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A High-Resolution 3D Ultrasonic System for Rapid

Evaluation of the Anterior and Posterior Segment

Gholam A. Peyman, MD; Charles P Ingram, MS; Leonardo G. Montilla, BS; Russell S. Witte, PhD

® BACKGROUND AND OBJECTIVE: Traditional
ultrasound imaging systems for ophthalmology employ
slow, mechanical scanning of a single-element ultrasound
transducer. The goal was to demonstrate rapid examina-
tion of the anterior and posterior segment with a three-
dimensional (3D) commercial ultrasound system incor-
porating high-resolution linear probe arrays.

® MATERIALS AND METHODS: The 3D images
of the porcine eye were generated in approximately
10 seconds by scanning one of two commercial lin-
ear arrays (25- and 50-MHz). Healthy enucleated pig
eyes were compared with those with induced injury
or placement of a foreign material (eg, metal). Rapid,
volumetric imaging was also demonstrated in one hu-
man eye in vivo.

® RESULTS: The 50-MHz probe provided exquisite

volumetric images of the anterior segment at a depth
up to 15 mm and axial resolution of 30 pm. The 25-
MHz probe provided a larger field of view (lateral X
depth: 20 X 30 mm), sufficient for capturing the en-
tire anterior and posterior segments of the pig eye, at a
resolution of 60 pm. A 50-MHz scan through the hu-
man eyelid illustrated detailed structures of the Meibo-
mian glands, cilia, cornea, and anterior segment back
to the posterior capsule.

® CONCLUSION: The 3D system with its high-
frequency ultrasound arrays, fast data acquisition, and
volume rendering capability shows promise for investi-
gating anterior and posterior structures of the eye.

[Ophthalmic Surg Lasers Imaging 2012;43:143-
151.]

INTRODUCTION

Ultrasound technology was initially developed for
military use and became useful in medicine!” because of

its ability to quickly image internal organs at low cost. Ear-
ly pioneers in ophthalmic ultrasound introduced A-scan
for ocular biometry and later for calculation of intraocular
lens (IOL) power®8 and for differentiating solid from vas-

From the Department of Radiology (GAR CPI, LGM, RSW), University of Arizona, Tucson; the Department of Basic Medical Sciences (GAP), University of
Arizona, Phoenix Campus, Phoenix, Arizona; and the Department of Ophthalmology (GAP), Tulane University, New Orleans, Louisiana.

Originally submitted June 1, 2011. Accepted for publication October 28, 2011. Posted online January 12, 2012.

Presented at the American Society of Cataract and Refractive Surgery annual meeting, March 25-29, 2011, San Diego, California.
The authors have no financial or proprietary interest in the materials presented herein.

Address correspondence to Gholam A. Peyman, MD, 10650 Tropicana Circle, Sun City, AZ 85351. E-mail: gpeyman]@yahoo.com

doi: 10.3928/15428877-20120105-01

OPHTHALMIC SURGERY, LASERS & IMAGING - VOL. 43, No. 2, 2012

143



Figure 1. Photograph of the Vevo 2100 high-resolution ultrasound
system (VisualSonics, Toronto, Ontario, Canada).

cular intraocular tumors.>!? B-scan ultrasound'!"'” gener-
ates two-dimensional (2D) images of the ocular, adnexal,
and orbital structures and is an invaluable tool in clinical
evaluation of eyes with opaque media and intraocular tu-
mors.!8?” These units can also be used in the emergency
department to detect the extent of ocular trauma and lo-
cation of intraocular foreign bodies.?®%!

High-frequency B-scan ultrasound (50- to 100-
MHz) using a handheld probe has been incorporated
into commercial units. For example, the UBM (Para-
digm Medical Industries Inc., Salt Lake City, UT) en-
ables high axial resolution (20 pm) at a depth exceeding
4 mm.3*% Similarly, an arc-scanning high-resolution
system (Artemis Inc., Cornell, NY, and ArcScan Inc,,
Evergreen, CO) is used to evaluate the anterior seg-
ment and as guidance during refractive surgery.36-38
Both systems employ a single element oscillating trans-
ducer with a fixed depth of focus.

Shortcomings remain in current B-mode ultrasound
images obtained in ophthalmology. In a routine contact
B-mode sector scan without a water bath and an eyelid
speculum,® the anterior segment remains blurred or can-
not be imaged. The ciliary body structure cannot usually
be seen using conventional 60° B-mode imaging gener-
ated by mechanical sector scan probes. For detailed exami-
nation of the posterior segment and the ciliary body, the
ultrasonic probe needs to be positioned opposite the area
of the globe and orthogonal to the region being exam-
ined. Because of these limitations, a complete ocular ex-
amination using contact B-scan ultrasound can be time-
consuming, depending on the skill of the examiner. Time
constraints limit the use of B-scan ultrasound in routine
ophthalmic practice for examination of the anterior and
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posterior segments of the eye. This can lead to delay in
recognizing early stage (small) neoplastic lesions involv-
ing the iris—iliary body area. These lesions become visible
only when their growth causes visual symptoms or they
are discovered by chance when examined by a specialist.
Moreover, ultrasound “C planes” (lateral or XY planes) can
only be reviewed after producing volumetric ultrasound
images, which, until recently, could only be acquired after
slow mechanical scanning with a high-frequency, single-
element transducer. Such slow scanning is typically not
realistic in a clinical setting,

Recent developments in three-dimensional (3D) ul-
trasound and Doppler technology permit precise localiza-
tion and volumetric measurement of ocular structures®-4
and evaluation of blood flow.##® However, 3D imaging
with commercial systems is not common, and typically
requires several minutes to produce a single 3D image.

In contrast to commonly used mechanical scanning
of standard single-element transducers, high-frequency
(> 20 MHz) linear ultrasonic arrays have not been read-
ily available for ophthalmic applications.®>>® Such arrays
are made of 100 or more piezoelectric elements packed
into the face of the transducer probe. The advantages of
a high-frequency array for 2D or 3D imaging are signifi-
cant in terms of spatial resolution and real-time imag-
ing of the entire eye at different depths. Until recently,
fabrication of high-frequency ultrasound arrays has been
challenging due to small piezoelectric elements with
narrow spacing. The size and spacing of piezoelectric
crystals are inversely proportional to the generated ultra-
sound frequency.’! New developments in ultrasound ar-
ray fabrication technology using a patented technique of
laser cutting have facilitated rapid or real-time scanning
of the entire eye for ophthalmic applications.

The Vevo 2100 ultrasound system (VisualSonics,
Toronto, Ontario, Canada) was developed for labora-
tory use in small animal body scanning. We believe our
preliminary evaluation of the Vevo 2100—with its high-
frequency ultrasound arrays and fast imaging and volume
rendering capabilities—provides the impetus for larger
scale investigation of its potential for examination of ante-
rior and posterior structures in ophthalmic practice.

PATIENTS AND METHODS

Instrumentation
The Vevo 2100 at the University of Arizona is
equipped with high-frequency transducers MS250 (13 to
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24 MHz) and MS550D (22 to 55 MHz) (Figs. 1 and
2). Each solid-state transducer is composed of a 256-¢le-
ment linear array. The MS250 and MS550D have axial
resolutions of 60 and 22 pm, respectively, at their focal
depth. Unlike the older Vevo 770 system, the new system
employs ultrasound probes capable of electronic transmit
and receive beam forming such that most of the image re-
mains in focus. Information received by these transducers
is stored and processed to create real-time 2D images. Vol-
umetric images can be generated in seconds with a simple
linear translation of the probe in the elevational direction.

Although the Vevo system was originally designed for
small animal imaging (eg, mice, rats, and zebra fish), its
applications have extended to the clinic for microsurgery
and other applications that benefit from the same high-
resolution ultrasound arrays (more than eight standard
probes are currently offered by VisualSonics). The 25-
MHz probe (MS250) has a field of view up to 23 X 30
mm (width X depth) with B-mode frame rates greater
than 100 Hz. The higher resoludon 50-MHz probe
(MS550D) has a field of view up to 14 X 15 mm, also
with frame rates greater than 100 Hz. The system can op-
erate in a variety of imaging modes including B-mode,
M-mode, PW Doppler, 3D-mode, Color Doppler, Power
Doppler, Tissue Doppler, Contrast Mode, and Photo-
acoustic Imaging. The 3D-mode uses a mechanical motor
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Figure 2. Displays the 50- and 25-MHz linear ultrasound arrays.
MS550: depth resolution = 30 pym, lateral resolution = 90 pm, and
slice thickness approximately 200 yum. MS250: depth resolution =
60 pm, lateral resolution = 150 pm, and slice thickness approxi-
mately 400 pm.

Figure 3. Two-dimension-
al orthogonal slices of a
pig eye obtained with the
25-MHz probe and dis-
played with the Vevo 2100
scanner  (VisualSonics,
Toronto, Ontario, Cana-
da). Note the anterior and
posterior segment are
imaged in three different
sagittal, transverse, and
coronal planes. A three-
dimensional perspective
is presented above the
slices. Approximate spa-
tial resolution: 60 pm (Z,
axial), 150 pm (X, lateral),
and 500 pm (Y, elevation-
al/slice thickness).
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Figure 4. The 50-MHz images generated from the pig eyes exhibited superfine structures of the anterior segment in different planes (A
to C). Figure 4B is a three-dimensional rendering of the cornea using the system. Approximate spatial resolution: 30 um (Z, axial), 90 ym

(X, lateral), and 200 pm (Y, elevational/slice thickness).

to automatically translate the transducer perpendicular to
the B-mode imaging plane and collect a volumetric data
set consisting of a series of cross-sectional slices of the eye.
The built-in software allows the user to view any slice ori-
entation or scroll through the entire 3D volumetric im-
age within seconds of performing a scan (which generally
takes 10 seconds for 3D). It can also make quantitative
measurements of distances, angles, back scatter intensity,
and volumes using a simple point-and-click interface. Fi-
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nally, data can easily be exported to other software pro-
grams for further image processing, analysis, and display.
The probes are normally coupled to tissue using standard
ultrasound coupling gel (eg, Aquasonic 100; Parker Labo-
ratories, Fairfield, NJ).

Method of Testing

For this preliminary study, we used the Vevo 2100
high-resolution ultrasonic unit for in vitro examination of
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Figure 5. Two-dimensional image of the pig eye anterior seg-
ment using 50-MHz frequencies shows corneal thickness (1.760

mm), distance of the cornea from the lens surface (7.723 mm),
thickness of the lens (0.898 mm), and the anterior chamber angle
(2.945 mm).

pig eyes and a limited in vivo examination of a human vol-
unteer (GP) eye. No comparative investigation was per-
formed with other commercial ultrasonic units. Pig eyes
were obtained from a Colorado food abattoir and were
kept on ice for transfer. Extraocular tissues were removed
prior to ultrasonic examination. Eyes were either stabi-
lized in a water bath by a custom holder or positioned in
a cup covered with thick coupling gel. Eyes were scanned
using both the 25- and 50-MHz probes. Some pig eyes
were used to simulate lens injury or were implanted with
an intraocular foreign body (ie, stainless steel needle).

We also scanned a human volunteer’s eye with the
50-MHz probe through the eyelid after application of
coupling gel on the eyelid surface. The volunteer was
positioned horizontally and the automated transducer
probe was aligned with the eye. An automated linear
scan of the probe perpendicular to the B-mode imag-
ing plane was controlled by the Vevo 2100 system. A
single scan produced a 3D image. After scanning, the
scanner permits rotation and display of the image on
the monitor at any desired plane. The temporal arteries
were also scanned in the human volunteer with the 50-
MHz probe, and blood flow was visualized using the
system’s Color Doppler technology.

RESULTS

The 25-MHz probe revealed both the anterior and
posterior structures of the pig eye (Fig. 3). The scan could
be presented in 3D at different planes with sagirral, trans-
verse, and coronal sections. Images could be recalled, ro-
tated, or zoomed in for examination in any direction or
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Figure 6. Displays volumetric measurement (pig eye) by outlining
the lens capsule in different planes. The computer connects the
meridionals and calculates the volume.

slice projection. The 50-MHz images generated from the
pig eyes exhibited superfine structures of the anterior seg-
ment in different planes (Fig. 4). The dimensions of the
anterior segment structures and their distances from each
other could be measured (Fig. 5). Similarly, we could cal-
culate the anterior chamber angle and perform volumetric
measurement of the crystalline lens (Fig. 6).

In pig eyes with traumatic lens injury, we could
precisely locate the position, size of the injury, and its
distance from the cornea (Fig. 7). Similarly, the loca-
tion of the intraocular foreign body was imaged and
localized in three different planes (Fig. 8).

Offline processing using image analysis software
(Matlab; Mathworks, Natick, MA)—by clicking on
a desired location on any image—simultaneously
showed the images of that same area for the two re-
maining planes, thus providing an instantaneous view
of a desired area in three different planes throughout
the eye. This point-and-click technique made it possi-
ble to localize an intraocular foreign body and measure
its location and dimensions (Fig. 8).

Ultrasonic examination of the human volunteer’s
eyes was done using the 50-MHz probe through the
eyelid after applying a coupling gel. The ultrasonic
images showed fine structures of the eyelid, includ-
ing the Meibomian gland (Fig. 9), cornea, iris—ciliary
body, and posterior capsule of the crystalline lens. All
structures of the anterior segment could be individually
analyzed. We also could image the temporal artery in
high resolution and observe blood flow using the vari-
ous Doppler modes (Fig. 10).
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Figure 7. (A) Crystalline lens
injury (pig eye) to the ante-
rior lens capsule in different
planes. (B) Posterior cap-
sule injury seen in different
planes. (C) Distance of the
injury from the corneal endo-
thelium (3.154 mm).
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Figure 8. Two-dimensional image (pig eye) using a 25-MHz probe. Note the location of a long foreign body in the vitreous cavity with rever-
berating shadows below it in three different planes, obtained with the point-and-click technique. These images were generated offline using

Matlab (Mathworks, Natick, MA).

Meibomian
Glands

Cornea

Figure 9. (A) Coronal section through the human superior eyelid shows dark lines of Meibomian glands using a 50-MHz probe. (B) The
same as image A in cross-section shows dark spots of Meibomian glands surrounded by the gray—white images of the tarsal plate.

DISCUSSION

High-frequency ultrasonic linear arrays present a
unique opportunity to examine the eye quickly and at
high resolution (approximately 30 pm for the 50-MHz
and 60 pm for the 25-MHz probe). Because 3D im-
aging of the eye with a linear array transducer is fast
(approximately 10 seconds), this modality could po-
tentially be used for an initial examination of a patient’s
eye. Having 3D images of the eye would reduce the
chance of missing small lesions located in the iris—cili-
ary body regions. The examination would probably be
easier on patients and more efficient for the examiner.

With some modifications, the dimension of the
array transducer can be made large enough to cover
the equatorial diameter of most normal eyes (> 25 mm
with the probes currently offered by VisualSonics). The
lower frequencies will also permit imaging of the pos-
terior segment of myopic eyes and orbital tissue. In a
routine examination, one can initially scan the ante-
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rior segment with the 50-MHz transducer (or higher
frequency) followed immediately by a lower frequency
scan to image the entire eye. The physician can obtain
a preview of the entire eye using a cine-video in real-
time 2D at 25-MHz ultrasound. One can measure the
location, integrated backscatter, or dimensions of any
structure, or do a complete volumetric analysis of a le-
sion or parts of the eye. On discovery of a lesion, volu-
metric studies can be performed by positioning the ul-
trasonic probe perpendicular to the lesion. Volumetric
data could provide precise information on the growth
of a lesion over time. Although the ideal condition for
volumetric analysis of a lesion is to position the ultra-
sound perpendicular to it, routine examination using
3D ultrasound provides sufficient information regard-
ing the presence or absence of pathology.

Although B-mode ultrasound has been useful in
examination of traumatic eye injuries, one must be ex-
tremely cautious to avoid pressing the eye during the ex-
amination for fear of extruding the intraocular contents
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Figure 10. (A) Image of the cross-section of the human temporal
artery using a 50-MHz probe. (B) Color Doppler image of blood
flow in the temporal artery. (C) In-plane view, illustrating image of
the blood flow in the temporal artery.

through a corneal wound. Examination of an eye with a
manually positioned probe does not guarantee stability
of the probe, even through the eyelid. The use of a water
bath and eyelid speculum is not easy on an open eye
with a penetrating corneal wound, although it may be
indispensable for examination of the anterior segment.
A time-consuming examination can be stressful for the
patient. Because the array transducer moves automati-
cally on a horizontal plane over the coupling agent and
the closed eyelid, it reduces the chance of pressing on
the eye. The array transducer also simplifies examination
of the eye using the 50-MHz probe initially, and then
is followed by use of the lower frequency probe (< 25
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MHz). Complete data are available for analysis in a few
seconds, and information obrained would be useful to
diagnose the extent of traumatic eye injury and location
of any potential intraocular foreign body.

The resolution of a structure depends on the fre-
quency of the ultrasound. The resolution of two ul-
trasonic units at 50 MHz should be equal, but the
software of the unit can facilitate improvement. If the
current UBM unit is used with an 80-MHz probe, its
resolution will be higher than the same unit with 50
MHz. However, the depth of the tissue to be scanned
is reduced to less than 5 mm due to absorption of water
at the higher frequencies.

The 50-MHz transducer provides high-resolution
images (approximately 30 pm axial/depth, 90 pm lat-
eral, and 300 pm elevation) of the anterior segment
structures including the eyelid and Meibomian glands,
which are rendered visible in various image planes (Fig.
9). Potentially, these images can provide additional
anatomic and histologic-like information needed to
evaluate patients with Meibomian gland disease.

The linear array transducers are also capable of si-
multaneously obtaining B-scan imaging and Color or
Power Doppler. The Color Doppler capability of this
unit was also used to examine the temporal artery in
the volunteer subject. This modality provides an addi-
tional benefit in examination of patients with vascular
diseases, such as temporal arteritis or vascular diseases
affecting the optic nerve head.

It was not our intent to evaluate the Vevo 2100 for
safety in a human eye. However, the unit provides infor-
mation regarding the ultrasonic exposure in mechanical
indices and is designed for safe exposure in small ani-
mals. The acoustic intensity employed for this study is
comparable to other commercial units (mechanical indi-
ces < 1.2) for diagnostic ultrasound imaging.

The newly developed linear array high-resolution ul-
trasound unit is a versatile instrument that can provide
exquisite images of the anterior and posterior segments of
the eye through the eyelid in a short time. A shortcoming
of this system is its high cost. Modification of this unit
for ophthalmology may reduce the cost and will simplify
routine examination of normal ocular structures or those
affected by pathological processes, including intraocular
tumor, retinal detachment, glaucoma, or ocular trauma.
Doppler technology can also be used simultaneously in
evaluation of blood flow in the temporal artery, assisting
in evaluation of patients with suspected temporal arteritis.
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Further clinical investigations and a comparative study
with other commercial ultrasound ocular equipment
must be performed to determine the potential benefit and
feasibility of the Vevo 2100 for clinical use.
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