hyphema, or lens capsule
rupture. A less invasive strategy for evaluating ocular diseases would be ideal.
We do know that tears carry a number of cytokines that are highly correlated
with corneal and conjunctival disease. Elevation of IL-6, IL-8, and VEGF appears
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Figure 4.

Tl'i 3 different outpatient clinic scenarios for the follow-up examination of the patients receiving anti-VEGF
treatment [39]. (a) Optical imaging modalities: the patient receives the optical imaging test only to determine
whether to receive anti-VEGF treatment or observation. (b) Optical imaging + conventional ELISA VEGF
level test: the patient receives the optical imaging test and extraction of aqueous humour occurs at the first visit.
Because the conventional ELISA requives 4—5 hours to finish, the patient must arrange another appointment
with the doctor to see the reports and decide whether to receive the anti-VEGEF treatment. The next visit is
usually one week later. This modality provides more information but has the risk of delaying treatment. (c)
Optical imaging + p-ELISA VEGF level test: the patient veceives the aqueous humour extraction, sees the testing
reports, and decides whether to veceive the treatments immediately within one visit. The short testing time of
p-ELISA (<1 hr) allows the patient to obtain timely and proper treatment.

in patients with corneal neovascularization [48]. Elevation of inflammatory
cytokines (IL-1p, IL-6, INF-y, and TNF-a) indicates inflammation from ocular
surface diseases [49, 50]. Detection of the trace amounts of biomarkers in tears
by using ultra-sensitive p-ELISA is a direction for further investigation. P-ELISA
has greatly simplified the complicated steps of conventional ELISA and elimi-
nated the need for expensive equipment, but the process still requires profes-
sional medical technologists and simple laboratories for analyzing results, at
least until cellphone camera applications become more developed. The properties
of the p-ELISA as a lab-on-paper device make it a promising future POC device.
Further modifying p-ELISA devices from an ophthalmologist-friendly diagnostic
tool to a patient-friendly POC device remains a challenge. Development of an in
situ device for ophthalmological analysis would provide considerable healthcare
impact in developing countries with limited resources and alleviate the currently
unbalanced ophthalmologist to patient ratio. This paper-based diagnostic tool

is easy to handle, fast, sensitive, and requires only small samples and simple
equipment to quantity specific biomarkers. P-ELISA has the potential to provide
impactful benefit in the evaluation of ocular diseases and improve ocular health
in real world.

3. Conclusions

In this chapter, we described how paper-based ELISA (p-ELISA) was robust,
user-friendly, and required only small sample amounts (e.g., 2 pL of aqueous
humour to measure VEGF) to return results that demonstrated very high sensitivity
(~33.7 fg/mL). Detection of aqueous humour VEGF level via p-ELISA provides not
only early diagnosis of ocular diseases with pathological angiogenesis (e.g., PDR,
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AMD, and RVO), but assists in outlining accurate disease treatment. In regards to its
effect on ocular disease diagnosis and treatment, p-ELISA can provide precise and
quantitative biochemical data prior to the onset of morphological and functional
changes. An early diagnosis could lead to early treatments and save patients from
undesirable visual loss. As an aid to treatment monitoring, p-ELISA can record the
efficacy of anti-VEGF therapy based on continuous follow-up measurement of VEGF
level in aqueous humour. In this way, clinical ophthalmologists could provide ideal
and individualized treatment schedules for different patients. Furthermore, this
cost-effective and portable diagnostic device could provide far reaching and effec-
tive ocular health care for underserved populations especially in developing coun-
tries. P-ELISA is a simple diagnostic device that may well widen our views on eyes.
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Abstract

Globally, there are almost 300 million people blind and visually impaired and
over 90% live developing countries. The gross disparity in access to ophthalmolo-
gists limits the ability to accurately diagnose potentially blinding conditions like
cataract, glaucoma, trachoma, uncorrected refractive error and limits timely
initiation of medical and surgical treatment. Since 85% of blindness is preventable,
bridging this chasm for care is even more critical in preventing needless blindness.
Many low-income countries must rely on community health workers, physician
assistants, and cataract surgeons for primary eye care. Ophthalmology in low-
income countries (LIC) is further challenging due to complexities brought from
tropical climates, frail electric grids, poor road and water infrastructure, limited
diagnostic capability and limited treatment options. Vision 2020 set the goal of
eliminating preventable blindness by 2020 despite formidable obstacles. Innovative
technologies are emerging to test visual acuity, correct refractive error quickly and
inexpensively, capture retinal images with portable tools, train cataract surgeons
using simulators, capitalize on mHealth, access ophthalmic information remotely.
These advancements are allowing nonspecialized ophthalmic practitioners to pro-
vide low-cost, high impact eye care in resource-limited regions around the world.

Keywords: Vision 2020, preventable blindness, smartphone photography, mHealth

1. Introduction

When refractive error and presbyopia are included, more than 1.6 billion people
suffer from some form of visual impairment worldwide [1]. Unfortunately, the
greatest burden of visual blindness and impairment falls to the poor who are living
in LIC where access to resources and eye care providers is scarce. According to a
published report in 2010, the leading causes of blindness (defined as visual acuity
in the better eye less than 3/60) were cataracts (33% of total cases of blindness),
uncorrected refractive error (21% of cases), and macular degeneration (7% of
cases) [2]. The leading causes of moderate and severe vision impairment (defined
as visual acuity in the better eye less than 6/18 but at least 3/60) were uncorrected
refractive error (53% of cases), cataract (18%), and macular degeneration (3%).
However, these causes varied widely by region. Avoidable vision loss, due to condi-
tions such as uncorrected refractive error, cataract, etc., which are treatable, is
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still a major problem worldwide. It accounts for 85% of all cases of vision loss. The
number of avoidable cases of blindness is also increasing over time. By 2020, there
will be a projected 76 million blind individuals globally.

The prevalence of childhood blindness and vision impairment (CBVI) var-
ies based on socioeconomic development. For example, in high-income counties
(HIC), the prevalence of blindness is 0.3 per 1000 children, while in LICs it is 1.5
per 1000 children. The number of blind children is estimated to be 1.4 million,
with up to three-quarters of the blind children living in the poor regions of Africa
and Asia. Some of the major causes of blindness and visual impairment in children
of LIC include vitamin A deficiency, rubella cataracts, corneal scarring from
measles, the use of harmful toxic eye remedies and ophthalmia neonatorum [3].
Immunizations and vitamin A supplements are proven, cost-effective preventions.

Despite these challenges, significant technological innovations provide an
optimistic view for ending preventable blindness. This chapter will discuss the
innovative devices that are currently being tested and used in order to promote eye
health worldwide and help achieve the goals set forth by Vision 2020. These include
low-cost, portable means of detecting refractive error and imaging the fundus,
self-refracting glasses that do not require an eye care specialist, simulators to teach
cataract surgery more efficiently, artificial intelligence that diagnose disease, and
portable auto-phoropters. Future studies to validate these new innovations will be
an important field of research.

2. Vision 2020

In 1999, the World Health Organization (WHO) launched an initiative called
Vision 2020: The right to sight [4]. The objective of the initiative was to eliminate
avoidable causes of blindness around the world and prevent the projected increase
of avoidable visual impairment cases worldwide. Since then more than 90 nongov-
ernmental organizations, agencies, institutions, and corporations have pledged
their support of this initiative. If successful, this would reduce the cases of blind-
ness from 76 million to below 25 million. The program is based on several core prin-
ciples: human resource development, infrastructure and technology development,
disease control, advocacy, and collaboration among stakeholders in eye health.

A 2014 study assessed the progress of 21 sub-Saharan African (SSA) countries
toward the specific goals placed by the Vision 2020 [5]. The results were not encour-
aging. First, the authors noted that it was exceedingly difficult to access information
on human resources for eye health within the study population, a necessary set of
data in order to assist Vision 2020 planning. Secondly, the study found that few of
the 21 countries met the human resources goals for the 2011 benchmark: only five
countries met the goal for the number of ophthalmologists/cataract surgeons, four
countries for ophthalmic nurses, and only two countries for cataract surgical rates
(cataract surgeries as a ratio of operations per million population per year). No
country met the goal target for number of optometrists, even when other personnel
who perform refraction were considered. Overall, sub-Saharan African met three-
quarters of its target for number of ophthalmologists, but only one-quarter of its
goal for the number of ophthalmic nurses. Thirdly, the study found significant geo-
graphic inequities with higher concentrations of human resources in urban cities,
seemingly at the expense of rural areas. As a result, there is still significant progress
to be made. Compounding these existing provider shortages are increasing clinical
care needs due to infectious epidemics, such as Ebola and Zika, and noncommuni-
cable diseases, diabetes and hypertension, which pose a different epidemic threat
level by 2030.
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3. Innovative technologies
3.1 Refractive error testing kits

Uncorrected refractive error is the most common cause of preventable visual
impairment worldwide [6]. The measurement of refractive error typically requires
an eyecare specialist, a limiting factor in the provision of eyeglasses in LICs. One
study in rural India found that more than 65% of a population with high rates of
refractive error correctable with glasses were not wearing them due to inadequate
access [7]. While in the U.S., there is approximately one eyecare professional for
every 5500 people, that figure is only one per 1 million in certain parts of Africa
[8, 9]. Such disparity has negative implications on sustaining educational and
occupational productivity of these affected communities. The annual loss in global
GDP due to distance visual impairment caused by uncorrected refractive error was
an estimated $202 billion in 2007. In this section, we review various new techno-
logical innovations that are able to measure refractive error in a mobile, low-cost
manner with limited personnel.

The Portable Eye Examination Kit (PEEK) solutions are built on smartphone
technology which includes visual acuity apps and hardware, PEEK Retina. The
smartphone app, Peek Acuity Pro, allows users to go through a brief tutorial
and then tests visual acuity through a gamelike environment using a tumbling E
(https://mts.intechopen.com/download/index/process/335/authkey/4eb406ca
f486438fcbbf872a81061e61). Peek Acuity has been shown to be an accurate and
validated method to quickly test visual acuity [10]. Readings can be obtained in
Imperial (20/20), Metric (6/6) or LogMar (0) for clinical research. The measured
visual acuity can be simulated with a split screen view of a classroom chalkboard
on one side compared to 20/20 view on the opposite side. The PEEK Retina allows
fundus photography of the optic nerve and macula using a smartphone hardware
attachment (Figures1 and 2).

A qualitative study [11] in the Nakuru district of Kenya accessed the usability
and acceptability of PEEK for providing eye care. In a region with a lack of adequate
eye care services, patients found the PEEK system highly practical, as it allowed
health practitioners to visit them in their own rural areas. This is particularly
significant in regions with poor infrastructure and roads that can make transporta-
tion difficult. The PEEK system was also able to save patient time, overcoming the
challenge of taking time off work and losing potential income. In regions where

Figure 1.
The peek retina device.
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Figure 2.
Peek retina can be attached to a smartphone for portable fundal examinations.

eye problems are not perceived to be serious enough to warrant travel for care,
barriers such as transportation become significant obstacles in providing eye care
services. Patients and PEEK-trained healthcare workers appeared to have positive
attitudes toward using mobile health technology, referring to it as “innovative” and
“new” Many patients thought it to be efficient and cost-saving. Reasons for prefer-
ring PEEK were shorter exam times, simplicity, being seen at home, and increased
ability to cover the population in need. However, some patients did prefer the
traditional examination due to the ease of reading larger letters.

Another study [12] investigated whether a PEEK-based system could increase
hospital follow-up for school aged children who were screened for visual impair-
ment. Subjects in the experimental group determined to have visual impairment
were shown their simulated sight on a smartphone and given a printout of this
simulation. This simulation was then shared with the subjects’ teachers and parents
on a handout, which also included a written hospital referral letter. Parents in the
experimental group were also sent regular SMS reminders to attend their follow-up
appointment at the hospital. Compared to a control group which only received
areferral letter without any simulation or SMS follow-up, the study found that
visually impaired subjects in the PEEK group were significantly more likely to
follow up at the hospital versus the control group with an odds ratio of 7.35 (95% CI
3.49-15.47). While the SMS reminders may have played a significant role in these
results, future studies should analyze the effect of the simulation alone in increas-
ing referral follow ups. However, one potential problem of increased screenings and
referrals with PEEK or similar devices would be the inability of providers to handle
the increased caseload. Nevertheless, PEEK have played a major role in addressing
the shortage of vision care in underprivileged communities worldwide.

EyeNetra Inc. (Cambridge, MA) produces similar smartphone-based autore-
fractors for refractive error measurements (Figure 3). The autorefractor, NETRA,
measures sphere, cylinder, axis, and pupillary distance in a virtual reality environ-
ment similar to that of PEEK. The age range for the NETRA is 10-65 years. The
process takes 2 minutes and requires no power source. The company claims to be as
accurate as autorefractors that cost $45,000, with its own product priced at $1290.
Its system has an accuracy of 0.35D and comes with an extended battery for 2 days
of testing without requiring a charge. It can withstand a drop from 1 m without
breaking or losing accuracy, a convenient feature for users intending on traveling
extensively with the device. EyeNetra also has a lensometer, called the Netrometer,
that costs $975, and a phoropter, called the Netropter, which costs $699. The
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Figure 3.
The EyeNetra system includes an autorefractor, lensometey, and a phoropter (shown adjacent to a standard
near card for size comparison).

combination of the three products can fit within a small suitcase to set up a mobile
clinic virtually anywhere and provide all the tools needed to prescribe eyeglasses.
The complete kit costs $2990. The EyeNetra products have been deployed in more
than 90 countries worldwide.

In a study sponsored by EyeNetra, Inc., NETRA was compared with Zeiss iProfile
Plus and subjective refraction on teenagers of age ranging from 14 to 18 years [13].
When NETRA was compared with subjective refraction, the average absolute dif-
ference in sphere was 0.48D, cylinder was 0.30D, and axis was 7.32°. One the other
hand, when Zeiss iProfile Plus was compared with subjective refraction, the average
absolute difference in sphere was 0.29D, cylinder was 0.45D, and axis was 11°.

Other handheld autorefractors include Retinomax 3, HAR 800/880, QuickSee,
PlusOptix, Suresight, SVOne, WA Spot, and 2Win. Retinomax K-plus3, developed
by Righton, is a handheld autorefractor and keratometer. It weighs around 1 kg and
is able to perform keratometer and refraction measurements in around 0.34 sec-
onds. Its battery life is around 80 minutes. The age range of Retinomax K-plus3 is
5-50 years old with a sphere range of —18.00D to +23.00D. However, pricing can
be an issue to certain eyecare providers as it is priced around USD 11,000. HAR-
800/880, developed by MOPTIM Imaging Technique Co. (Shenzhen, China), is
a portable autorefractor that weighs approximately 0.9 kg with a battery life of
6 hours. The intended patient age range is 10-65 years with the sphere range of
—6.0D to +8.0D. HAR-800/880 is priced at USD 4300. QuickSee is an autorefractor
developed by PlenOptika (Massachusetts, USA). It is priced around USD 6000. It
weighs around 1 kg and is able to perform refraction in 10 seconds. Its intended
patient age is 5-85 years with spherical range of —10D to +10D. The battery life is
approximately 6-8 hours. QuickSee has already been compared to experienced
refractionists in rural south India, which found only small benefit to using subjec-
tive refraction over autorefraction [14]. More than half of the patients reported
either no preference or preferred the autorefractor over subjective refraction.
SVOne, developed by Smart Vision Labs (New York, NY), is a handheld autorefrac-
tor that weighs around 0.5 kg and costs USD 10,000. The intended patient age is
5-50 years with spherical range of —14D to +14D. It has been tested in LICs like
Boliva by the Friends of Bolivia Foundation, Inc. PlusOptix, WA Spot and 2Win are
handheld autorefractors intended for patients under the age of eight. The price of
these autorefractors range from USD 6000-8000.

3.2 Self-adjustable glasses

Self-adjustable glasses are a recent innovation in the realm of optics and refrac-
tive error treatment. Also known as self-refraction, self-adjustable glasses look
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like any other set of glasses. A well-known set of self-adjustable glasses, Adspecs
(Adaptive Eyecare, Oxford, UK), were developed by Professor Joshua Silver in
conjunction with Dow Corning and Center for Vision in the Developing World
(CVDW). Adspecs use lenses that are composed of two flexible membranes capable
of moving inward or outward depending on the amount of silicone solution
contained between them (Figure 4). The amount of the solution can be altered

by the user using a syringe which moves fluid into or out of each lens. When fluid
is pumped in, the curvature and power of the lens is increased. The user adjusts
the amount of fluid until proper vision is attained, thereby correcting myopia or
hyperopia. Another type of self-refracting glasses, USee, work by using pop-in
best-sphere lenses (Figure 5). On the other hand, a design known as Alvarez optics
uses two lens systems that move relative to each other in a spectacle frame, causing
changes in lens power. Types of glasses that use this design are the FocusSpecs,
Adlens, and Eyejusters.

Figure 4.
Adspecs glasses can quickly adjust refractive power based on the amount of silicone solution injected into the

spectacles.

LAFIdawnna

Figure 5.
USee glasses adjust vefractive power by using pop-in, best-sphere lenses.
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The first iteration of the Adspecs glasses cost between $18 and 19 to produce
and the price has been decreasing ever since [15]. Studies have shown that Adspecs
could lead to excellent visual outcomes [16]. A study in rural China found that,
while visual acuity was slightly worse with self-refraction versus automated or
subjective refraction, acuity was still very good [17]. Moreover, a study in urban
Chinese children similarly found good visual acuity with self-refraction, but greater
spherical and cylindrical refractive errors were associated with less accurate results
as the range for the devices are limited to —6 to +6 D. Additionally, the adjustable
glasses could not correct astigmatism [18]. Adjustable glasses are easy to use as is
evident in a study that looked at users of USee which found positive results in 95%
of the users [19].

Concerns regarding self-refracting glasses include the cosmetic appearance, the
limited range of correction, inability to correct astigmatism, and compliance with
international standards. The Adspecs have the additional limitation that once the
glasses are self-adjusted and the power is fixed, they are unalterable. Despite being
less expensive than traditional spectacles, cost is still a major barrier to self-adjustable
glasses. One study in East Timor showed that nearly half the population was not
willing to pay more than $1 for a pair of glasses [20]. Thus further reductions in cost
are paramount for making the glasses affordable to worldwide.

3.3 Smartphone applications

Many iOS and Android applications exist for use in eye care and represent
another low-cost tool for providing eye care globally. They generally fall within
three categories: patient assessment tools, patient education tools, and health-
care reference tools [21]. Many of the applications have redundant functions.

For example, countless applications are available to visual acuity. Validationina
low-income setting is critical to compare applications to gold standard methods
which can rely on calibration, optotype, distance, lamination and cultural settings.
Applications also differ in the number of features they offer, price point, quality
of user interface, and, perhaps most importantly, whether they continue to be
supported by the developer over time. An analysis of the iTunes store shows that
multiple applications from previous reviews [21] are no longer supported by the
developers. This demonstrates that ophthalmic applications are part of a dynamic
market that is ever-changing, with new applications entering the market each year
with older applications exiting the marketplace. This presents the need for users
to focus on applications that continue to be upgraded with subsequent iOS and
Android updates.

The Eye Handbook (Cloud Nine Development) is the smartphone application
currently most highly reccommended by the authors for use in LICs (Figure 6). It is
the most popular and successful application available in eye care [22]. As of 2018, it
had over 2 million downloads. The Eye Handbook (EHB) is being used worldwide
with 50% of downloads in North America, 20% in Europe, and 10% in each Asia
and Australia [23]. While there are surely multiple equality applications that cur-
rently exist, the EHB has several significant advantages. First, it has shown to stand
the test of time. EHB was developed in 2010 and continues to be supported and
upgraded by the developers. Second, EHB is a free application thus making it ideal
for use in LICs. Many other applications with similar features charge several dollars
(USD), which can be a significant expense for practitioners worldwide. Third, EHB
is a comprehensive resource with multiple features, allowing users to avoid down-
loading several different applications. It includes many different calculators (i.e.
IOL calculators, glaucoma risk, etc.), patient assessment tools (amsler grid, visual
acuity testing, OKN drum, etc.), medication information (indications, dosing, etc.),
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Figure 6.
Menu of The Eye Handbook smartphone application.

and much more. EHB also contains a comprehensive manual of different diseases
and includes their epidemiology, pathophysiology, signs and symptoms, differential
diagnosis, workup, treatment, and follow up — all of which can be incredibly useful
for eye care professionals with limited ophthalmic training in LICs.

3.4 Smartphone-assisted fundoscopy

In addition to the scarcity of ophthalmologists globally, another challenge facing
the fight against global blindness is the lack of ophthalmic equipment needed for
proper eye care. Given the explosion of mobile phones that 96% of the world’s
population now owns, the innovations in fundus photography highlight the ability
of smartphones to photograph the fundus [24] and use the smartphone in combina-
tion with a 20D condensing lens to capture wider field images of pathology [25].

Traditional ophthalmic equipment, such as office-based cameras are expensive,
bulky, immobile and unsuitable for reaching patients in rural areas. Newer develop-
ments in technology are replacing our reliance on large equipment and allowing us
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to visualize the eye in a mobile and more cost-efficient manner. Smartphone-based
technologies can now act as slit lamps, direct ophthalmoscopes, and indirect oph-
thalmoscopes. Table 1 lists some of the products currently available. While these
images will not be as sharp as those achieved with traditional cameras, they are of
adequate resolution for interpretation. This development will allow eye care provid-
ers to have more access to imaging technologies, which provide imaging of harder-
to-reach patients in rural areas with geo-tagging and wireless transfer of results to
distantly-located specialists for appropriate management. One study found that
even nonophthalmologists can be trained to effectively capture fundus images

in arural area [26]. This section draws greatly from the 2018 literature review by
Barikian et al. [27].

Disadvantages of smartphone-based imaging are the high intensity of the phone
light source, which constricts the pupil. However, applications such as Shutter can
be used to tailor the intensity and exposure time of the flash for optimal illumina-
tion. Another disadvantage is achieving proper beam alignment.

In addition to smartphone-based imaging, standalone handheld camera tech-
nologies also allow portable image capture. These cameras are lightweight and
capture quality retinal images. Examples of such devices include the Panoptic
(Welch Allyn, Skaneateles Falls, NY), Volk Pictor (Volk Optical, Mentor, OH),

Category Device Manufacturer Validated FoV Pupillary Cost
inLIC? dilation = (USD)
Slit lamp imaging ~ EyePhotoDoc EyePhotoDoc (Fullerton, No N/A Required  $300
CA)
Portable Slit Keeler (Broomall, PA) No N/A Required  $203
Lamp iPhone 4
Image Adapter
SteadyPix Orion (Cupertino, CA) No N/A Required $48
Telescope
Photoadapter
Zarf iPhone Zarf (Spokane, WA) No N/A Required  $520
Adapter
Create-your-own www.instructables.com No N/A Required N/A
adapter www.eyewiki.aao.org
Direct iExaminer Welch Allyn (Skaneateles No 25° Optional $800
ophthalmoscopy Falls, NY)
D-Eye Adapter D-EYE (Padua, Italy) No 20° Optional ~ $435
PEEK Retina Peek Vision (London, UK) Yes [28] 20-30° Optional $245
Ocular Cellscope  University of California No 55° Required N/A
(Berkeley, CA)
Remidio FOP Remidio Innovative Solutions No 45° Required ~ $6500
(Bangalore, India)
Indirect Smartphoneand  Multiple No 50° Required  $200
ophthalmoscopy  lens
MII Ret Cam MII Ret Cam (Coimbatore, No 40-50° Required $350
India)
oDocs Open source No 40° Required  $0
Volk iNview Volk Optical (Mentor, OH) No 50° Optional ~ $995

Table 1.
Products available for smartphone-based imaging.
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VersaCam (Nidek, Gamagori, Japan), Horus Scope (JedMed, St. Louis, MO), and
Smartscope (Optomed, Oulu, Finland). A limitation of such devices is the need
for proper manual alignment of the illuminating beam with the optical axis for
good-quality images. They also lack the ability to integrate with various apps as
smartphone-based cameras and tend to be fragile. More importantly, these devices
are cost-prohibitive for LICs.

3.5 Ultrasound

VuPad (Sonomed Escalon) and Accutome offer the only portable laptop size
ultrasounds that can be used in low-income countries. They are expensive at over
$10 k and do not yet accommodate smart phone utilization. Ultrasound (US) isa
noninvasive, very easy to operate tool that plays an important role in clinical oph-
thalmology. It is used for the visualization of anatomy and various ocular pathology
such as retinal detachment and intraocular tumors. Ultrasound becomes especially
important if visualization of fundus becomes obscured by opaque elements includ-
ing vitreous hemorrhage or dense mature cataracts commonly encountered in
LIC. Butterfly iQ is the first portable US probe that can be plugged directly into a
smartphone to visualize various parts of the body but is not yet approved for the eye
(Figure 7). The probe uses a single silicone chip that replaces traditional transducer
system. Clinicians can switch between various types of transducers, such as linear,
curved or phased, without the need of switching probes. Moreover, the Butterfly
iQ application allows clinicians to organize and remotely access imaging studies
through the Butterfly Cloud. The Butterfly Cloud is HIPAA compliant and the
application is developed in a way that makes it easy to share studies between various
clinicians across the globe. Butterfly iQ weighs around 0.7 lbs. and is small enough
to fit in pants pocket and costs about $2000. Butterfly iQ is being utilized for point
of care ultrasound by physicians and emergency room physicians but could evolve
as the first smartphone based ocular ultrasound. It has future potential to be used
by visual care providers in resource poor areas for diagnosing ocular pathology.

Figure7.
Butterfly iQ is a portable ultrasound probe that can be plugged into any smartphone to visualize various
anatomical features, including the eye.
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The Clarus Portable Ultrasound is palm sized, connects to a wireless smartphone
or tablet, but is not yet marketed for ophthalmology use. Its rugged, portable and
waterproof design makes it ideal for global health (relief camp settings/medical
missions) where it has been used for ophthalmology as part of a FAST exam.

A group from the University of Arizona assessed a new ultrasound system, the
Vevo 2100 (VisualSonics, Toronto, Ontario, Canada) and its ability to examine
structures of the anterior and posterior segments [28]. This system is unique in that
it was able to implement high-frequency (>20 MHz) linear ultrasonic arrays that
were not previously available in ophthalmic practice. Previous ultrasound technolo-
gies used single-element transducers, while the Vevo 2100 uses linear array technol-
ogy with more than 100 piezoelectric elements packed into the face of the transducer
probe. The new technology allows users to examine the eye quickly (approximately
10 seconds) with high resolution (30-60 pm). Additionally, it allows the scan to
be shown in three-dimensions at different planes with sagittal, transverse, and
coronal sections. This allows users to measure the location, dimensions, and volume
of lesions or parts of the eye, which could be useful for providing information on
the growth of lesions over time. The technology could also be used to determine
the extent of traumatic injury and location of foreign bodies. A doppler function
also allows examination of the temporal artery as well as vessels of the optic nerve
head. However, despite the accurate images, the Vevo 2100 provides the anterior and
posterior segments, and its high cost makes it a limiting factor for use in LIC.

3.6 mHealth in LICs

Mobile health, also referred to as mHealth, refers to the use of short messaging
service (SMS), wireless data transfer, voice calling, and smartphone applications
to transmit health-related information or direct medical care. A thorough 2013
systematic review by Betjeman et al. [29] found that mHealth can be a valuable tool
in sub-Saharan Africa (SSA) to monitor patients, increase medication adherence,
promote healthcare worker communication, and assist with disaster response. One
of the key factors of mHealth is the prevalence of mobile phones even within LICs:
penetration rates of mobile phones are greater than 70% in SSA [29].

mHealth has been shown to be a cost-effective means of improving medication
adherence in LICs [29]. A study of 155 patients in South Africa tested the utility of
SIMpill, a medication dispensing system that uses a SIM card to send an SMS text to
a central server each time the medication bottle is opened (Figure 8). If the server
does not receive an SMS before a preset time, a reminder text message is sent to
the patient’s mobile phone. If there is no response from the patient, an SMS is sent
to the patient’s healthcare provider for direct follow up. One study found that the
SIMpill system increased medication adherence rates from 22-60 to 94% [30]. The
WelTel Kenyal study found that even weekly SMS text messages inquiring about
patient wellbeing is sufficient to increase self-reported medication adherence and
HIV viral suppression [31]. The system deployed in this study cost under $8 USD
per patient per year. Another study in Kenya used a combination of video messages
and text messages, having the patient’s friends or relatives capture video images
of the patient taking their medication which is reviewed by nurses for follow up
if there is low medication adherence. This study found that 50% of the messages
were not received, mostly due to technical issues [32]. This demonstrates the need
for a strong technological infrastructure in regions that mHealth is being deployed.
Based on the results of these studies, mHealth can be an effective and cost-effective
means to increase medication adherence in LICs with wireless network coverage.

mHealth can also be a means of increasing community health worker (CHW)
access to health information, access to health information, decision making, and
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Figure 8.
The SIMpill system sends an SMS message to centrally-located servers, recovding each time a patient takes their
medication.

logistical support [29]. A study in Malawi found that CHWs most often used SMS to
report supply shortages, communicate information with other CHW, and facilitate
emergency communication [33]. Importantly, this study found that the average cost
per communication using SMS was one-fifth the cost of communication in areas
without SMS access. SMS communication took approximately 9 minutes, compared
to 24 hours in areas without SMS access [33]. Another study found that common
uses of SMS by CHW were patient referral, drug dosing information, emergency
support, and reporting patient mortality. This study found that the efficiency of
SMS communication substantially increased free time of hospital staff, allowing
staff to treat more patients. These studies show that mHealth can significantly
increase CHW efficiency while reducing overall healthcare costs in LICs.

mHealth could potentially be used to facilitate health education among patients
in LICs [29]. One study sent an SMS squiz on HIV awareness to 10,000 cell phone
subscribers and found significant challenges associated with the use of mHealth as
a patient education tool [34]. First, the study found that individuals tended to only
respond to questions for which they knew the correct answer, while skipping other
questions. This demonstrates that it may be difficult to use mHealth to transmit new
information to patients. Second, and perhaps more importantly, the study found
that respondents were more likely to be men. The authors postulated this to be due to
men having higher rates of mobile phone ownership and literacy. This could indicate
future difficulty for mHealth to be used as an education tool for women in LICs.

3.7 Remote database access

Rapid Assessment of Avoidable Blindness (RAAB) is a survey system that
estimates prevalence of avoidable blindness in a population over age 50. The data
gathered from these surveys are stored in a repository, which not only details the
prevalence of eye diseases and their causes but also the quality of eye services,
resources and barriers to care in a specific geographical area. This resource is invalu-
able to researchers and country ministries of health, as it grants them easy access
to data. Moreover, it allows agencies and eye care providers to focus their efforts on
regions with the greatest medical need with optimal utilization of limited resources.
These RAAB surveys can also be completed using a smartphone application devel-
oped by the PEEK Vision project called mRAAB [35]. The mRAAB application
has increased the quality and efficiency of data entry by allowing the data to be
entered while the examiner is still with the patient. It has been tested successfully
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in countries such as Tanzania, the Maldives, Madagascar, Uganda, Zimbabwe, and
Nigeria. The future goal of mRAAB is to integrate PEEK functions such as visual
acuity assessments and ocular photography with the surveys.

The Open Data Kit is another mobile data collection application that has facili-
tated the collection, management, and access to data in remote and resource-limited
regions. It is a free and open-source software that is already being used by organiza-
tions such as the WHO, Red Cross, and Red Crescent [36]. Similar to the mRAAB,
this is a great resource that allows various eye care organizations and providers to
collect and share data that can increase the effectiveness of their efforts.

Poor cataract outcomes are often detected in RAAB surveys of cataract patients
in sub-Saharan Africa. The WHO recommends Better Operative Outcomes
Software Technology (BOOST) to track cataract surgery cases for quality assess-
ment and improvement. BOOST is an application developed by several nongovern-
mental organizations and the Aravind Eye Hospital (Madurai, India) which allows
cataract surgeons to measure and benchmark their surgical results against others
in a cloud-based database. It also provides advice on how to improve outcomes
[37]. The app uses two rounds of data collection. First, users measure visual acuity
of patients the day after surgery to measure the proportion of patients with good
(defined as >6/18) and bad (defined as <6/60) visual acuity. Second, for patients
returning 6 weeks postoperatively with vision less than 6/60, users choose from
among three reasons for poor vision outcomes (refractive problems, surgical misad-
venture, presence of ocular comorbidity). The app then suggests changes in practice
for users to help improve their most common causes of poor vision.

3.8 Simulations in cataract surgery

Simulation-based training for cataract surgery is an innovation with substantial
promise for treating global blindness in LIC. Cataracts account for nearly half of all
cases of global blindness, the majority being in the developing world [38]. While
many of these cases can be cured with inexpensive surgical procedures, there is a
shortage of surgeons to handle the caseload. Trainees in developing countries face
alack of equipment and teaching personnel. Simulation-based training could help
alleviate this shortage of surgeons by providing practice cases without the require-
ment for actual patients. Several simulators currently exist on the market, includ-
ing HelpMeSee (HelpMeSee, New York), Eyesi (VRmagic, Manheim, Germany),
MicroVisTouch (ImmersiveTouch, Chicago), and Phacovision (Melerit Medical,
Linképing, Sweden), among others.

The Eyesi is the most prevalent of commercially available simulators in U.S.
and European ophthalmology residency programs [39]. It is a high-fidelity phaco-
emulsification simulator. The hardware consists of a mannequin headpiece with a
mechanical eye, which is wired to a computer interface and a microscope, allowing
the trainee to assume the most realistic posture (Figure 9). Eyesi also includes
surgical instruments and foot pedals. The system allows users to watch previous
surgeries to review and improve upon. It consists of different learning modules,
including anti-tremor training, bimanual training, capsulorhexis, cracking and
chopping training, forceps training, hydro-dissection maneuvers, intraocular lens
insertion, irrigation and aspiration, navigation training, and phacoemulsifica-
tion training. VRmagic also produces Eyesi indirect and direct ophthalmoscopes
for simulation-based training in ophthalmoscopy (Figures 10 and 11). The HMS
system includes a platform similar to the Eyesi system with a microscope, monitor,
and instruments attached to robotic arms (Figure 12). The MicroVisTouch system
includes a blunt-tip handpiece attached to a robotic arm, with a mannequin head-
piece to practice proper hand placement. The handpiece serves as the appropriate
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Figure 9.
The VRmagic Eyesi surgical simulator allows users to go through modules of high fidelity simulations of
phacoemulsification and vitreoretinal surgery steps.

Figure 10.
The VRmagic direct ophthalmoscope allows users to develop the skillset for direct ophthalmoscopy by
progressively moving through skill modules and case pathology.

Figure 11.
The VRmagic indirect ophthalmoscope allows users to develop the skillset for binocular indirect ophthalmoscopy
with a 20D and 28D lens and records the percentage of the vetina visualized in focus by the examiner.
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Figure 12.
The HelpMeSee simulation system allows users to practice small incision cataract surgery (SICS).

instrument based on the stage of surgery being performed, from a keratome to
forceps. The system also includes haptic feedback, a relatively new addition to the
market for surgery simulators.

A 2015 systematic review of by Thomsen et al. found the overall evidence
of research in the use of simulators as both training and assessment tools to be
inadequate [40]. Another recent study by Thomsen [41] tested the Eyesi as a
training method of 18 surgeons of varying levels of experience. Each surgeon was
graded based on a previously-validated testing tool for cataract surgery (Objective
Structured Assessment of Cataract Surgical Skill). The study found that novice sur-
geons benefited by training on the Eyesi, while more experienced surgeons did not.
Compared with no intervention, simulation-based training has been shown to have
large improvements in user knowledge, skills, and behaviors, along with moderate
improvements in patient outcomes across many surgical and medical fields [42].
Given the lack of training institutions, wet labs, etc., in LICs, the use of simulators
can play a key role in training future cataract surgeons.

3.9 The HelpMeSee approach to cataract-induced blindness

A 2013 review by Broyles et al. explains that HMS is doing more than simply
creating cataract simulation technology. Despite the aforementioned shortcomings
in the research of simulators, the organization is creating training centers around
the world that incorporate surgical simulation as well as traditional learning meth-
ods, centered around a textbook written at an 8th grade English level. Their goal is
to fight global blindness caused by cataracts. These training centers will be located
within LICs such as Asia, Africa, and Latin America. The intended trainee will
include health care professionals and individuals without medical training in order
to create the manpower necessary to meet the global need for surgeons. However,
HMS predicts that 60% of the trainees will be physicians. Each center will have the
capacity to train approximately 1000 trainees per year. Only those who successfully
complete the cognitive training will move forward to surgical training, where they
will be trained in manual small incision cataract surgery (MSICS), a safe, low-
cost, and rapid method for surgical cataract removal compared to other costlier
methods.
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The graduates then become part of a network of independently-functioning
MSICS practitioners that are responsible for seeking out treatable cataract cases
in their practicing area, providing surgical care on a fee-for-service basis, and
reporting quality metrics via electronic photographs to HMS. The practitioners will
live and work in the underserved areas HMS hopes to serve. By focusing only on
cataract surgery, the intention is to create high surgical volumes per practitioner in
order to drive unit costs of surgery sufficiently low and maintain surgeons’ skills.
Depending on uptake of surgical services, the cost per surgery could be as low as
$69 in southeast Asia. Better skill and outcomes will then drive local credibility and
encourage uptake of the program by locals.

The review forecast that the HMS is able to train 30,000 new surgeons. It
also models different levels of uptake of HMS surgeries: low (20% of cataract-
caused visually impaired individuals not operated on elsewhere are operated on
by HMS), medium (50% operated on by HMS), and high (80% operated on by
HMS). With these assumptions, the model predicts that the projected 134 million
individuals with cataract-caused blindness in the four identified regions can be
reduced to 21 million individuals in the case of high uptake (80%). The reduc-
tions are more modest in the medium and low uptake assumptions. The economic
effect, with visually-impaired individuals now able to work, would mean an
additional $52 billion of GDP in the Western Pacific Region (i.e., China) if the
high scenario is met. The increase in GDP would be $18 billion in Southeast Asia
and $9 billion in the Africa region. However, once the cataract surgery backlog is
eliminated, there will likely be an oversupply of surgeons. The timeframe depends
on the uptake of surgical services by region but could be as soon as 2021 in the
African region. After that point, surgeons would rely on new cases of cataracts
for business. Surgeons could then possibly serve as referral sources for broader
ophthalmic services to larger care organizations.

The HMS system faces several obstacles. First, training a new cohort of high-
quality cataract surgeons in an efficient manner will likely pose many challenges.
Second, it may be challenging for local practitioners to educate patients on the
need for surgery and bring in sufficient volumes of cases to drive the unit cost
sufficiently low. It will also be difficult for surgeons to have the high surgical load
and make time for patient screening and outreach. Third, it may be difficult for
individuals to travel the distance required to have the surgery. While the surgeons
will live in the regions they serve; patients living in rural will likely still need to
travel significant distances for care. This challenge could be reduced by providing
transportation services at the time of screening by other qualified medical staff.
Fourth, patients with non-cataract pathologies could be disappointed by the inabil-
ity of practitioners to treat their disease. This could discourage local credibility and
would require the practitioner to market their services appropriately. Fifth, it will
be challenging for HMS to monitor quality of care provided due to the volume of
surgeons operating in multiple different regions worldwide. This increases the need
for technology-driven quality monitoring via sophisticated imaging.

4. International organizations promoting visual health

There are several leading global organizations dedicated to providing vision
care. Vision Springs, Eyelliance, Eyesee and Vision for a Nation are some of the
organizations that focus on providing eyeglasses to low-income countries. Vision
Springs is an organization that relies on a high-volume low margin business
model. It employs optical shops in communities with limited access to eye care
services. These optical shops provide eye exams and low-cost prescription glasses
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to the community. Vision Springs also partners with local NGOs and businesses

to distribute eyeglasses using their already established distribution channels. This
model allows them to distribute glasses to areas in need while keeping the cost as
low as possible. Eyelliance and Vision for a Nation follow a similar model. Eyesee
is a student-run organization based in the U.S which collects used eyeglasses and
distribute them to the poor regions. Since its establishment in 2008, the organiza-
tion has delivered free recycled glasses to countries such as Haiti, Nigeria, Uganda,
Honduras, and Cambodia.

Another leading organization in global vision care is ORBIS. It is a non-profit
organization based in New York that operates the Flying Eye Hospital. This mobile
hospital is the only one of its kind in the world that provides eye restoration inter-
ventions in addition to education and training of local ophthalmic communities
throughout low-income countries. The organization has been successful in estab-
lishing educational programs in countries such as Bangladesh, Ethiopia, India, and
Vietnam. These programs have since provided treatments and prevention of various
ocular diseases like cataracts and trachoma to their communities. ORBIS also
launched a telemedicine initiative in 2003 called Cybersight. Through Cybersight,
ophthalmologists in the U.S. are able to connect 24/7 with local community physi-
cians worldwide to offer them with professional consultation and education on
various surgical techniques and patient cases.

The International Agency for the Prevention of Blindness (IAPB), established
in 1975, is one of the major organizations that leads international endeavors toward
blindness intervention. Through its efforts, Vision 2020 was able to be formed in
collaboration with the WHO. The organization’s goal in the years between 2013
and 2017 was to promote access to eye health particularly in the most marginalized
regions of the world. As a result, IAPB sponsors variety of global initiatives such as
Seeing is Believing, the DR Barometer Project, Our Children’ Vision, The Rotary
International Service Partnership, and the Vision Alliance [43].

5. Future prospects

One of the most exciting emerging frontiers in ophthalmology is the ability of
automated devices to diagnose and treat various ocular diseases through artificial
intelligence (AI). Giant technology companies such as Google and IBM have
dedicated plenty of resources to developing their own version of Al systems. Such
systems have shown great promise in playing an important role in patient care.

For example, Google Brain (Al system developed by Google) was able to detect

the spread of breast cancer by examining microscopic specimen images of lymph
nodes. In fact, Google Brain’s performance was comparable and, in some cases,
superior to that of human pathologists [44]. Similar developments are occurring
in ophthalmology, in particularly the field of retinal diseases. In 2016, Google
Brian’s Al system through machine learning was able to “learn” how detect diabetic
retinopathy and diabetic macular edema from funduscopic photographs [45]. New
systems are currently being developed to evaluate other ophthalmic disorders such
as cataract, glaucoma and keratoconus.

These intelligent systems could prove invaluable in global health with the poten-
tial to improve health care affordability, efficiency and accessibility. The system can
act as an adjunct for eye care capacity building. For example, it could enable non-
medical personnel with a few hours of training to diagnose ocular disease without
physicians’ interpretation, in turn, expanding medical care to remote regions with-
out practicing ophthalmologists. In addition to serving as a solution to the increased
shortage of ophthalmologists in low-income countries through simplifying the
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process of diagnosing ocular diseases, ocular pathology can be diagnosed at earlier
stages. Diagnosing diseases at earlier stages will allow for earlier intervention and in
turn yielding better medical outcomes. Moreover, with identification of populations
with greater disease burden, resources can be focused on those areas for treatment
to maximize its utility.

The US Food and Drug Administration has recently made history by approv-
ing the first Al retinal diagnostic system called IDx-DR. The system specializes in
autonomously detecting diabetic retinopathy, one of the major causes of vision loss
and blindness worldwide. For example, in India, the WHO estimates that around
32 million people were affected by diabetes mellitus (DM) in 2000. We expect
the epidemiologic curve to shift from infectious, communicable diseases to non-
communicable diseases in the next decade. By 2030, in India alone, these figures are
expected to increase to around 80 million people vulnerable to developing diabetic
retinopathy [46]. Vision loss, as result of this disease, can be easily controlled with
early detection and management; however, most patients with diabetes in low-
income countries end up without any eye care. However, IDx-DR currently is only
validated and approved by the FDA for use in the US.

IDx-DR could be a future health solution to identify patients with greatest risk
early in the disease process, in turn maximizing limited physician resources by
focusing on patients who need advanced care. Using a fundus camera, an operator,
who does not require previous ophthalmology knowledge, captures two images
per eye (Figure 13). These images are automatically sent to a computer system
that analyzes the images for any signs of diabetic retinopathy. In less than a minute
the computer stratifies eyes into two groups. Group 1 contains eyes that are nega-
tive or demonstrate mild diabetic retinopathy while Group 2 contains eyes with
stages more advanced than mild diabetic retinopathy. Group 1 can be retested in
12 months while group 2 is referred to an eye care specialist. A recent study dem-
onstrated IDx-DR to have similar sensitivity in detecting diabetic retinopathy to
human experts [47].

With future system improvement, the integration of this intelligent screen-
ing system in a portable fundus camera or a smartphone will greatly improve its
accessibility to remote regions. Moreover, having the ability to diagnose diabetic
retinopathy (and other ocular diseases in the future) in a matter of few seconds will
provide the efficiency to screen larger populations. This new emerging Al technol-
ogy is a major breakthrough in global health and will serve to positively impact the
visual health of millions of patients.

Another major cause of visual impairment worldwide is uncorrected refractive
error. In fact, it is considered to be the leading cause of visual impairment world-
wide, as more than 650 million people suffer from lack of adequate refractive error

Figure 13.
IDx-DR uses artificial intelligence to detect diabetic retinopathy without the need for experienced
ophthalmologic personnel.

120



Innovative Diagnostic Tools for Ophthalmology in Low-Income Countries
DOI: http://dx.doi.org/10.5772/intechopen.83455

correction [48, 49]. It is estimated that the resulting visual impairment contributes
to more than 250 billion dollars in productivity loss [48]. This loss of income can be
very detrimental, especially to low-income countries where individuals make less
than one dollar a day. Providing adequate vision screening and refractive error cor-
rection can be very cost effective. A study called PROductivity Study of Presbyopia
Elimination in Rural-dwellers (PROSPER), was published in 2018 showed a clear
link between refractive error correction and productivity increase [50]. The study
conducted in India looked at tea pickers with uncorrected refractive error. It found
that providing workers with corrective lenses improved their productivity by 21.7%.
Therefore, providing adequate screening and eyeglasses offers an easy solution for
the reversal of low vision and blindness, leading to improved quality of life and
economic development worldwide. In fact, the WHO considers refractive error as
one of the priority eye diseases that it aims to combat globally.

Phoropter is the most widely used tools by ophthalmologists and optometrists to
measure patients’ refractive error and determine the eyeglass prescription strength.
It relies on a heavy set of numerous spherical and cylindrical lenses of various pow-
ers. A large number of lenses is required for examination since, eyecare providers
must cover the refractive error conditions such as myopia, hyperopia, and astigma-
tism, along with their respective degree of impairment. This can make mobility of
eye care personnel and transportation of equipment between sites a burdensome
task, especially in remote areas where road systems are underdeveloped. Moreover,
the process of finding the proper prescription strength requires constant patient
feedback in order to determine the lens power that provides the sharpest image. It
is a very time-consuming process that can limit the number of patients seen by an
eye specialist. Moreover, the communication element can be very challenging in
certain populations such as children and elderly or patients with mental disabilities
or cognitive impairments. It also requires either the eyecare providers speak the
language of their patients or the availability of an interpreter in order for the test to
be completed. This can force providers to avoid regions where language is a barrier.

A solution to the aforementioned limitations is currently being developed by a
team from Tucson, Arizona called the auto-phoropter [51]. The auto-phoropter is
alow-cost handheld device that is able to measure a patient’s refractive without the
need of patient’s feedback. In contrast to the already available autorefractors, the
auto-phoropter does not require fine tuning of patient’ refractive error measure-
ment with an additional exam using lens trials. The special system of lenses and
sensors in the auto-phoropter make measuring the refractive error possible. The
device contains three separate fluidic lenses, two cylindrical lenses that are placed
45° with respect to each other for astigmatism correction and a spherical lens for
myopia/hyperopia. Through pressure induced deformation by the liquid that is
pumped in and out of the lens, the power of the fluidic lens can be tuned in incre-
ments of 0.1 diopters. With a special wavefront sensor which measures the infrared
wavefront coming from the eye called Shack-Hartmann, the refractive error can be
calculated in matter of seconds. As a result, the device portability, lack of patient’s
subjective feedback and the prompt corrective error measurement, the auto-
phoropter will allow large patient population screening without the need of trained
eye specialists.

According to one estimate, there are more than 1 billion people above the age of 35
that are suffering from uncorrected presbyopia while more than 200 million people
suffer from moderate and severe vision impairment (<6/18 but better than 3/60)
[52]. Giving patients eyeglasses after vision testing will ensure that they receive the
appropriate intervention instead of solely providing them with a prescription. There
are various of factors that might impair patients from following up and getting their
custom-made glasses. These factors include cost and lack of perceived benefit to name
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a few. Therefore, as expected, it will be much more likely that patients wear eyeglasses
if offered for free, rather than for purchase [50]. For this reason, we recommend that
screening programs carry both reading and prescription glasses to cover the whole
spectrum of refraction errors, especially in areas that lack the appropriate facilities
and resources.

Nevertheless, being able to carry large number of glasses can be challenging
both logistically and financially. Ordering eyeglasses in bulk will help lower their
individual cost. We found that in some factories in China, manufacturing a pair of
reading glasses can cost as little as USD 0.50 while a prescription glasses for myopia
can cost around USD 1.50. Adjustable glasses can be a solution to reducing the
number of eyeglass carried by screening programs. However, this advanced type of
eyeglasses is more expensive, as a pair can cost around USD 19.

6. Conclusion

This chapter outlined various emerging diagnostic tools and resources that
aim to assist in the fight against preventable blindness and achieve the mission of
Vision 2020. From Web-based databases and global organizations to smartphone
applications and diagnostic devices, eye care providers have emerging diagnostic
tools to promote visual health and increase access in global underserved areas. We
hope that with the continual evolution of technology, and with improved accessibil-
ity and affordability of visual care, preventable blindness can be 1 day eliminated
worldwide.
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