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High-resolution ultrasound imaging of the eye — a review
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Abstract

This report summarizes the physics, technology and clinical application of ultrasound biomicroscopy
(UBM) of the eye, in which frequencies of 35 MHz and above provide over a threefold improvement
in resolution compared with conventional ophthalmic ultrasound systems. UBM allows imaging of
anatomy and pathology involving the anterior segment, including regions obscured by overlying
optically opaque anatomic or pathologic structures. UBM provides diagnostically significant
information in conditions such as glaucoma, cysts and neoplasms, trauma and foreign bodies. UBM
also can provide crucial biometric information regarding anterior segment structures, including the
cornea and its constituent layers and the anterior and posterior chambers. Although UBM has now
been in use for over 15 years, new technologies, including transducer arrays, pulse encoding and
combination of ultrasound with light, offer the potential for significant advances in high-resolution
diagnostic imaging of the eye.
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Introduction

The ideal diagnostic imaging device would allow non-invasive visualization of occult
structures with infinite detail and perfect contrast in real time. It would also be easy to use and
inexpensive. The superficial location of the eye and its cystic structure in combination with
the presence of optical windows (the cornea and pupil) has rendered the eye a virtual test-bed
for new imaging technologies including optical coherence tomography (OCT), magnetic
resonance imaging (MRI), scanning Scheimpflug and slit-lamp devices and ultrasound.

In respect to the above criteria, MRI provides high contrast and good resolution, but is
expensive, inconvenient and slow. Optical methods can provide excellent resolution, are cost-
effective and easy to use, but are susceptible to intervening optically opaque structures,
including normal anatomy (sclera, iris) and pathology (haemorrhage, corneal scars, cataract).

Ultrasound provides real-time cross-sectional images in a very cost-effective manner, even in
the presence of optically opaque intervening structures. The use of ultrasound for diagnostic
imaging of the eye originates with the work of Mundt and Hughes! (A-scan) and Baum and
Greenwood? (B-scan) in the 1950s. Although there have been huge improvements in scanning,
data processing and display technologies since then, the centre frequency of ophthalmic
ultrasound units has almost, since the inception of the technology, remained at or near 10 MHz.
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Although certainly useful for assessment of many ocular pathologies, the resolution obtainable
at 10 MHz is over an order of magnitude poorer than that of OCT.

Ultrasound biomicroscopy (UBM) involves use of much higher frequencies (35-50 MHz) than
those used in conventional ophthalmic B-scanners. The resulting improvement in resolution
to 40 mm or less brings ultrasound closer to meeting the criteria for the ideal imaging device.

This paper will describe the physical basis, technical development and clinical applications of
UBM.

The physics of ultrasound

A basic understanding of the physical principles and technology of ultrasound is required to
fully appreciate the clinical capabilities and limitations of UBM.

Ultrasound consists of waves of compression and rarefaction propagating through a medium.
Wavelength and frequency are defined by the relation ¢ = v\, where c is the speed-of-sound,
Liswavelength, and v is frequency. The speed-of-sound is related to the medium’s composition
and temperature, but is largely independent of frequency. Acoustic reflection occurs at
interfaces between regions of different acoustic impedance (density x speed-of-sound).
Scattering occurs where these discontinuities are smaller than a wavelength. Attenuation of
ultrasound occurs as it propagates through tissues as a consequence of reflection, scattering
and absorption. Attenuation increases exponentially with both tissue depth and frequency.

The ultrasound probe contains a piezoelectric material, the transducer, which expands or
contracts when an electrical voltage is placed across it. This is communicated to the fluid with
which the transducer is in contact. Ultrasound may be focused by placing an acoustic lens over
the surface of a flat transducer or by forming the piezoelectric material into a curved surface
of suitable radius. After emitting an acoustic pulse, the transducer waits passively for echoes
to return before it emits another pulse. Echoes interact with the piezoelectric element and the
resulting voltages are then amplified and processed to form images and perform biometry. The
range to a reflector can be computed from the speed-of-sound, ¢, and the time interval, t,
between pulse emission and echo return, specifically, range = ct/2. Two-dimensional images,
referred to as B-scans, are generated by mechanically scanning the transducer and setting pixel
intensity in proportion to echo amplitude along each line-of-sight.

Axial resolution refers to how close together two reflectors can be along the direction of
acoustic propagation while still being distinguishable from each other. Axial resolution is
computed as cT/2, where T is pulse duration. Lateral resolution refers to the ultrasound system’s
ability to distinguish two reflectors positioned next to each other with respect to the ultrasound
beam axis. This is affected by both transducer frequency and focal properties, specifically focal
length, L, and aperture, D. The ratio of these two properties defines f, the transducer’s f-number.
Lateral resolution in the focal plane is computed as LA/D or fA. As the f-ratio decreases, the
transducer becomes more highly focused and lateral resolution improves, but the region along
the beam axis in which the transducer is well focused, the depth-of-field, becomes progressively
smaller.

The piezoelectric element of conventional 10 MHz transducers is most often a ceramic material,
lead zirconate (PZT). Use of PZT for frequencies above 15-20 MHz is impracticable because
the brittle PZT crystal cannot be made thin enough to generate higher frequencies without
cracking. Consequently, UBM devices could not be fabricated until an alternative material
became available. Polyvinylidene fluoride (PVDF) is a piezopolymer that, unlike PZT, is
highly flexible and readily available in thin sheets. A 9 mm thick PVDF membrane, for
instance, can be used to form the piezoelectric element of a 50 MHz probe. Sherar and Foster
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reported on the use of PVDF to fabricate a UBM transducer in 1989.3 More recently, the co-
polymer polyvinylidene fluoride trifluoroethylene (PVDF-TrFE) has largely replaced PVDF
because of its greater sensitivity.*

The properties of a typical 10 MHz transducer that might be used for general-purpose
ophthalmic imaging and a 50 MHz transducer of the type typical for UBM systems are
compared in Table 1. Note the far smaller depth-of-field of the UBM probe, which is under 1
mm, compared with the 10 MHz ophthalmic probe. Also note that whereas attenuation in water
isnegligible at 10 MHz, this is a significant effect at 50 MHz — the signal at the centre frequency
would be reduced by over 13 dB after propagating 12 mm to the focus and back.

UBM systems

The first practical UBM system for imaging of the eye was developed by Foster and Pavlin in
the early 1990s.%:6 The ultrasound biomicroscope, manufactured by Zeiss-Humphrey
Instruments (San Leandro, CA, USA), was an outgrowth of this work. This instrument allowed
widespread access to UBM technology and clinical application. Coleman et al. independently
developed a UBM system emphasizing the processing of raw radiofrequency echo data
acquired in sequential planes suitable for 3-D analysis, especially corneal biometric analysis.
" This system also was eventually commercialized as the Artemis-2 system by Ultralink, LLC
(St Petersburg, FL, USA).

The Zeiss-Humphrey (later Paradigm Medical Industries, Salt Lake City, UT, USA) UBM
consisted of a 50 MHz probe that was supported by an articulated arm. The transducer itself
was not sealed within the probe as is typical for 10 MHz systems so as to avoid attenuation by
the cap. The probe provided a scan rate of 8 Hz, giving real-time imaging, with scans consisting
of 256 lines-of-sight (vectors) over a 5 mm x 5 mm field. This allowed imaging of anatomic
areas of interest in the anterior segment, but not the whole anterior segment in a single scan.
After topical anaesthesia, the probe was coupled to the eye using a scleral shell that held the
eyelids open and filled with normal saline or the more viscous methycellulose for acoustic
coupling.

The Ultralink Artemis-2 used an arc-scan mechanism to maintain normality between the
ultrasound beam axis and the corneal surface to facilitate corneal biometric analysis and also
provided sufficient scan width to visualize the anterior segment from sulcus to sulcus. It
incorporated a fixation light and video camera to maintain and monitor eye position during
scanning. The Artemis-2 is no longer produced, but the technology is currently being further
developed by Arcscan, Inc. (Morrison, CO, USA).

Numerous manufacturers including Quantel Medical Instruments (Bozeman, MT, USA),
Optikon (Rome, Italy), Sonomed (Lake Success, NY, USA) and Ophthalmic Technologies,
(Toronto, ON, USA), among others, now make UBMs with higher scan rates and more compact
handheld probes than that of the original Zeiss-Humphrey UBM. IScience (Menlo Park, CA,
USA) manufactures an 80 MHz scanner for high-resolution imaging of the angle and
Schlemm?’s canal. In some cases these instruments provide scan width sufficient to encompass
the entire anterior segment.

Clinical application

Ultrasound biomicroscopy systems are suitable for imaging of virtually all anterior segment
anatomy and pathology, including the cornea, iridocorneal angle, anterior chamber, iris, ciliary
body and lens. UBM is thus applicable for diagnostic imaging of corneal diseases, glaucoma,
cysts and tumours as well as lens implants. Although exams are most commonly performed
with a fluid-filled scleral shell, they may also utilize a waterbath, a membrane enclosed-tip
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applied to the eye after topical anaesthetic or even through closed lids, especially in cases of
trauma, albeit at the cost of reduced sensitivity due to attenuation by the lids.

The appearance of a normal anterior segment on UBM is presented in Figure 1. This scan
demonstrates all anterior segment structures, including the anterior lens surface, zonules and
ciliary body.

Theearliest clinical UBM studies, which were carried out by Pavlin et al., examined the anterior
segment in glaucoma.8:? Pavlin et al. showed the utility of UBM in characterizing several forms
of glaucoma, including plateau iris syndromel9 and pupillary block,! which together
constitute the most common forms of primary angle closure glaucoma.12 In pupillary block
(Fig. 2, top), pressure in the posterior chamber is elevated relative to that of the anterior chamber
owing to impairment of the flow of aqueous through the pupil. This results in forward bowing
of the iris from the root to the pupil margin in the presence of a formed posterior chamber.
Laser iridotomy will result in iris flattening by relieving the anterior/posterior chamber pressure
differential. In plateau iris syndrome, the ciliary body is anteriorly positioned and possibly
enlarged, compressing the iridocorneal angle and impairing outflow. UBM will demonstrate
little bowing, but rather anterior positioning of the ciliary body and closing of the sulcus. In
plateau iris syndrome, the UBM plays an invaluable role by allowing demonstration of anterior
displacement of the ciliary processes and sulcus closure (Fig. 2, bottom). UBM can also be
useful for diagnostic imaging of malignant glaucoma, which is characterized by a flattened
anterior chamber, typically following glaucoma surgery, chronic angle closure glaucoma or
pseudoexfoliation.13 UBM has also been shown to be of value in elucidating the aetiology of
pseudophakic pupillary block glaucoma.141®> The UBM appearance of pigment dispersion
glaucoma, a condition characterized by loss of pigment from the posterior iris surface with
consequent impairment of trabecular outflow, was first described by Pavlin et al.16 Pigment
dispersion glaucoma often demonstrates iris concavity, consistent with the hypothesis that iris-
lens chafing is responsible for dispersion of pigment particles. UBM is a useful tool in guidance
and evaluation in glaucoma surgery,’ including evaluation of the bleb and Schlemm’s canal
in procedures such as deep sclerectomy and canaloplasty.18:19 An example of an 80 MHz scan
of the angle is provided in Figure 3.

In 1992, Pavlin et al. described biometric criteria that could be used for reproducible
measurement of various anterior segment structures.8 These included the angle opening at 250
and 500 um from the scleral spur, scleral thickness at the spur, trabecular-ciliary process
distance, iris thickness at specific positions, among others. Ishikawa, Liebman and Ritch
described further criteria in 2000, especially numeric descriptors of angle geometry.20 These
criteria are of importance in allowing definition of reproducible criteria for characterizing
different glaucoma types. Marchini,2122 for instance, used UBM to biometrically compare
different forms of angle closure glaucoma, and Sihota et al.23 applied these criteria for
comparing subtypes of primary angle closure glaucoma.

Ultrasound biomicroscopy allows assessment of primary and secondary cysts of the anterior
segment.24=26 Primary neuroepithelial cysts involve the pigment epithelium of the iris and
ciliary body, and may thus appear anywhere along the posterior iris surface through the pars
plana, although the iridociliary junction is most common. Primary cysts generally appear with
thin, rounded reflective walls with sonolucent, fluid-filled interiors (Fig. 4). Multiple cysts are
not unusual. Large cysts in the region of the sulcus may cause the iris to bulge and narrow or
close the angle. Although primary cysts may be associated with underlying disease such as
uveitis,2’ they are common in normal asymptomatic eyes as well.28 Secondary implantation
cysts may arise as a result of penetrating trauma or ocular surgery due to deposition of epithelial
cells from the eyelid, cornea or conjunctiva on the iris. Implantation cysts may appear in the
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anterior chamber and often display diffuse or dense internal echoes. Finally, cysts may also be
associated with neoplasms, including malignant melanoma and medulloepithelioma.23—31

Malignant melanomas (Fig. 5) may occur in either the iris or ciliary body, but their prognoses
are quite different. Ciliary body involvement is associated with high risk of metastatic spread
and mortality. Melanomas solely involving the iris tend to be indolent and rarely metastasize,
although risk may increase as a consequence of invasive procedures including glaucoma
surgery.3! In patients presenting with a pigmented lesion in the angle, UBM can show if the
lesion is restricted to the iris or extends into the ciliary body. Tumours involving the ciliary
body may cause iris bulging similar to that caused by retroiridal cysts, and UBM can play a
crucial role in differentiating the one from the other. Assessment of neoplasms such as
malignant melanoma by UBM allows precise localization in relation to anterior segment
structures and determination of tumour thickness and width for planning of brachytherapy.
UBM offers a valuable and non-invasive means to assess tissue characteristics, growth and
invasion of adjacent structures. UBM also allows assessment of conjunctival masses, including
intraocular extension (Fig. 6).

Pavlin et al. first described the use of UBM for imaging of anterior segment tumours in the
early 1990s.32 Several subsequent studies have confirmed the value of UBM in documenting
tumour progression, extension and regression, in many instances with histopathologic
correlation.33-36 Although there is considerable variation in the appearance of ciliary body
melanomas on UBM, they typically exhibit a hemispherical shape with a homogeneous internal
echo pattern of low to moderate reflectivity. Cystic spaces, however, are not uncommon. UBM
allows tumours to be characterized in terms of their thickness and width, which can be used to
document growth or regression following treatment on follow-up exam. Although malignant
melanoma of the eye is rare, other rare neoplasms may affect the anterior segment as well.
UBM can play a role in differentiation of melanoma from adenoma,3” medulloepithelioma?’
and melanocytoma.38

Pavlin et al. was the first to describe UBM imaging of the cornea.® The use of UBM as a
diagnostic tool has been described for corneal pathologies including oedema,3? keratoconus,
40,41 gystrophies,*2 corneal scars,*3:44 trauma?® and for keloid.* Figure 7 shows how UBM
can be used to measure scar depth, which may be a significant factor in patient management
(e.g. penetrating vs. non-penetrating keratoplasty) and candidate selection in refractive corneal
surgery.

Although measurement of central corneal thickness has long been performed with by use of
contact ultrasound pachymeters operating at 20-50 MHz, UBM has the advantage of allowing
imaging and biometry of 2-D corneal cross sections instead of at individual positions. Tam and
Rothman* reported UBM and contact ultrasound pachymetry to give similar results in
measurement of central corneal thickness, although our own recent findings comparing
Artemis-2 and contact pachymetry showed the non-contact immersion method to give
significantly thinner results than contact pachymetry.#8:49 This suggests that decentration or
oblique incidence in contact pachymetry may cause spuriously thicker measurements.

The use of ultrasound for assessment of the cornea following excimer laser photokeratectomy
was described by Allemann et al.** and Pavlin et al.>0 and their respective coworkers in the
early 1990s. Allemann et al. used the prototype system developed by Coleman et al. that
allowed acquisition of raw radiofrequency data and utilized calibrated backscatter
spectroscopy to quantify scar density. Using the same device, Reinstein et al. demonstrated
that UBM could resolve the epithelial surface from Bowman’s membrane and described a
signal-processing approach that allowed reproducible measurement of corneal and epithelial
thickness.51:52 Reinstein and Silver-man subsequently demonstrated that pachymetric maps
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representing the thickness of corneal layers could be produced from a series of sequential,
parallel scan planes of the central cornea.> However, the curved and highly specular surface
of the cornea prevented acquisition of useful data outside the central 3 mm zone. This problem
was overcome by development of an arc-scanner, which allowed the acoustic beam axis to
maintain normality to the corneal surface while at the same time keeping the cornea within the
focal zone.>* Reinstein et al. used this system to image the full width of the cornea following
laser in situ keratomileusis and demonstrated visualization of the flap (Fig. 8), measurement
of residual stromal thickness and epithelial compensation for curvature changes induced by
ablation of underlying stromal tissue.?® Reinstein et al. recently reported preliminary results
suggesting that the epithelium undergoes characteristic changes in its thickness distribution in
keratoconus in response to subclinical bulging of the underlying stroma, and suggests that this
may be useful in screening.56 Examples of a layered corneal pachymetric maps following laser
in situ keratomileusis and in keratoconus are provided in Figures 9 and 10.

Ultrasound biomicroscopy is generally useful for assessment of unexplained hypotony,>7:58
including the presence of cyclitic membranes®® and traumatic cyclodialysis clefts.f0 UBM can
be used as an effective diagnostic tool in cases of ocular trauma.%1:62 In cases of closed or
open-globe trauma, UBM can be performed with topical anaesthesia. In some cases, the exam
may be performed through closed lids. With an open globe care must be taken not to exert undo
pressure on the globe and sterile media should be used. UBM can demonstrate iridodialysis,
rupture of the anterior lens capsule, lens displacement, cyclodialysis, zonular defects, angle
recession, intraocular foreign bodies in the presence of corneal scarring, hyphema (Fig. 11),
cataract and lens subluxation (Fig. 12) and ciliary body detachment (Fig. 13).

The ability of UBM to visualize the posterior chamber is useful for assessment of the position
of the crystalline lens and lens implants, including phakic and piggyback implants, as
demonstrated in Figure 14. The crystalline lens normally gives specular surface reflectivity
with minimal internal echoes. Nuclear and cortical cataracts can be readily visualized on UBM
asregions of elevated internal reflectivity. Following cataract surgery, UBM can detect retained
nuclear fragments posterior to the iris plane.63 Haptic position can be determined in situations
where unexplained pain, bleeding or other complications occur following posterior chamber
lens implantation.54 The biometry of the anterior segment can be measured by UBM systems
that encompass the entire anterior segment. This allows preoperative evaluation of the position
of the sulcus plane before cataract surgery, facilitating estimation of postoperative intraocular
lens position. With phakic refractive lens implants, UBM can similarly aid by preoperative
determination of sulcus plane diameter at specific meridians, avoiding problems with over- or
undersized implants.65:66 White-to-white is an unreliable means for estimation of internal
ocular dimensions.%7

Ultrasound biomicroscopy allows evaluation of scleral abnormalities, as demonstrated in
Figure 15. UBM also allows assessment of the eyelids, including normal anatomy®8 and
neoplasms.89:70 Evaluation of the extraocular muscles in strabismus surgery by UBM has also
been reported.’!

UBM and other anterior segment imaging technologies

Several technologies now exist for imaging of the anterior segment, including OCT (e.g.
Visante, Carl Zeiss Meditec AG, Jena, Germany), scanning Scheimpflug (e.g. Pentacam,
Oculus, Lynnwood, WA, USA), and scanning slit-lamp systems (e.g. Orbscan, Orbtek, Salt
Lake City, UT, USA). Each method has its particular advantages and disadvantages in relation
to each other and to UBM. "2 All of the above optically based systems are limited by the presence
of optical opacities, either in the form of normal anatomy (iris, sclera) or pathology (hyphaema,
pigmented lesions). Optical systems, however, require no fluid coupling to the eye, and are
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thus easier to use. They also naturally lend themselves to alignment by provision of a fixation
target and an optical image of the eye during scanning, which is not the case for ultrasound
systems other than the Artemis. Optical systems also offer high-speed 3-D scanning of the
anterior segment, facilitating biometric analysis of corneal thickness and anterior chamber
dimensions.

Current ophthalmic UBM systems use focused, single-element transducers because of the
complexity and expense of fabrication of high-frequency array transducers. High-frequency
annular arrays consisting of a few concentric piezoelectric rings are relatively easy to fabricate,
however, and by use of synthetic focusing can greatly extend the depth-of-field compared with
single-element probes.”® Although annular arrays must still be mechanically scanned to obtain
a 2-D image, this is not the case for high-frequency linear arrays now under development.’#
However, their lack of radial symmetry reduces lateral resolution in the elevation axis
compared with that of an annular array. In the longer term, it is possible that 2-D high-frequency
arrays based on micro-electromechanical systems constructed by chip fabrication techniques
or other technologies may be realized. This would allow synthetic focusing, beam symmetry
and electronic beam steering for nearly instantaneous 3-D imaging of the anterior segment.
Examples of UBM images obtained with prototype annular and linear array UBM systems are
shown in Fig. 16.

Current UBM systems use a short voltage impulse to excite the transducer. This is ideal for
producing a highly damped acoustic pulse that maximizes axial resolution. However, this pulse
strategy provides relatively low sensitivity, because only so much energy can be packed into
such a pulse without exceeding ophthalmic safety guidelines for ultrasound exposure. An
alternative is the use of pulse encoding in the form of a prolonged frequency-swept pulse train
called a chirp. The maximum instantaneous intensity of the chirp is comparable to that of an
impulse, but the duration is much longer. To recover the desired axial resolution, the echo data
are digitally post-processed with a compression filter. This technique can improve signal-to-
noise ratio by 20 dB or more, greatly increasing sensitivity and depth of penetration.”

Another field where potential advances are likely to occur is non-linear ultrasonic imaging,
sometimes referred to as tissue harmonic imaging.”® This modality is based on the progressive
distortion an ultrasound wave undergoes as it propagates owing to the difference in the speed-
of-sound between its compressed versus rarified components. Imaging at the second harmonic
(2x the fundamental, emitted frequency) provides improved resolution compared with
conventional imaging at the fundamental. Also, attenuation is reduced, as the harmonic need
travel only in one direction. Special transducers have been demonstrated specifically for
optimization of UBM harmonic imaging.”’

High-frequency ultrasound blood flow imaging and measurement can be accomplished by
either Doppler methods or a time-domain method called swept mode.”8 Although some concern
exists regarding Doppler exposure levels, recent analysis suggests that high-frequency Doppler
is safe for ophthalmic tissues.”® A recent report also describes an intraoperative Doppler needle
probe for measurement of flow in the retina and optic nerve.89 Ultrasound contrast agents,
usually gas-filled microbubbles, offer visualization of the microvasculature, including the
targeting of specific biomolecules.8!

Finally, we may see a merging of ultrasound with optics. Ultrasound can be used to increase
OCT penetration via photon—phonon interaction.82 It may also be possible to use the acoustic
radiation force emitted by a transducer to ‘palpate’ thin ocular tissues such as the retina or
cornea to image their elastic properties. This technique, called acoustic radiation force
imaging'83 is now used in non-ophthalmic clinical specialties, where tissue thicknesses are
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measured in centimetres. The combination of acoustic radiation force imaging with the high
resolution provided by OCT would allow very sensitive measurements of elasticity in the thin
tissue layers of the eye. In photoacoustic imaging, optical pulses of a few nanoseconds duration
cause thermoelastic expansion in tissues as a result of optical absorption, resulting in emission
of broadband ultrasound signals that are detected by a UBM transducer acting only as a
receiver. Such systems can thus produce simultaneous photoacoustic images of optical
absorption and conventional pulse/echo UBM imaging.8 Tuning of the light source
wavelength allows photoacoustic imaging of specific molecules, such as haemoglobin (for
imaging of microvasculature) or melanin (for the uvea and tumours),8® although obviously
compliance with ANSI standards for ophthalmic exposure must be taken into account.

Ultrasonic imaging of the eye has been undergoing progressive development for over a half
century. It may thus be surprising that ultrasound technology is still undergoing rapid advances
in many directions. Diagnostic imaging of the eye will be the beneficiary of these technologic
innovations.
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Figure 1.
UBM image (Cornell prototype system) of normal anterior segment image acquired using arc-
scan.
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Figure 2.

Top: Pupillary block is characterized by forward bowing of iris due to pressure differential
between anterior and posterior chambers. Note cataract. Bottom: Plateau iris syndrome. Note
characteristic forward position of ciliary processes and blunting of sulcus. Images acquired
with Cornell arc-scan prototype system.
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Figure 3.

80 MHz image of angle structures temporally in eye 18 months post canaloplasty. Images
acquired with I1Science IUl-traSound system. (Image courtesy of Dr Hulgar Bull and Dr Kurt
von Wolff.)

Clin Experiment Ophthalmol. Author manuscript; available in PMC 2009 December 21.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Silverman

Page 16

Figure 4.
Retroiridal cysts may cause bowing of overlying iris, as shown here. Also note secondary cyst

in ciliary body. Images acquired with Cornell arc-scan prototype system.
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Figure 5.

Top: Malignant melanoma of the iris at pupil margin. Middle: Pigmented lesion of the iris in
the region of the angle demonstrating extension to the ciliary body. Bottom: Ciliary body
melanoma. Note “cystic’ component, which may be attributable to regions within the melanoma
differing in pigmentation and/or cell type. Images acquired with Cornell prototype arc-scanner.
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Figure 6.

Conjunctival spindle cell carcinoma. Top: Radial scan demonstrating a solid homogeneous
conjunctival lesion, height: 3.04 mm. Bottom: Scan of adjacent area demonstrates extension
into iridocorneal angle in anterior chamber. Scans performed with 50 MHz Sonomed VUMAX
system. (Image courtesy of Norma Allemann, MD.)
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Figure 7.

Top: Artemis-2 B-mode images of corneal scar in horizontal plane in stretched rectilinear
format (left) and geometrically corrected format (right). Bottom: Pachymetric maps formed
from a series of scan meridians demonstrate scar location and extent. Corneal thickness map
shows that the thinnest part of the cornea is displaced inferotemporally from the central cornea
(thickness 514 um) to the position of the scar, consistent with corneal thinning at the scar. The
scar extends to a depth of approximately 300 mm, with an overall corneal thickness of about
470 mm at the scar position.
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Figure 8.

An incomplete flap occurred during the primary LASIK treatment of this eye because of the
patient’s squeezing during the Hansatome microkeratome pass. Two months later, the patient
was scanned using the Artemis-1 and the maximum flap thickness was measured to be 176
um. The patient was then retreated using the VisuMax femtosecond laser (Carl Zeiss Meditec,
Jena, Germany) with a programmed flap thickness of 190 um so that the second flap would be
deeper than the first flap. The images, top in geometrically correct format, bottom in stretched
rectilinear format, show the cornea in the horizontal meridian after the second procedure. Both
the initial, incomplete Hansatome flap and the complete VisuMax flap interfaces can be clearly
seen. (Image courtesy of Dan Z. Reinstein, MD MA[Cantab] FRCSC.) LASIK, laser in situ
keratomileusis.
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Figure 9.

Top: Artemis-2 scan of post-LASIK cornea shown in ‘stretched’ rectilinear format. The flap
is readily seen. Also notable are interruptions in the Bowman’s membrane interface, suggestive
of microfolds. Bottom: The pachymetric maps were reconstructed from measurements of the
epithelial surface (E), Bowman’s membrane (B), the flap (F) and the posterior corneal surface
(P) along scans at each of six clock-hours. Note irregular flap depth and thickening of the
epithelium over the flap. LASIK, laser in situ keratomileusis.
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Figure 10.

Top: Geometrically and non-geometrically corrected vertical Artemis B-scan images of a
patient with advanced keratoconus. Bottom: Pachymetric maps of the epithelium, stroma and
cornea. Note area of epithelial thinning with a surround of epithelial thickening centred slightly
inferior to the central cornea. This pattern occurs as the epithelium remodels in response to
forward bulging of the underlying stroma. (Image courtesy of Dan Z. Reinstein, MD MA
[Cantab] FRCSC.)
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Figure 11.

Hyphaema following bungee-cord injury, with organized blood inferiorly and more diffuse
blood suspended in the anterior chamber. Scans performed with Sonomed UBM. (Image
courtesy of Roxana Ursea, MD.)
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Figure 12.

Top: Congenital cataract demonstrates reduced lens thickness. Centre: Lens subluxation in
Marfans’ syndrome. Bottom: Lens subluxation secondary to ciliary body tumour. Scans
performed with Sonomed VUMAX. (Images courtesy of Norma Allemann, MD.)
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Figure 13.
Spontaneous ciliary body detachment. Scan performed by contact exam using probe cap on
Optikon HiScan. (Image courtesy of Vincenzina Mazzeo, MD.)
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Figure 14.

Piggyback lens implants. Note reduplication artifact (arrow) resulting from multiple reflections
of highly specular and reflective implants. Scans performed with Optikon HiScan. (Image
courtesy of Vincenzina Mazzeo, MD.)
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Figure 15.

Top: Scleromalacia 6 years following ruptured globe. Image acquired using Cornell prototype
scanner. Bottom: Thickened sclera in localized anterior uveitis, demonstrated with Sonomed
UBM. (Image courtesy of Roxana Ursea, MD.)
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Figure 16.

Left: Image of anterior of ex vivo human eye made with 5-element 40 MHz annular array with
chirp excitation. The combination of pulse encoding and synthetic focusing provides increased
sensitivity and depth-of-field, enabling visualization of the dislocated lens. (Image courtesy of
Jeffrey Ketterling, PhD and Jonathan Mamou, PhD.) Right: Anterior segment of ex vivo rabbit
eye obtained with 64-element 30 MHz linear array using bipolar pulses and synthetic focusing.
(Image courtesy of K. Kirk Shung, PhD, Jonathan Cannata, PhD and Xu Xiao-Chen, PhD.)
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Table 1

Comparative properties of typical 10 MHz ophthalmic B-scanner and UBM system

Characteristic

Conventional B-Scanner

UBM

Frequency (MHz)
Aperture (mm)

Focal length (mm)
F-ratio

Axial resolution (um)
Lateral resolution (um)
Depth of field (mm)

Attenuation in water (dB/mm)

10
10
30
3
150
450
9.6
0.02

50
6
12
2
30
60
0.85
0.55

Clin Experiment Ophthalmol. Author manuscript; available in PMC 2009 December 21.

Page 29



