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(57) ABSTRACT 

The present invention relates to the use of a high frequency 
ultrasound transducer With long focal length for making a 
device and for implementing a method of echographic 
exploration of tissue or organs of the human or animal body. 
More particularly, the invention relates to using an ultra 
sound transducer having a nominal excitation frequency 
greater than 20 MHZ, preferably lying in the range 50 MHZ 
to 80 MHZ, With long focal length, greater than 10 mm, 
preferably about 25 mm, for making a device for echo 
graphic exploration of the eyeball, in particular of the 
posterior segment of the eyeball, and more particularly of 
the macular region. 
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USE OF AN ULTRASONIC TRANSDUCER FOR 
ECHOGRAPHIC EXPLORATION OF HUMAN OR 

ANIMAL BODY TISSUES OR ORGANS IN 
PARTICULAR OF THE EYEBALL POSTERIOR 

SEGMENT 

[0001] The present invention relates to the use of a high 
frequency and long focus ultrasound transducer for making 
a device to implement an echographic method of exploring 
tissues or organs of the human or animal body, speci?cally 
the eyeball, in particular the posterior segment of the eye 
ball, and more particularly the macular region. 

[0002] C. Pavlin and F. Foster Were the ?rst to publish a 
series of Works on exploring the eye by means of a high 
frequency echographic device (50 MHZ). 
[0003] Since their ?rst publications in 1990 concerning a 
laboratory device (C. J. Pavlin, M. D. Sherar, F. S. Foster: 
Subsurface ultrasound microscopic imaging of the intact 
eye, Ophthalmology 97: 244, 1990 and C. J. Pavlin, M. 
Easterbrook, J. J. HurWitZ, K. HarasieWicZ, F. Stuart Foster: 
Ultrasound biomicroscopy in the assessment of anterior 
scleral disease, American Journal of Ophthalmology, 
November 1993; 116: 628-635), much Work has continued 
this innovation, With the appearance of a device sold by 
Humphrey-Zeiss under the name Ultrasound BioMicroscope 
(UBM). Many authors have since used the technique to 
multiply publications on tWo-dimensional (2D) exploration 
of the anterior segment in vivo. 

[0004] Under the prompting of J. Coleman, several articles 
by R. Silverman, N. Allemann, and D. Reinstein have gone 
beyond the stage of mere 2D imaging and have associated it 
With an analysis of frequency content. 

[0005] The principal innovation of that high frequency 
echography lies in the fact that its axial and lateral resolution 
is about 50 pm, making it possible to explore super?cial 
ocular membrane envelopes in vivo in a manner comparable 
With a macroscopic histological section. 

[0006] The main limitation of the technique lies in the 
shalloW depth of analysis of experimental or commercial 
systems. Most publications relate to WindoWs of 4 mm in 
Width and 4 mm in depth, thereby restricting observations to 
the anterior segment of the eye, Without reaching the pos 
terior face of the lens, or restricting observations to the very 
front portion of the posterior segment While moving the 
transducer over the pars plana. With increasing frequency of 
the ultrasound beam, there is increasing attenuation of the 
beam by the media through Which it passes. 

[0007] Although it Would thus appear to be unrealistic to 
hope to obtain 50 micron resolution on the retina by using 
transducers at 50 MHZ to 80 MHZ, our aim has been to 
achieve a signi?cant improvement in the resolution of 
images of the posterior segment. When the eye is compared 
to a camera, the anterior segment acts as an objective lens 
With its share of optical problems, While the posterior 
segment determines visual potential by means of the special 
tissue constituted by the retina Which acts as the photo 
graphic ?lm. 

[0008] The need to improve the quality of retina explora 
tion is associated With tWo important concepts: 

[0009] at present and in spite of encouraging 
research, it is not possible to transplant the retina, 
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Whereas essential elements of the anterior segment 
can be replaced (corneal transplant, cataract opera 
tion); and 

[0010] the highest concentration of retinal visual 
cells is situated in a very small area knoWn as the 
macula. Visual capacity depends on its integrity. 

[0011] As a general rule, it is explored by optical means, 
such as biomicroscopy and angiography. Nevertheless, such 
exploration is limited by problems associated With the 
transparency of the media of the eye (cataracts, hemor 
rhages) and at best they provide only a plane image of the 
retina. 

[0012] B-mode echography provides a sectional image of 
the retina and explores vitro-retinal relationships more pre 
cisely. HoWever, although the resolution of 10 MHZ devices 
is sufficient to explore the retina as a Whole, it does not 
provide an analysis of the macular region that is as ?ne as 
an angiograph. 

[0013] Furthermore, in order to perform an examination of 
the anterior segment by echography at 10 MHZ, it is nec 
essary to implement immersion With appropriate cupules so 
as to bring the focal Zone Which is situated at 23 mm onto 
the anterior segment. 

[0014] Nevertheless, since the appearance of high fre 
quency devices, the difference in image resolution is such 
that exploring the anterior segment by echography at 10 
MHZ has been doWngraded to second-best. 

[0015] The only device sold on a WorldWide scale (the 
UBM) is a 50 MHZ device Which provides 2D images over 
a maximum depth of 4 mm and With axial resolution of 50 
microns. Furthermore, that device displays a WindoW that is 
restricted to a Width of 4 mm, Which is insuf?cient to explore 
the entire anterior segment in a single B-scan section. 
Options for producing 3D images and for characteriZing 
tissue are not provided by the manufacturer. 

[0016] The early Work by C. Pavlin and S. Foster in 1990 
Was performed using a laboratory device With 50 MHZ to 
100 MHZ probes in order to produce a 2D image of the 
anterior segment. Using that device, various pieces of Work 
Were published concerning exploration of the anatomy and 
the physiology of the anterior segment (C. J. Pavlin, J. A. 
McWhae, F. S. Foster: Ultrasound biomicroscopy of anterior 
segment tumors, Ophthalmology 99: 1222, 1992, and C. 
Tello, T. Chi, G. Shepps, J. Liebmann, R. Ritch: Ultrasound 
biomicroscopy in pseudophakic malignant glaucoma, Oph 
thalmology, September 1993, Vol. 100, 9: 1330-1334), and 
in particular the irido-corneal angle and its morphological 
variations in glaucoma pathologies Were studied. Several 
publications gave images of tumors of the iris, With B-scan 
sections at a resolution of 50 microns to 60 microns, 
enabling the echostructure of those lesions to be displayed, 
and also making it possible to de?ne their limits better (C. 
J. Pavlin, J. A. McWhae, J. A. McGoWan, F. S. Foster: 
Ultrasound biomicroscopy of anterior segment tumors, Oph 
thalmology 99: 1222, 1992 and L. Zografos, L. Chamot, L. 
Bercher: Contribution of ultrasound biomicroscopy to con 
servative treatment of anterior uveal melanoma, Klin. 
Monast. Augen., 1996; 208(5): 414-417). 
[0017] The same authors have shoWn that access to the 
anterior segment With high resolution makes it possible to 
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monitor patients after cataract surgery including monitoring 
the position of an intraocular implant, for example. Simi 
larly, after an operation for glaucoma, the ability to verify 
the effectiveness of surgical acts constitutes great progress. 

[0018] The commercial version of that device (Zeiss 
Humphrey’s UBM) has provided the basis for very many 
international publications, such as those by C. Tello on the 
physiology of pigment glaucoma and of malignant glaucoma 
(C. Tello, T. Chi, G. Shepps, J. Liebmann, R. Ritch: Ultra 
sound biomicroscopy in pseudophakic malignant glaucoma, 
Ophthalmology, September 1993, Vol. 100, 9: 1300-1334). 

[0019] J. Coleman’s team used a research device With a 60 
MHZ transducer on the basis of Which R. Silverman and D. 
Reinstein published Work in 1992 and 1993 (D. Z. Reinstein, 
R. H. Silverman, S. L. Trokel, D. J. Coleman: Cornealpa 
chymetric topography, Ophthalmology, March 1993; Vol. 
103, 3: 432-438, and D. S. Reinstein, R. H. Silverman, M. 
J. Rondeau, D. J. Coleman: Epithelial and corneal measure 
ments by high frequency ultrasound digital signal process 
ing, Ophthalmology, January 1994; Vol. 101, 1: 140-146) 
concerning improvements to exploring the cornea using 
signal processing, e.g. making it possible to make a map of 
the cornea shoWing the thicknesses of the various layers 
thereof at a resolution of 2 microns. 

[0020] That team Was already one of the most advanced in 
tissue characteriZation of ocular tumors by 10 MHZ echog 
raphy during the 70s and 80s (D. J. Coleman, F. L. LiZZi: 
Computerized ultrasonic tissue characterization of ocular 
tumors, American Journal of Ophthalmology, 1983; 96: 
165-175), so it Was natural that With the Work of N. 
Allemann, the ?rst publications on quantitative analysis of 
the anterior segment at high frequency came from the same 
laboratory in 1993 (N. Allemann, W. Chamon, R. H. Sil 
verman, D. T. AZar, D. Z. Reinstein, W. J. Stark, D. J. 
Coleman: High frequency ultrasound quantitative analysis 
of corneal scarring folloWing excimer laser keratectomy, 
Arch. Ophthalmol., 1993; 111: 968-973, and N. Allemann, 
R. H. Silverman, D. Z. Reinstein, D. J. Coleman: High 
frequency ultrasound imaging and special analysis in trauma 
to hyphema, Ophthalmology, September 1993; Vol. 100, 9: 
1351-1357). 
[0021] In 1995, R. Silverman published a 3D reconstruc 
tion of back-scattered parametric images obtained at 50 
MHZ of various pathologies of the anterior segment (R. H. 
Silverman, et al.: Three-dimensional high frequency ultra 
sonic parameter imaging of anterior segment pathology, 
Ophthalmology, 1995, 102, 837-843). 
[0022] A search through the literature on the question of 
analyZing the posterior segment by high frequency echog 
raphy has found only four publications, all performed using 
a UBM on the most anterior portion of the posterior seg 
ment: 

[0023] in 1994, T. Boker (T. Boker, M. SpitZnas: 
Ultrasound biomicroscopy for examination of the 
sclerotomy site after pars plana vitrectomy, Ameri 
can Journal of Ophthalmology, 1994: 15; 118(6); 
813-815) published a study of the sclerotomy site 
after pars plana vitrectomy; 

[0024] in 1995, C. AZZolini (C. AZZolini, L. Pierro, M. 
Condenotti, F. Bandello, R. Brancato: Ultrasound biomi 
croscopy folloWing the intraocular use of silicone oil, Inter 
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national Ophthalmology 1995-96, 19(3): 191-195) imaged 
the presence of intra-vitreous silicone residue in the anterior 
portion of the vitreous cavity; 

[0025] in 1996, L. Zografos (L. Zografos, L. Chamot, 
L. Bercher: Contribution of ultrasound biomicros 
copy to conservative treatment of anterior uveal 
melanoma, Klin. Monast. Augen, 1996; 208(5): 414 
417) published a UBM study of 55 cases of uvea 
melanomas situated in contact With or close to the 
ciliary body. The conclusion of that Work shoWed 
that the high attenuation of the high frequency ultra 
sound signal limits the use of a UBM to structures 
situated in the direct vicinity of the Wall of the eye. 
Nevertheless, the contribution of high frequency 
echography in monitoring uvea melanomas after 
conservative treatment Was seen to be considerable; 
and 

[0026] in 1997, A. Minamoto (A. Minamoto, K. E. 
Nakano, S. Tanimoto: Ultrasound biomicroscopy in 
the diagnosis of persistent hypotony after vitrectomy, 
American Journal of Ophthalmology, 1997; 123(5): 
711-713) studied the separation of the ciliary body 
situated at the junction betWeen the anterior segment 
and the posterior segment in the event of hypotony 
after vitrectomy. 

[0027] Numerous publications relate to studying the pos 
terior segment in 10 MHZ echography, in particular With the 
macular region being explored. 

[0028] A recent revieW of the international literature has 
found no publication concerning exploration of the macular 
region by echography at a frequency greater than that of the 
10 MHZ probes commonly used. 

[0029] The originality of our Work lies in improving the 
resolution With Which the macula is analyZed, thereby mak 
ing it possible to improve in vitro 2D iconography and 
opening the Way to producing 3D images. 

[0030] Quite surprisingly, it has been found that high 
frequency echographic analysis of the posterior segment of 
the eyeball, Which has been considered as being impossible 
With existing devices because of their penetration limit at a 
depth of 4 mm to 5 mm in tissue, can in fact be performed 
by using a 50 MHZ probe focused at about 25 mm. It is thus 
possible to analyZe the posterior segment of the eyeball and 
in particular the macular region under excellent conditions 
by means of the present invention. 

[0031] That is Why the present invention relates to using 
an ultrasound transducer having a nominal excitation fre 
quency greater than 20 MHZ, preferably lying in the range 
50 MHZ to 80 MHZ, With long focal length, greater than 10 
mm, and preferably about 25 mm, to make a device for 
echographic exploration of tissues or organs of the human or 
animal body, speci?cally the eyeball, in particular the pos 
terior segment of the eyeball and more particularly the 
macular region, and also tissues situated behind the eyeball 
such as the oculomotor muscles, eye socket fat, and the optic 
nerve. 

[0032] As an example of tissues or organs suitable for 
being explored in the context of the present invention, 
mention can be made of the various layers of the skin, the 
muscles, and the tendons, the thyroid, the liver, and the 
pancreas. 
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[0033] The invention also relates to the use of an ultra 
sound transducer moved over the pars plana to prevent the 
ultrasound beam being absorbed by the lens of the eye, When 
it is desired to explore the posterior segment of the eyeball 
and tissues situated behind said eyeball. 

[0034] Preferably, the ultrasound transducer is moved over 
the pars plana to avoid absorption of the ultrasound beam by 
the lens of the eye. 

[0035] Finally, the present invention also extends to a 
device for echographic exploration comprising a high fre 
quency transceiver system (20 MHZ to 200 MHZ) coupled to 
an ultrasound transducer of long focal length, greater than 10 
mm and preferably about 20 mm, and a system for ampli 
fying and storing the radiofrequency signal as played back 
after exploration, preferably associated With a system for 
recording the ampli?ed signal and/or a system for process 
ing the signal in the form of images, and/or a system for 
processing the signal in order to characteriZe tissue. 

[0036] According to an advantageous characteristic of the 
invention, such a device comprises an ultrasound transducer 
implemented in the form of a probe controlled in such a 
manner as to move close to the anterior Wall of the eye. This 
movement can be performed along tWo orthogonal axes, or 
it can folloW an arcuate path. 

[0037] The probe can be focused along a third axis 
orthogonal to the tWo orthogonal displacement axes, or it 
can be focused Without being moved by using an electronic 
focusing system. 

[0038] Advantageously, in the invention, the probe can be 
protected by a membrane of plastics material. 

[0039] There folloWs a description of the experiential 
equipment and methods used, in particular With reference to 
the accompanying draWings Which shoW the main results 
observed. 

[0040] Experiments Were performed on various types of 
eyeball. 

[0041] Animal Eyeballs: 

[0042] Initial tests Were performed on the eyes of NeW 
Zealand rabbits taken immediately after euthanasia by an 
overdose of pentobarbital. Prior to echographic analysis, 
they Were placed in a 9/1000 sodium chloride solution and 
positioned beneath the sensor by a holding device enabling 
the same regions of interest to be observed With different 
sensors. These eyeballs Were used for comparing sensors 
With focusing on the cornea and the anterior segment. 

[0043] Pigs’ eyes ?xed in a Bouin solution Were used for 
the initial tests of the 50 MHZ probe focused at 25 mm. Pig 
eyeballs are very close in siZe to human eyeballs and present 
a good model for exploring the posterior segment. 

[0044] Human Eyeballs: 

[0045] We used six human eyeballs taken from three 
different deceased people Who had donated their bodies to 
science: 

[0046] eyeballs 1 and 2 came from a 75-year old man 
Who died Without any speci?c pathology, 2 months 
before the eyeballs Were removed; 
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[0047] eyeballs 3 and 4 came from a 48-year old 
Woman Who died from a cerebral vascular accident, 
14 days before the eyeballs Were removed; and 

[0048] eyeballs 5 and 6 came from a 41-year old man 
Who had died in a highWay accident, 7 days before 
the eyeballs Were removed. 

[0049] The bodies had been conserved by freeZing, Which 
gave rise to considerable ocular artifacts on the cornea in the 
form of Whitish corneal striations, and also on the vitreous 
body, in the form of intra-vitreous ?bers. 

[0050] Removal Was performed by dissection of the lim 
bus conjunctivae, hooking and sectioning the ocularmotor 
muscles Without exerting traction on the eyeball itself, and 
then sectioning the optic nerve and the arteries and the 
posterior ciliary nerves using curved scissors With rounded 
tips. 
[0051] For each pair of eyes, one of the eyeballs Was 
placed immediately in physiological serum to be studied 
fresh Within 1 hour of removal. After the echographic study 
had been ?nished, the fresh eye Was ?xed by a Bouin’s 
solution not later than the evening on Which it Was removed. 

[0052] The second eyeball Was ?xed in a Bouin’s solution 
immediately on being removed so as to be analyZed later. 

[0053] Macroscopically, all six eyeballs Were of compa 
rable appearance, With signi?cantly loW tension, requiring 
the eyes to be re?lled With serum by means of an insulin 
syringe in order to return them to a spherical shape. Several 
cubic centimeters Were injected into the vitreous cavity by 
an injection in the pars plana in order to avoid iatrogenic 
separation of the retina. Re?lling the eye Was then ?nished 
off by injecting serum into the anterior chamber via a 
self-sealing inverse corneal incision. The purpose of this 
injection Was to prevent the lens moving forWards under the 
effect of the intra-vitreous injection alone, since that Would 
have arti?cially closed the irido-corneal angle and ?attened 
the anterior chamber. 

[0054] Each eyeball Was analyZed using conventional 
echography (10 MHZ) and then With the ultrasound micro 
scope (50 MHZ). After being prepared, the human eyeballs 
Were sent to the laboratory for histological analysis. 

[0055] The various devices used are described brie?y 
beloW. 

[0056] The Ultrasound Microscope: 

[0057] The various polyvinylidene ?uoride (PVDF) trans 
ducers Were excited by a Panametrics 5900 transceiver to 
generate a broad band ultrasound beam. 

[0058] The back-scattered ultrasound signal Was ampli?ed 
and then digitiZed on 8 bits at a sampling frequency of 400 
MHZ by a Lecroy 9450A oscilloscope. For each acquisition, 
the signal Was average by the oscilloscope so as to improve 
the signal-to-noise ratio. Thereafter, a Dell 486 PC computer 
processed the A-scan and reconstructed the images in B 
mode, after computing the envelope of the radiofrequency 
signal by the Hilbert transform. 

[0059] High precision (0.1 pm) stepper motors (NeWport 
Microcontrol) moving along tWo orthogonal translation axes 
X and Y enabled three-dimensional information to be 
acquired. The motors Were controlled by the PC. 
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[0060] For 3D acquisition of the posterior segment, the X 
displacement step Was selected to be 100 pm and the Y axis 
step to be 200 pm. 

[0061] On average, the acquisition ?eld Was 14 mm (along 
the X axis) by 8 mm (along the Y axis). There Were 140 lines 
along the X axis and 40 lines along the Y axis. Each line had 
2000 or 4000 points as a function of the sampling frequency 
(200 MHZ or 400 MHZ). 

[0062] On average the acquisition depth Was 8 mm. 

[0063] The PVDF Transducers: 

[0064] For speci?c exploration of the anterior segment 
probes of rather short focal length Were used: 

[0065] a Krautkramer probe emitting at 80 MHZ With 
a focal length of 7.5 mm, a diameter of 3 mm, and 
a center frequency at the focus of 60 MHZ. Its axial 
resolution Was 20 pm to 30 pm, With lateral resolu 
tion of 60 pm to 80 pm; and 

[0066] a Sofratest probe emitting as 33 MHZ With a 
focal length of 12.5 mm, a diameter of 6 mm, and a 
center frequency at the focus of 26 MHZ. Its axial 
resolution Was 64 pm With lateral resolution of 120 
pm. 

[0067] To explore the retina, We used a probe having a 
focal length that Was suf?cient to enable the ultrasound beam 
to pass through the eyeball via the pars plana. It Was a 
Panametrics probe emitting at 50 MHZ With a focal length of 
25 mm, a diameter of 6 mm, and a center frequency at the 
focus of 28 MHZ. Its axial resolution Was 70 pm With 125 
pm lateral resolution at the focus in physiological serum. 

[0068] Advantageously, in accordance With the invention, 
all of the probes Were isolated from the immersion bath by 
a ?lm or membrane of plastics material (of the cling?lm 
type), covering the transducer so as to prevent the active 
portion of the transducer being spoilt by coming into contact 
With the solution providing coupling betWeen the eyeball 
and the echographic probe. 

[0069] At present, in devices of knoWn type, the probes 
used are plunged directly into the immersion bath Without 
any special protection for the transducer. This requires the 
transducer to be steriliZed before it can be used again. Such 
steriliZation does not take place in entirely satisfactory 
manner. 

[0070] The 10 MHZ Echographic Device: 

[0071] Images of the retina obtained by the high frequency 
unit Were compared With images obtained by conventional 
10 MHZ echography With its probe focused at 23 mm, With 
axial and lateral resolution of about 1 mm. This is the only 
kind of exploration that is available in present practice. 

[0072] We iconographed the eyeballs With a Compact 
device (from BVI) immediately prior to acquiring data With 
the ultrasound microscope. That device is one of the highest 
performance eye echography devices presently available. 

[0073] Analysis of the Frequency Response of the Signals 
Coming from the Posterior Wall: 

[0074] The retinal images obtained by the ultrasound 
biomicroscope Were analysed to discover the frequency 
response of the posterior Wall. In order to analyZe the 
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frequency response of the posterior eye Wall speci?cally, it 
Was necessary to select a Zone of interest. 

[0075] Returning to the radiofrequency signal, ten images 
of each eyeball Were selected randomly. The various A-scans 
of those images Were thresholded so as to detect the ?rst 
parietal peak. From this ?rst peak, the A-scan line Was 
shifted toWards Zero With the vitreous portion offset to the 
end of the line Where a value of Zero Was given to all of the 
points. This thresholding With reduction make it possible to 
go from a forWardly concave parietal image in B mode to a 
vertical parietal image starting at Zero. This step enables the 
analysis WindoW to be selected better, being focused on the 
anterior portion of the macular Wall. 

[0076] A fast Fourier transform (FFT) Was used to enter 
the frequency domain for line-by-line analysis of the fre 
quency response. 

[0077] In order to be sure that the analyZed points did 
indeed correspond to parietal points, the analysis Was Win 
doWed from point 100 to point 128 so to analyZe instead the 
anterior portion of the posterior Wall Where the retina is 
situated. That Was hoW frequency response curve Was 
obtained, line by line, for the WindoW under consideration. 

[0078] For each section, all of the lines Were averaged. 
Averaging Was then performed over ten sections, taken at 
random for each eye. 

[0079] 3D Imaging of the Retina: 

[0080] Images of the retina Were acquired by the ultra 
sound microscope With linear scanning along the X and Y 
axes. The data obtained Was processed in tWo different Ways 
to improve image reproduction, seeking to obtain a presen 
tation that is easily recogniZable for the clinician. 

[0081] The ?rst presentation of the data used a C-scan 
representation providing a plane image of the back of the eye 
as explored by echography. By Way of comparison, We 
studied various Ways of obtaining an image of the macular 
region that could be understood by ophthalmologists famil 
iar With angiographic type representations of the retina. The 
back of the eye is reproduced thereon in the form of a ?at 
photograph, even though the retina is concave With an 
anterior opening. 

[0082] On the basis of 3D echographic acquisition, the 
C-scan makes it possible to extract planes transverse to the 
X and Y axes. By selecting a WindoW comprising a plurality 
of such parallel planes, the C-scan reduces the information 
to a single plane image, after using an operator of the 
maximum, minimum, average, or median type on the ampli 
tude of the signal. 

[0083] The second representation of the data made use of 
a silicon graphics Workstation operating under Unix and 
AVS softWare. Processing folloWed the folloWing sequence: 

[0084] 
[0085] averaging over 49 points and then reducing 

the data by retaining 1 value out of 7 so as to reduce 
the siZe of the images Which Were oversampled; 

[0086] converting data values from a gray scale of 
—32000 to +32000, to a gray scale of 0 to 255; 

[0087] thresholding: a threshold of 15 Was applied to 
the values in the range 0 to 255 so as to shoW up 
Zones of interest; 

reading in the data; 
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[0088] a morphological opening operation using a 
horizontal structure element having a length of 31 
pixels so as to eliminate vitreous images associated 
With intra-vitreous bands coming into contact With 
the retina; 

[0089] a morphological opening operation With a 
vertical structural element having a length of 3 pixels 
to eliminate artifacts associated With vitreo-retinal 
attachments; 

[0090] ?lling in holes of siZe smaller than 200 for 
black objects (based on labelling pixels by adjacent 
regions and then eliminating small spots); 

[0091] eliminating objects of siZe smaller than 500 
pixels for White objects, With these tWo operations 
serving to eliminate small spots of black or White 
pixels so as to retain only the outline of the retina 
Which represents the boundary betWeen the vitreous 
cavity and the posterior Wall of the eye; 

[0092] a mathematical closing operation of cross 
shape to reduce contour irregularity; and 

[0093] 3D display of the surface of the objects 
obtained in this Way. The images Were reproduced by 
using a color laser printer. 

[0094] Histology: 
[0095] The six human eyeballs Were sent to the anato 
mocytoplathology eye laboratory at the Hotel Dieu Hospital 
in Paris. 

[0096] All of the eyes had been ?xed in Bouin’s solution, 
half of them immediately after being removed and the other 
half after echographic analysis had been performed on the 
fresh eyeball Without alloWing more than 12 hours to pass 
betWeen the eyeball being removed and being ?xed. 

[0097] The eyeballs Were treated by being cut and 
included in paraf?n and then semi-?ne (2 pm thick) sections 
Were made using an ultramicrotome (Reichart OMU). 

[0098] The various sections Were stained using HES and 
analysis Was performed using an optical microscope. 

[0099] While exploring the posterior segment, the folloW 
ing results Were observed. 

[0100] The possibility of using a 50 MHZ probe focused at 
25 mm (28 MHZ at the focal length) enabled us to position 
the transducer on the pars plana of the various animal and 
then human eyeballs so as to lay the foundation for non 
invasive in vivo exploration of the macula that can be used 
in ordinary practice. 

[0101] The ultrasound beam initially passes through the 
peripheral Wall of the eye, then through the entire vitreous 
cavity and ?nally reaches the posterior Wall of the eye. By 
positioning the eyeball so as to expose the nasal pars plana 
facing the transducer, the posterior can be explored directly 
in the macular Zone Which is situated at the temporal side of 
the optic disk. The optic disk is a mark that is identi?able 
With 10 MHZ echography, as at higher frequency. 

[0102] The initial tests performed on the ?xed pig eyeball 
served to display the posterior Wall in spite of the poor 
quality of the retinal tissue after ?xing. Nevertheless, the 
tests performed helped to adjust the various parameters of 
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the system for acquiring echographic data so as to optimiZe 
the results of exploration on the human eyeball. 

[0103] The best images Were obtained With the 50 MHZ 
Panametric probe focused at 25 mm, connected to the 
generator Whose damping Was set at 50 ohms, and poWer at 
2 microjoules. The Lecroy oscilloscope performed averag 
ing over 30 measurements per point. 

[0104] The motors moved in 100-micron steps along the X 
axis and in 200-micron steps along the Y axis When 3D 
acquisition Was started. 

[0105] Since the average axial length of a human eyeball 
is 23.5 mm, positioning the transducer on the ora serrata 
made it possible to bring the focus of the probe onto the 
macular retina. AnalyZing the sections made on eyeballs 1 
and 2 compared With macular sections obtained by 10 MHZ 
echography shoWs better resolution in the images obtained 
With the 50 MHZ Panametrics probe. 

[0106] FIG. 1 is a comparison betWeen the image of a 
conventional B-scan section at 10 MHZ (upper picture) 
Where there can be seen in eyeball No. 1 that vitreous 
reshaping is present With slight undulations of the retinal 
Wall. 

[0107] The higher frequency macular image (loWer pic 
ture) shoWs one of the ?rst images obtained With a retinal 
fold that can be seen at the bottom of the section. A?ne band 
of vitreous body is attached to the retinal fold. 

[0108] The images obtained on eyeballs 3, 4, 5, and 6 are 
even clearer. 

[0109] FIG. 2 shoWs a 10 MHZ echographic section 
passing through the macular region of eyeball No. 6 With a 
small undulation of the posterior Wall. 

[0110] The high frequency section passing through the 
same Zone shoWs more precisely the deformation of the 
posterior Wall With the presence of vitreous traction that is 
undetected With conventional echography. 

[0111] It should be observed that these echographic 
images Were obtained With a high frequency probe covered 
in a ?lm or membrane of plastics material, Whereas the 
probe of the device presently sold for exploring the anterior 
segment makes use of transducers that are not protected 
from the immersion bath. 

[0112] Analysis of the Frequency Response of the Retinal 
Signals: 

[0113] Given the emission frequency of the Panametrics 
probe (50 MHZ) and its maximum frequency at its focus in 
serum (28 MHZ), We set out to measure the maximum 
frequency actually found close to the focus after passing 
through the media of the eye. It is this frequency that 
determines the spatial resolution of images of the posterior 
segment. After thresholding at 100 radiofrequency lines and 
shifting the ?rst point of the retina to Zero, an FFT gave a 
mean curve of frequency responses for each retinal image. 

[0114] Performing this operation on ten randomly-selected 
sections of each of the six eyeballs, gave a mean value of 21 
MHZ, Which is slightly less than the 28 MHZ from the same 
probe as measured at its focus. This change in signal 
frequency is due to the ultrasound Wave passing through 
structures of the eye (limbic Wall, and vitreous cavity Whose 



US 2005/0124894 A1 

attenuating collagen structure had been degraded by post 
mortem reshaping associated With tissue autolysis and With 
freezing of the body). 

[0115] Eyeballs 3 and 4 had a higher frequency response 
(22.033 MHZ and 21.638 MHZ): this might be because the 
vitreous humor Was in a better state and therefore gave rise 
to less attenuation of the ultrasound beam. 

[0116] This result shoWs that the ultrasound microscope 
used in our study makes it possible to obtain a frequency of 
21 MHZ at the posterior Wall of the human eyeballs ana 
lyZed, i.e. at least tWice the frequency presently found in 
conventional 10 MHZ probes for Which frequency attenua 
tion of the signal is much smaller. 

[0117] The 21 MHZ obtained at the focus With our device 
enabled us to obtain resolution that Was at least tWice as 
good When exploring the posterior Wall of the eye, in 
comparison With the resolution of a conventional 10 MHZ 
device. 

[0118] 3D acquisition made it possible to apply the C-scan 
representation to the various human eyeballs thus giving a 
?at vieW of the back of the eye. 

[0119] FIG. 3 shoWs various C-scans obtained While 
varying the amplitude parameter selected in the WindoW. It 
is application of the median value to the amplitude of the 
signal that gives the best information. The example con 
cerned relates to eyeball No. 3 for Which We selected a 
WindoW of 900 planes corresponding to the anterior portion 
of the posterior Wall of the eye together With the retinal layer 
on its surface. 

[0120] The top image shoWs the application of a 
minimum type operator Which leads to an image that 
is difficult to interpret. 

[0121] The second image corresponds to applying an 
operator of the maximum type on the same 900 
planes, causing a fuZZy image to be appear. 

[0122] The third image is the result of the averaging 
type operator Which serves to identify the appearance 
of the back of the eye resembling observations made 
by ophthalmologists in everyday practice With vari 
ous magnifying glasses. At the top of the image it is 
possible to identify a rounded hypo-echo-generating 
structure Which corresponds to the optic disk. Start 
ing from the optic disk, it is possible to see a “cast” 
that is more echo-generating and that extends 
obliquely doWnWards and to the left; this image 
corresponds to the largest retinal fold found in the 
various B-scans passing through this Zone. 

[0123] Of the representations obtained, the last image 
is the best for shoWing clearly and instructively the 
state of the macular retina. This image Was obtained 
by applying a median type operator on the same 900 
planes of the acquisition. The retinal fold and the 
optic disk appear almost real and highly comparable 
to clinical images and to conventional angiographs. 

[0124] By using the C-scan, it is possible to select a 
WindoW of planes situated at different depths so as to make 
it possible, for example, to study planes beneath the retina or 
the deep layers of the optic disk. This advantage enables the 
system to be highly complementary to angiographic explo 
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ration by giving information on the deep planes of the 
macula, regardless of the transparency conditions applying 
to the intervening media. For example, angiographs are 
difficult to interpret When there has been hemorrhage into the 
vitreous medium or into the surface layers of the retina. 

[0125] One of the more advantageous applications may be 
exploring the submacular neovascular membranes associ 
ated With age-related macular degeneration (ARMD). This 
evermore frequent and highly invalidating pathology is 
being subjected to highly promising novel surgical treat 
ments in Which the membranes are extracted by microscopic 
sub-retina dissection. Angiographic exploration coupled 
With echographic imaging at histological level Will give the 
surgeon a better understanding of the shape, the extent, and 
the thickness of these membranes, While also identifying 
their sub-retinal relationships. This type of imaging Will also 
make better appraisal possible of physiopathology. 

[0126] Human eyeball No. 3 Was selected to serve as a 
basis for 3D reconstruction; that Was the eyeball having the 
most easily identi?ed retinal fold. 

[0127] FIG. 4 shoWs the result of printing one of the 3D 
vieWs as obtained after applying the AVS program. It is 
possible to identify the retinal fold Which forms very clear 
relief in front of the retinal plane. HoWever its outlines are 
irregular and probably enlarged by imperfect segmentation 
betWeen the retina and the vitreous humor. 

[0128] The interest of such 3D imaging is to give a more 
overall vieW of pathology of the posterior segment, particu 
larly When it gives rise to thickening, since measuring 
volume is easy. Clinical applications Will be quickly directed 
to age-related macular degeneration Which is very frequent, 
and also to tumors of the posterior segment. With tumors, the 
advantage of our system is to conserve all of the information 
from the radiofrequency signal so as to study not only the 
volume and the extensions of these lesions, but also to 
characteriZe the tissue thereof by analyZing the attenuation 
and diffusion parameters of the ultrasound. 

[0129] The histological analysis of the various human 
eyeballs shoWed much macroscopically visible autolytic 
spoiling in all of the eyeballs, With extensive necrosis of the 
retina that had given rise to a loss of anterior retinal 
substance, but the retina remains visible at the posterior pole 
Where it appears to have thickened With folding, and Zones 
of separation due to artifacts. It comprises nuclear layers 
betWeen highly autolyZed layers. 

[0130] Nevertheless, this stack of layers makes it possible 
to recogniZe the retina Without difficult. The folded layers of 
the retina and the focus thickening of the retina can be seen 
on either side of the retina adjacent to the optic disk, the only 
part to have resisted autolysis, and to the opening of the eye. 

[0131] The choroidian plane can clearly be seen, running 
on from the ciliary plane, Where the choroid is a relatively 
Well preserved vascular and ?brous structure that is easily 
recogniZed. 

[0132] FIG. 5 shoWs an example of comparing a macro 
scopic histological section of eyeball No. 3 (left-hand pic 
ture) With an ultrasound microscopic section (right-hand 
picture) passing through the same macular region. 

[0133] In the histological section, there can be seen a clear 
retinal fold (A) and then toWards the top of the picture, a 
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series of less prominent retinal folds. The sub-retinal space 
is occupied by necrotic material (B) and then by the choroid 
(C) Which is recognizable by its conserved vascular struc 
ture. The scleral Wall (D) of striped appearance does not 
present any anomalies. 

[0134] In the echographic picture, there can be seen the 
same retinal fold (A) Which appears in the form of an 
echo-generating margin, folloWed by the same undulations 
as in the histological section. Beneath the retina, there is a 
small space that generates less echo (B), corresponding to 
the sub-retina necrosis. Further back, there is an arcuate 
layer that generates more echo (C), correspond to the 
choroid, and then the scleral Wall Which appears to have 
medium echo-generating ability 

[0135] The various retinal folds recogniZed by echography 
thus correspond to the postmortem retinal folds With sub 
retinal necrosis, but With the appearance of the choroid being 
preserved. 
[0136] When the histological sections are compared to the 
B-scans of the ultrasound microscope, it can be seen that it 
is possible to recogniZe the retinal layer proper quite clearly, 
measured histologically at about 400 microns, When the 
retina is separated from the choroid by the sub-retinal 
necrotic material Which can be seen to generate less echo. 

[0137] This resolution, compared With the resolution of 10 
MHZ probes, represents considerable progress provided by 
the present invention. 

[0138] It makes it possible to analyZe macular thickenings 
including retinal folds, e.g. ARMD, as found on the human 
eyeballs We took, giving rise to a good echographic model. 

[0139] The possibility of achieving better exploration of 
this region of the eye Which is essential for good quality of 
visual perception leads to the hope that this technique Will be 
used more and more frequently ?rstly as means merely for 
iconographing various macular pathologies, and subse 
quently as means for obtaining quantitative analysis of 
echographic information coming from said region of the eye 
having a high density of photoreceptors. 

1. The use of an ultrasound transducer having a nominal 
excitation frequency greater than 20 MHZ, preferably lying 
in the range of 50 MHZ to 80 MHZ, With long focal length, 
greater than 10 mm, preferably about 25 mm, in making a 
device for echographic exploration of tissues or organs of 
the human or animal body, speci?cally of the eyeball, in 
particular of the posterior segment of the eyeball, more 
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particularly of the macular region, and also of tissues 
situated behind the eyeball such as the oculomotor muscles, 
eye socket fat, and the optic nerve. 

2. The use of an ultrasound transducer having a nominal 
excitation frequency greater than 20 MHZ, preferably lying 
in the range of 50 MHZ to 80 MHZ, With long focal length, 
greater than 10 mm, preferably about 25 mm, in implement 
ing a method of deep penetration echographic exploration of 
tissues or organs of the human or animal body, speci?cally 
of the eyeball, in particular of the posterior segment of the 
eyeball, more particularly of the macular region, and also of 
tissues situated behind the eyeball such as the oculomotor 
muscles, eye socket fat, and the optic nerve. 

3. A use according to claim 2 characteriZed in that the 
ultrasound transducer is moved over the pars plana to avoid 
the ultrasound beam being absorbed by the lens of the eye. 

4. A use according to claim 2, characteriZed in that the 
ultrasound transducer is protected by a membrane of plastics 
material. 

5. An echographic exploration device comprising a high 
frequency (20 MHZ to 200 MHZ) transceiver system coupled 
to an ultrasound transducer of long focal length, greater than 
10 mm, preferably about 25 mm, and a system for ampli 
fying and storing the radiofrequency signal as back-scattered 
after exploration, preferably associated With a system for 
recording the ampli?ed signal and/or a system for process 
ing the signal in the form of an image, and/or a system for 
processing the signal in order to perform tissue character 
iZation. 

6. Adevice according to claim 4, characteriZed in that the 
ultrasound transducer is implemented in the form of a probe 
controlled so as to move in the vicinity of the anterior Wall 
of the eye. 

7. Adevice according to claim 6, characteriZed in that the 
ultrasound transducer is displaced along tWo orthogonal 
axes. 

8. Adevice according to claim 6, characteriZed in that the 
transducer is subjected to arcuate displacement. 

9. Adevice according to claim 7, characteriZed in that the 
ultrasound transducer is focused along a third axis orthogo 
nal to the tWo orthogonal displacement axes. 

10. Adevice according to claim 5, characteriZed in that the 
ultrasound transducer is focused Without moving by using an 
electronic focusing system. 

11. Adevice according to claim 5, characteriZed in that the 
ultrasound transducer is protected by a membrane of plastics 
material. 


